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Ill-structured Design Challenges in First-year Courses 
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Abstract 

In this Complete Research Paper, we investigate how first-year students in two departments 

(Chemical and Biological Engineering and Civil, Construction, and Environmental Engineering) 

navigate the same sociotechnical design challenge based on the Gold King Mine spill and the 

problem of acid mine drainage. We found that students in these two departments not only 

thought about the problem differently between teams but between departments. We also found 

that students took agency over the experiences of stakeholders as they considered stakeholder 

needs, and identified community outreach and community resources as key constraints on their 

final designs.  

Introduction and research purpose 

Design challenges are difficult for students because of the nature of these problems. They are ill-

structured [1], meaning there are many possible satisfactory solutions, as well as many possible 

paths toward a solution, requiring designers to frame the problem by deciding what to focus on 

about the problem. This aspect also makes teaching design difficult, especially in the first year 

when students have completed little to none of their technical coursework. To overcome this 

issue, faculty sometimes reduce the complexity by making the design problem purely technical, 

removing social and policy factors. However, this approach can actually make the problem more 

difficult for students, by obscuring the problem context and meaning. Another way faculty 

address the issue is by reducing the ill-structuredness, providing kit-based projects in which 

students lack opportunities to frame the problem. 

We sought to investigate how first-year students navigated a complex and ill-structured design 

challenge, guided by the research questions:  

● To what extent do CBE and CCEE first-year engineering students frame an ill-structured 

design challenge differently?  

● In what ways do first-year engineering students consider stakeholders’ perspectives 

during framing? 

● To what extent do first-year engineering students view the design challenge as 

constrained?  

Background 

How do design problems differ from other kinds of problems? 

Problems students solve in instructional settings are typically complex - they have a large number 

of variables that are interrelated and must be managed to successfully find a solution. However, a 

majority of problems in instructional settings, including in engineering are also well structured 

which means that there is one correct answer to the problem and one correct method to achieve 
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that answer [2]. In contrast, design problems are ill-structured [1]. These problems do not have 

single right answers because they must be framed before they can be solved [3]. Framing 

involves making decisions about what part of the problem is important, who the stakeholders 

might be, and what the attributes of a successful solution are [4]. Because these decisions are 

unique to each designer, solutions to ill-structured problems are also unique. Design problems 

are iterative rather than a linear progression from problem to solution. Designers must go back 

and reevaluate the problem and the potential solutions during the design process [5]. This 

relationship between problem and solution results in a complex process where designers may go 

back and change the problem part way through solving the problem [6].  

Why might situated and sociotechnical problems support learning? 

Design problems are inherently sociotechnical [7], meaning the technical factors are related to 

and depend upon social factors [8]. These types of problems include considerations about 

stakeholders, cultural inequality, and environmental impacts and are situated in that they are 

embedded into their context. These types of problems focus particularly on the social and 

material context of the problem [9], [10] and reject the idea that technical considerations of a 

problem can be removed from the impacts and influences of the design.  

Often, engineering problems are treated as only technical, with a focus on optimizing elements 

like time or money. However, these solutions may not be effective in real situations, where 

influences like stakeholder issues or ethics concerns can make a technically optimized problem 

useless. In addition, instructors who fear overwhelming students (particularly first year students) 

or having problems that are too difficult to tackle often remove the context [11]. However, 

situated problems support students to contextualize their place within the learning environment 

[12] as well as the larger community [13], which in turn supports their identity development [9]. 

This is particularly important for minoritized students who can better identify with being an 

engineering professional [14].  

How do students learn engineering design? 

Expert or experienced designers engage in behaviors unique to design problems. They gather 

information to understand the problem through multiple channels [15] including clarifying 

ambiguity and determining solutions that have been tried by others [16]. Designers in turn assess 

constraints, including stakeholder needs, design requirements, gaps in knowledge, and available 

resources [16].  

Because novice engineers rarely have opportunities to engage in design problems in their prior 

education, these skills need to be developed. When faced with design problems, more 

experienced senior designers considered more factors (from different topic areas), and those 

factors were considered more deeply than their novice counterparts. Senior designers made 

decisions systematically about what factors needed to be scoped than freshmen designers who 

tended to stay within the narrow range of their first conceptualizations [17]. Both less and more 

experienced engineers learning design consider the ways that the context impacts successful 

solutions [18] however more experienced engineering students iterated and revised their 

solutions to a greater extent during the process [19].  
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A key to the process of learning design, as with other difficult subjects, is supported by 

scaffolding, the instructional method that provides guidance and support to students as they 

learn, with the intention of removing the scaffolds when students become skilled, just as when a 

building’s scaffolding is removed after construction is complete [20]. In engineering design, 

scaffolding can range from prescribed steps to artificial constraints to simplify the problem [21] 

and help students still learning to better build their knowledge and skills. Students can use these 

supports to build their core competencies and have a better understanding of the design process 

when given opportunities to design in ways that allow for slowly building skills [22]. However, 

retaining these supports at the same level as students gain skills doesn’t allow for further 

progression [23].  

How does constraint impact engineering design? 

Constraint is an endemic attribute of design problems [24] because design problems do not 

happen in a vacuum. Constraint often comes from the context, and identifying constraints is part 

of the initial framing process. Design problems are not completely constrained, however (as this 

would make them well-structured problems). In educational settings, it is tempting when 

developing a design challenge that is very constrained as a way to support students to be 

successful, however, this fails to teach design skills [25]. On the other hand, design projects that 

have no constraints at all are not authentic and contextless [26]. 

When learning design, engineering students have to make decisions about what constraints to 

focus on, which to accept, and which ones to disregard [25]. Not all theoretical constraints need 

to be obeyed as part of a design [26]. Those decisions about constraint are reevaluated over the 

course of the design, with constraints being refined as the designers learn more [27]. 

Methodology 

Study design, setting, and participants 

To conduct the study we engaged in design-based research, which instantiates learning theory in 

the instruction and tests it iteratively in the classroom [28].  We conducted the study in two 

introductory courses at an R1 university in the southwestern US: a 3-credit Civil, Construction, 

and Environmental Engineering course (CCEE, n = 81) and a 1-credit Chemical and Biological 

Engineering course (CBE, n = 49). Teams comprised 3 to 4 students (CCEE, n = 24 teams; CBE, 

n = 19 teams).  

We developed an ill-structured design challenge centered around the Gold King Mine spill in 

2015. This disaster released pollution into waterways across the southwest, including water 

sources that rural communities need to survive. We asked students to identify a community in 

our state that would be impacted by a mine drainage spill and design a water remediation 

solution for that specific community, including community engagement to encourage adoption of 

their solution. They tested their solutions in a simulation before moving to a bench-scale test. 

Scaffolded deliverables guided them on identifying the problem, researching current solutions, 

and drawing conclusions from their data. The final deliverable was a short presentation where 

teams communicated the community they chose, including population and water requirements, 

their proposed solution, the data used to justify that solution, and their plan for community 

engagement.  
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Data collection and analysis 

Data were collected following institutional review board approval of our study protocol and 

informed consent was collected from students. We collected team deliverables as well as 

distributed a survey at the end of the design challenge intended to understand the agency students 

experienced during the challenge [29], [30].  

To understand how students framed the problem of acid mine drainage, we inductively coded the 

potential solutions to acid mine drainage proposed during the ideation phase deliverable of the 

challenge [31]. Table 1 shows the categories and examples within those categories. We 

conducted a chi square test of difference to determine if the number of suggestions varied across 

the two departments. Chi squared tests are used to determine the significant difference of 

categorical data, compared to t tests that are used for continuous data. Chi squared tests, like t 

tests, are tested against a critical value, resulting in a p value that can be assessed for significance 

[32].  

Table 1: Categories of potential solutions to acid mine drainage proposed by teams 

Solution Type Examples 

pH remediation Limestone trenches, soda 

ash 

Physical filtration Nanofiltration, riverbank 

filtration 

Heavy metal capture Activated carbon, sludge 

precipitation, ion exchange 

Bacteria Sulfate bacteria 

Physical mine 

management 

Mine capping, mine filling 

Treatment plants Wastewater, sewage 

 

To interrogate the ways teams agentivity take up stakeholder perspectives, we explored the 

deliverable task that asked teams to describe the feelings and needs of three stakeholders: 

community members, farmers, and government employees. We take a discourse analysis 

approach, with particular focus on the subject and verb types in verbal clauses. In this way, “I” 

denotes individual agency;“we” denotes shared; third-person subjects denote attributed agency; 

modal verbs such as “going to” and “could”denote tentativeness characteristic of framing 

agency; and modal verbs such as “can’t” and “have to” denote offloading of agency [33]. 
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We analyzed the survey construct of constraint [30] through a one-tailed t-test to explore the 

variance between the two departments.  

Results 

Framing the problem: Disciplinary influences 

The first deliverable of the challenge asked students to choose and research three potential 

remediation methods for acid mine drainage. Teams had to make decisions about what types of 

remediation were available and what was being remediated. This includes raising the pH of the 

acidic water and removing heavy metals as well as considerations about whether to treat the 

issue at the source (the mine), in the river itself, or when it is removed from the river to be used. 

Table 1 shows the number of solutions proposed of each type. Because each team proposed three 

solutions, the total number of possible solutions is greater than the number of teams. CBE 

students were significantly more likely to propose chemical pH remediation solutions, χ2(1, N = 

2) = 4.01, p =  0.045. CCEE students were significantly more likely to propose heavy metal 

capture solutions, χ2(1, N = 2) = 5.24, p =  0.022. The difference between other categories did 

not vary across departments.  

 

Figure 1: Comparison of percent of teams across courses (CBE and CCEE) that proposed acid 

mine drainage remediation solutions in categories of chemical pH neutralization, physical 

filtration, heavy metal capture, physical mine management, and treatment plants  



Thus, these findings suggest a disciplinary influence on how students framed the problems. A 

statistically significantly greater number of CBE students framed the problem to consider how to 

increase the pH, while a significantly greater number of CCEE students framed the problem to 

focus on heavy metal removal. This suggests that teams framed the problem in ways reflecting 

aspects of their disciplines. Teams could make consequential choices about the ways that they 

wanted to approach the problem, even in the exploratory phase of the problem.  

While other types of considerations didn’t differ between courses, the range of ways that 

students conceptualized the problem is large. Some teams considered physically stopping up the 

mine, while others suggested longer-term industrial facilities. In the first, the problem is 

considered to be drainage that was still coming out or could come out of the mine. In the second, 

the problem is considered to be fixing the drainage that is already in communities. There are both 

reasonable but distinct ways to approach acid mine drainage. Teams also at this early stage in the 

design process remained tentative, exploring several types of ideas. No team in either course 

suggested three ideas in the same category of solutions. Instead, they thought about multiple 

ways to think about the problem.  

Subsequent to exploring possible remediation, teams identified target communities to target for 

remediation designs. The only stipulations were that their communities needed to be in the state 

and had to have been affected by acid mine drainage or could be affected in the future, including 

those that could come into contact with contaminated water downstream. Table 2 shows the 

types of locations teams chose.  

Table 2: Locations of communities chosen by teams 

 
CBE CCEE 

Urban 1 0 

Rural 8 12 

Unincorporated 5 7 

Sovereign Tribal Land 5 5 

Total 19 24 

 

While none of the differences between the courses in terms of the communities that the teams 

chose are statistically significant, this demonstrates the range of ways that the students chose to 

conceptualize the people that acid mine drainage can impact. Some locations, particularly 

unincorporated areas, are filled mostly with ranches where the greatest impacts are to cattle. 

Some rural towns are geared to the mine in their area, others are tourist destinations, all of which 

require different solutions. These choices require different assessments about the communities 

most impacted, including whether livestock should be considered, or if communities with access 

to multiple sources of water should be considered.  



Identifying contextual constraints on solutions 

During the problem-framing process, students were asked to consider the needs and feelings of 

different stakeholders of an acid mine disaster: community members, farmers, and government 

agencies. This deliverable scaffolded teams to situate their designs in the needs and wants of the 

stakeholders of the region. Figure 1 shows the response from one CBE team. 

 

Figure 1: CBE team when asked to identify experiences and needs of different communities.  

This team framed their ideas about community needs through collective pronouns, qualifying 

many third-person nouns as “our.” They remained tentative bout feelings and actions but showed 

low agency when talking about what had happened. Figure 2 shows a corollary response from a 

team in CCEE. 



 

Figure 2: CCEE team when asked to identify experiences and needs of different communities.  

Broadly, we see that teams show high agency in the imagined feelings of community members 

and farmers and lower agency over the events that lead to those feelings. Students are 

conceptualizing the problem as one where the disaster has happened, rather than a problem that 

can be prevented but that the feelings that the disaster has brought up are more agentive.  In 

addition, teams identified personally with community members and farmers (using I or we) and 

impersonally with governmental agents (using they). This indicates that the experiences of the 

people directly impacted by acid mine drainage are kept more closely in mind when considering 

the constraints.  

In the survey at the end of the design challenge, students were asked to report the extent to which 

they felt that the design was constrained, with a 1 indicating no constraint, and 7 indicating 

completely constrained. Students reported that the design challenge was somewhat constrained 

(CCEE: M = 5.05, SD = 1.33; CBE M = 5.27, SD = 1.56.) The difference between departments 

was not statistically significant (t(105)=0.7621, p = 0.45.) However, students on average 

identified the problem as constrained.  

When asked in a free response, “Design problems often have constraints, such as budget 

limitations, material properties, performance requirements, and other requirements set by the 

stakeholders and situations in which the design solution will be used. What are some constraints 

on the design problem you are working on?” Students identified both academic constraints such 



as the amount of time allotted to the project and materials available to test prototypes in the lab, 

as well as contextual constraints such as community involvement and resources available to the 

community. Of the respondents, we found that a majority of them identified contextual 

constraints (CBE = 72%; CCEE = 68%) while a substantial number identified course-based 

constraints (CBE = 42%, CCEE = 49%). While constraints placed on students as a function of 

being in a classroom setting played a role in the design process, the sociotechnical considerations 

brought out by the context also played a role.  

Overall we found students leveraged the sociotechnical nature to navigate the ill-structured 

challenge and framed the problems differently not just between teams, but between courses. 

Conclusions 

● To what extent do CBE and CCEE first-year engineering students frame an ill-structured 

design challenge differently?  

● In what ways do first-year engineering students consider stakeholders’ perspectives 

during framing? 

● To what extent do first-year engineering students view the design challenge as 

constrained?  

In looking to understand how first-year students framed and explored a complex and ill-

structured problem, we found that while both CBE and CCEE students framed the problem in 

somewhat different ways, they were able to consider different angles to look at the issue, 

consider stakeholders, and identify constraints. Students took a variety of perspectives about 

what the problem might be, leading them to suggest different solutions during the ideation phase 

of the design challenge, which to some extent was explained by whether the teams were in 

chemical or civil engineering. We also found that teams took up the perspectives of the 

stakeholders of their chosen communities in agentive and empathetic ways, considering these 

perspectives as part of the constraints they considered while designing.  

This work has implications for other first-year engineering courses looking to implement design 

challenges. Despite prevalent concerns that first-year students would struggle when faced with 

complex problems they have to agentively solve, this shows that these students can successfully 

do design work to frame and conceptualize large and difficult problems.  

There are several limitations to this work. The primary limitation lies in the differing number of 

credit hours between the two courses. This is reflected in students in the CCEE course having 

more accurate calculations when analyzing their data collected in the lab, and having more 

professional presentation slides. However, these results show that even a 1-credit class allows for 

nuanced design work from first-year engineers. The sample size for this study is also relatively 

small, limiting universalizing due to small-scale statistics.  
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