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ABSTRACT 
 
In this paper we introduce some literature relevant for design-based learning, in particular for 
design-implement experiences in line with CDIO Standard 5. The aim is to inform the 
development of such learning experiences and to indicate some areas where new research 
would be of relevance to educators. 
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INTRODUCTION 
 
“Scientists study the world as it is; engineers create the world that never has been.” 

Theodore von Kármán (NSF, 2013) 
 
The CDIO approach to engineering education reform advocates a sequence of design-
implement experiences through the curriculum, as expressed in CDIO Standard 5 (CDIO, 
2010). The purpose of design-based learning is not that students should design something; it 
is that they should learn from designing something. Design-implement experiences are the 
main site for the teaching, learning and assessment of competence in conceiving, designing, 
implementing and operating. In addition, the intended learning outcomes can cover a wide 
range of underpinning disciplinary knowledge (e.g. applying and integrating knowledge from 
different disciplines), personal and interpersonal skills (e.g. teamwork, project planning and 
communication) and attitudes (e.g. responsibility for the use of technology and taking 
sustainable development into account). Therefore the role of design-implement experiences 
in the curriculum is not only about learning to design, it is equally about learning through 
design. 
 
In this paper we set out to introduce some literature on design-based learning relevant to 
faculty engaged in design-implement experiences. The aim is to support educational 
development in accordance with CDIO Standard 5. While there is a vast body of literature on 
design processes per se, our perspective here is exclusively on student design projects as 
learning activities. This considerably narrows down the task of surveying the field.  
 
In the next section we will discuss the aims of design-based education as a background 
before continuing to our review. 
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AIMS OF DESIGN-BASED EDUCATION 
 
Intended Learning Outcomes 
 
Designing is a complex process that involves numerous variables, constraints and conflicting 
values, as has previously been discussed by Schön (1987, pp. 41-42): 

Designing, in its broader sense involves complexity and synthesis. In contrast to analysts 
or critics, designers put things together and bring new things into being, dealing in the 
process with many variables and constraints, some initially known and some discovered 
through designing. Almost always, designers’ moves have consequences other than 
those intended for them. Designers juggle variables, reconcile conflicting values, and 
manoeuver around constraints – a process in which, although some design products 
may be superior to others, there are no unique right answers. 

The role of design-implement experiences is to provide early experiences in a sequence of 
projects increasingly resembling engineering practice (Crawley, Malmqvist, Östlund, Brodeur, 
& Edström, 2014). Students can potentially learn many different things within this framework, 
and during the sequence of such learning experiences through the program, there can be 
progression along several dimensions. For instance, the intended learning outcomes can be 
in these categories: 

• Reinforce disciplinary understanding through repetition, integration and application, 
and to provide opportunity for specialization and just-in-time acquisition of new 
knowledge  

• Develop skills and abilities, both personal (e.g. initiative and self-reflection) and 
interpersonal (e.g. collaboration and communication) 

• Experience authentic problems, i.e. complex and open-ended problems, embedded in 
realistic contexts, and containing ambiguity and trade-offs  

• Practice product, process and system building skills, i.e. conceiving, designing, 
implementing and operating 

• Experience professional working modes, habits and practices 
• Reflect on ethics and responsibility of engineers, the potential and limitations of 

technology, and its contribution to sustainable development of society 
 
Other possible aims, not directly related to learning particular things, could be to increase 
student motivation for continuing in the program and seeing the relevance of new theoretical 
courses. Further, as activities like these can be highly visible inside and outside the 
institutions, they can serve to demonstrate that engineering is creative and fun. 
 
We note that there can be a number of different aims for this type of learning activity, and 
different priorities will be reflected in each particular implementation.  
 
Authentic Problems 
 
When setting the project tasks for the students, it is worth considering the nature of the 
challenges that practicing engineers will encounter. In a highly readable paper, Jonassen, 
Strobel, and Lee (2006) report on a study in which they interviewed 106 practicing engineers. 
They identified the following attributes of workplace engineering problems: 

A. Workplace problems are ill-structured 
B. Ill-structured problems include aggregates of well-structured problems 
C. Ill-structured problems have multiple, often conflicting goals 
D. Ill-structured problems are solved in many different ways 
E. Success is rarely measured by engineering standards 
F. Most constraints are non-engineering 
G. Problem solving knowledge is distributed among team members 
H. Most problems require extensive collaboration 
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I. Engineers primarily rely on experiential knowledge 
J. Engineering problems often encounter unanticipated problems 
K. Engineers use multiple forms of problem representation 
L. Engineers recommend more communication skills in engineering curricula 

 
The conclusion by Jonassen et al. (2006) is that students need to encounter problems in 
their education that require them to: 
• Analyze and solve combinations of well-structured problems 
• Manage multiple sub-problems 
• Deconstruct multiple, often conflicting goals from a problem statement and analysis 
• Reconcile multiple, conflicting constraints and criteria 
• Analyze and select from a variety of solutions to various problems and to justify their 

selected solutions 
• Identify and reconcile methods for achieving non-engineering criteria for solving problems 
• Communicate and collaborate with a variety of professional and paraprofessional team 

members on all aspects of the problem-solving process 
• Anticipate and reconcile intervening problems and perturbations to the problem-solving 

process 
• Adapt to changing project conditions and unanticipated problems 
• Use multiple tools and formalisms (visual, verbal, quantitative) to represent problems 
 
We suggest allowing these dimensions to be increasingly present in the problems that 
students encounter throughout the education, i.e. they can all be seen as dimensions of 
progression. 
 
 
REVIEW METHODOLOGY 
 
Our aim in this paper is to present an overview of educational research papers published in 
scholarly journals investigating topics related engineering students’ design-based learning. 
This means that we did not search for papers presented at conferences. We searched for 
papers in education research, engineering education research, science education research 
and design research journals. As a first search with the intention to get an overview of the 
field our search was exploratory. To be included a paper should be based on empirical 
research using a sound methodology, study engineering students at university level and 
investigate a topic related design-based learning. Thus, we excluded papers in which only 
primary or secondary school students or practicing engineers were studied, and non-
empirical papers such as position papers or papers only describing a new approach.       
 
 
REVIEW RESULTS 
 
We found relevant papers in Australasian Journal of Engineering Education; CoDesign; 
Design Studies; European Journal of Engineering Education; Instructional Science; 
International Journal of Engineering Education; International Journal of Technology and 
Design Education; Journal of Engineering Education; Journal of Mechanical Design; Journal 
of Research in Science Teaching; Mind, Culture, and Activity; and Research in Engineering 
Design. This list demonstrates the difficulty in reviewing the field; research is published in 
journals with quite disparate aims. 
 
Time and space only allow us to present brief reviews in this paper and not all papers we 
found in our exploratory search are included. What we present here are some of the 
empirical research papers found in research journals, selected according to what we 
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consider offer the most valuable insights related to student learning in design-implement 
experiences. Others would probably have made slightly different priorities. 

Students’ design learning 

Investigating student design tasks in mechanical engineering Samuel and Lewis (1991, p. 
314) argued that “[analytical approaches] where there is heavy emphasis on solving 
problems with unique answers … will fail in engineering design problems which have no 
unique answers” However, they also argued that it would be a mistake to conclude that 
knowledge of science does not matter. Indeed, Samuel and Lewis noted that in a relatively 
simple design task (by professional standards) used in educational content a total of 96 
concepts needed to be utilized by the students’ for successful task completion. Hence, they 
conjectured that robust understanding of concepts and fluency in their use as well as 
flexibility in crossing boundaries of knowledge domains are essential for an effective 
engineering designer.  
 
Accordingly, Cynthia Atman and her co-workers found that skilled designers scoped 
problems more effectively than less skilled or experienced designers, by considering more 
objects and making more transitions back-and forth among design steps Generally, they 
found that professional engineering designers made higher quality designs than students 
(Atman et al., 2007), senior students made higher quality designs than first year students 
(Atman, Cardella, Turns, & Adams, 2005; Atman, Chimka, Bursic, & Nachtmann, 1999) and 
that the design skills of individual students developed during their studies (Cardella, Atman, 
Turns, & Adams, 2008). Furthermore, students typically solve design problems in a linear 
sequence, while experts move frequently across domains simultaneously (Atman et al., 2007; 
Atman et al., 2008).  
 
Thus, it is important to bridge the “design-science gap” (e.g. Vattam & Kolodner, 2008) but in 
design tasks students often have difficulties in relating their knowledge of basic principles 
from engineering science or applying mathematics to the task at hand (Carberry & McKenna, 
2014; Silva, Fontul, & Henriques, 2014). Accordingly, Kittleson and Southerland (2004) 
observed that such “concept negotiations” were exceedingly rare even in a senior year 
design project. Indeed, it has been proposed that design thinking should be seen as a 
“threshold concept” (Johnson, Bull, & Osmond, 2013; Taboada & Coombs, 2013).  
 
The use of theories, models, representations, concepts, and other tools is also important in 
designing: as observed by Cardella, Atman, and Adams (2006, p. 18) “most participants 
allocated the greatest percent of time to … modeling”. Modelling involves analytic as well as 
synthetic processes, and connecting symbolic content, i.e. theory and models, with real 
content, i.e. objects and events (Bucciarelli, 2002). However, Carberry and McKenna (2014) 
found that students generally applied models only “to visualize and test their solutions”, and 
failed to use predictive modelling as a tool in the design process. In contrast, Juhl and 
Lindegaard (2013) found that engineering students they monitored during a second semester 
design project materialized their discussions, thinking and decision making through work with 
different representations. Representations, especially drawings, transcended the boundaries 
of the individuals and became elements in the group’s collaborative thinking, thereby 
fostering connection between individual cognition and collective re-cognition. 
 
The above discrepancy may be understood in terms of contextual factors (Goncher & Johri, 
2015) and lack of constructive alignment between the intended object of learning, teaching 
approach and focus of assessment (Biggs, 1996). Juhl and Lindegaard (2013) focused on 
students engaged in a project that was part of a fairly recently designed engineering program 
with (presumably) favourable contextual factors and good alignment, while Goncher and 
Johri reported that the students they studied saw their design project as yet another 
academic exercise, and learning as “learning how to pass”. In a similar vein, Newstetter 



Work-in-progress presented at the 12th International CDIO Conference, Turku University of Applied Sciences,  
Turku, Finland, June 12-16, 2016. 

(1998) and Kittleson and Southerland (2004) found that groups used a “divide and conquer 
approach” to complete design projects “efficiently”, resulting in individual team members 
missing valuable learning opportunities in efforts to finish tasks as quickly as possible. 
Although the instructors in both cases wanted the students to collaborate, the assessment 
practices drove the students to take an instrumental task-oriented approach. This is hardly 
surprising as the quality of the finished design is sometimes used as a measure, or even the 
sole measure, of a student design team’s success (Agogino, Song, & Hey, 2007; Oxman, 
2001). Students’ learning in design projects is not only framed by how a student design 
project is devised by teachers, but also by how students experience assessment. The 
intended object of learning can be counteracted by grading procedures and other contextual 
factors.  

Empirical research methods in engineering design education research 

The dominant empirical method to investigate students’ design process seem until recently to 
have been variants of “think-aloud” exercises with verbal-protocol-analysis (Craig, 2001) 
mostly of individuals in simulated settings (e.g. Atman et al., 2007; Atman et al., 1999; 
Cardella et al., 2008).  
 
More recently an emerging trend with an increasing number of studies using different forms 
of ethnomethodology investigating students’ process of learning to design in naturalistic 
settings can be observed. For example Gilbuena, Sherrett, Gummer, Champagne, and 
Koretsky (2015) used audio-recordings, interviews and collection of artefacts, Goncher and 
Johri (2015) used video-recordings, field-notes and interviews, Juhl and Lindegaard (2013) 
photos, field-notes and collection of artefacts and Kittleson and Southerland (2004) used 
audio-recordings and field-notes together with discourse-analysis. Early examples are 
Newstetter (1998) using participant observations and Smith and Leong (1998) using video-
recordings and interaction-analysis. 
 
Another emerging approach in engineering design education research is the use of 
intervention studies using some kind of pre- and post-test to evaluate the effect of the 
intervention 1 . Examples are Biggio, Vázquez, and García (2015) addressing students’ 
graphical skills and  Booth, Taborda, Ramani, and Reid (2016) addressing  sketching skills. 
 
 
DISCUSSION AND CONCLUSIONS 
 
An important conclusion from reading the literature is that successful designing is not a linear 
process, rather it is important that students’ learn to scope problems effectively and are able 
to go back and forth among design steps (Atman et al., 2007; Atman et al., 2008). Thus it is 
important that CDIO is not (mis-)interpreted as advocating a linear design process with 
discrete steps: Conceive → Design → Implement → Operate. 
 
Bucciarelli (2001, p. 298) remind us that “the methods of reduction and abstraction… fail to 
capture the collective nature of designing and design knowledge”. Accordingly, “we can’t 
teach design like we teach science” (ibid., p. 306). However, Owen (2007, p. 22), reminds us 
that “a combination of science thinking and design thinking is better than either alone”. Above 
all, education can fail in forging a meaningful relationship between these different types of 
knowledge, as when students “given an unstructured design task, often have difficulty 
relating their analysis knowledge to the task at hand” Eastman (2001, p. 151). In line with 
previous reasoning, (Steele, 2015) suggests that “systemic thinking, framing and the 
application of first principles make up the primary abilities of the expert design engineer”.  
The review results point to the importance that students in designing are skilled in modelling 
                                                
1 This approach has, however, a long history in other fields of educational research. 
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and in the use of disciplinary knowledge, concepts, models, representations and sketches 
(e.g. Carberry & McKenna, 2014; Cardella et al., 2006; Juhl & Lindegaard, 2013; Kittleson & 
Southerland, 2004; Samuel & Lewis, 1991). The challenge is thus how science and design 
thinking, i.e. how analytic and synthetic skills can be fostered in engineering education. 
 
 

 
 

Figure 1. Conceptual representation of content and process factors in engineering, adapted 
from Owen (2007). 

 
Noteworthy are the results by, for example, Goncher and Johri (2015), Kittleson and 
Southerland (2004), and Newstetter (1998) that clearly demonstrates that the intended object 
of learning can be counteracted by assessment and grading procedures and other contextual 
factors. This underlines the need for constructive alignment between the intended object of 
learning, teaching approach and focus of assessment (Biggs, 1996) and the need for 
development of constructive assessment and grading procedures that support the intended 
object of learning. We hypothesise that design-implement experiences are too often thought 
of merely as projects in which students achieve a design task. However, just as for any other 
type of learning activity, engineering faculty need the teaching competence to make a good 
course design that supports learning (in accordance with Standard 10). 
 
As shown above, previous educational research indicates that there are complex interplays 
between individual and collaborative learning, analysis and synthesis, learning and task 
completion, as well as learning and assessment, leading to a complex set of tensions. From 
our reading of the literature we identified several tensions displayed in Figure 2 that need to 
be interpreted and handled by teachers, for example, when formulating intended learning 
outcomes, when devising project tasks, and when planning the assessment of student 
learning.   
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Figure 2. Tensions present in the learning and assessment of design in student teams. 
 
The enactment of these tensions in the learning environment, and in particular in the 
assessment procedures, will be interpreted by students and frame their courses of actions 
both as individuals and groups. 
 
 
NEED FOR FURTHER RESEARCH  
 
As shown above, previous educational research indicates that there are complex interplays 
between individual and collaborative learning, analysis and synthesis, learning and task 
completion, as well as learning and assessment, leading to a complex set of tensions. There 
is a need to understand how students can be encouraged to integrate knowledge and make 
more constructive use of disciplinary knowledge, representations, models and modelling in 
designing. Furthermore, there is a need to improve understanding of how instruction, design 
tasks and assessment frame students’ learning in collaborative design projects, notably the 
most salient aspects for students and how these aspects affect students’ courses of action. 
Most importantly there have been few investigations of students’ collaborative processes of 
learning in design projects in naturalistic educational settings, as earlier research has largely 
focused on individual students in experimental settings.  
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