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Figure 3. Bar chart of students’ mean ratings of difficulty of conducting the seven 
project stages.

In regards to students’ ratings of difficulty of conducting the seven project stages, 
based on a scale of 1 to 10 (1– very easy to 10 – extremely difficult), we observed from 
figure 3 that students’ overall mean ratings varied from 4.26 to 6.25 (sd range from 1.9 to 
2.2).  Although estimating statistical significance differences is not informative in this case, 
given the small sample size, it is of interest to scan the differences among various project 
stages. The three project stages with the highest difficulty ratings, all above 5, were col-
lecting data, selecting methods and setting up procedures for data collection, and analyz-
ing data and making conclusions. Further, we estimated the percentage of students who 
rated the difficulty of the project stages at 6 and above (i.e., difficult range) in comparison 
to students who gave a rating of 5 and below (i.e., not difficult range).  From this estima-
tion, we observed that only for analyzing data and making conclusions did the majority 
of students (70%) rate the project stage to be in the difficult range (6 or above).  

The last survey item that provided insight into the complexity of UR problems asked 
undergraduate researchers to rate on a scale of 1 to 10 (1 – not at all challenging to 10 
– very challenging) how challenging the UR experience was overall.  Student responses 
to this survey item are summarized in figure 4.  Overall, the data revealed that the mean 
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rating for all students was 6.81 (sd = 1.62), with about 82% of the students giving a rat-
ing or above (i.e., challenging range); these results suggested that UR was perceived as a 
rather challenging experience for students.

Structuredness of Undergraduate Research (UR) Experiences 

Problem structuredness, as described by Jonassen and Hung (2008), encompasses five 
categories: intransparency, competing alternatives, dynamicity, heterogeneity of inter-
pretations, and interdisciplinarity.  Because these categories are coupled in many ways, 
particularly the first four listed, it was very difficult to operationalize these into survey items 
that capture each parameter individually.   However, we were able to develop six survey 
items, three Likert scale and three open-ended, to provide insights about the structured-
ness of UR experiences. From a global perspective, structuredness can be described in 
terms of problems being well-structured to ill-structured (Jonassen, 2002) and we will 
discuss the results in this section from that perspective.

To better understand the structuredness of the stages, students were also asked 
to rate how well-defined each of these project stages was on a scale of 1 to 10 (1 – not 

Figure 4. Response percentages for suvey item pertinent to challenge of the 
undergraduate research experience.  N = 57 (3 responses were incomplete).
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well-defined at all and 10 – extremely well-defined).  Descriptive statistics (mean values, 
standard deviation, and frequency statistics) are summarized in table 4 and figure 6. As 
depicted in figure 6, students’ mean ratings varied from 6.96 to 8.05 (sd range from 1.8 to 
2.4).  From the data shown in table 4, we can estimate the percentage of students who 
gave a rating of 6 and above (i.e., well-defined range) in comparison to students who gave 
a rating of 5 and below (i.e., ill-defined range).  From this estimation, we observe that the 
majority of students (75% to 91%) rated the project stages to be in this well-defined range 
(6 or above).  These results suggest that not only were all seven project stages rated fairly 
consistently (i.e., one project stage did not appear to be more well-defined than another), 
but that overall these stages were fairly well-defined for the students.  However, it might 
also indicate that the survey is not sensitive enough to detect the differences. For this 
reason, the conclusions made based on this information should be considered preliminary 
and additional validity evidence for the scale should be garnered. 

To gain further insights into the structuredness of UR problems, we asked students 
two open-ended questions designed to capture the dynamicity and intransparency of 
the solution path, as well as to understand the challenges students faced during the UR 
experience.  Both of these questions were coded using the qualitative scheme described 
in the Methodology section.  Starting with survey item “How many different alternative 
solutions did you consider?,” table 5 presents the coding framework (themes, definitions, 

Table 4. Descriptive statistics on students’ ratings of how well-defined each of the 
seven project stages was during the UR experience.  The ratings are based on a scale of 

1 to 10 (1– not well-defined to 10 – extremely well-defined).
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examples of responses, and frequency statistics) for students’ responses to this question.
Three broad themes emerged: 1) very well-structured (the solution path was very well-
defined and there were no alternative solutions), 2) somewhat structured (the solution 
path was somewhat defined and there were several alternative solutions), and 3) very 
ill-structured (the solution path was very undefined and there were multiple alternative 
solutions). Typical responses for each of these themes are included in column three of 
table 5.  From the frequency statistics, we observe that the theme somewhat structured 
was the most prevalent with 58% of the students describing the solution path in this way.  
The second most prevalent theme was very ill-structured with about 27% of the students 
describing their solution path in these terms.  About 15% of the students described their 
solution path as being very well-structured. It should also be pointed out that some sub-
themes emerged under major theme somewhat structured, and these tended to represent 
explanations or reasons for the solution path having few alternative solutions.  Although 
not included in table 5, these subthemes dealt with time constraints, working with other 
people, and obstacles faced, all of which may be reasons for the undergraduate research-
ers deciding to take an alternative solution path. 

Undergraduate researchers were also asked to identify the biggest challenges faced 
during their undergraduate research experience.  Responses to this open-ended ques-
tion gave us insights into the aspects of the experience that were most challenging or 

Table 5. Summary of coding themes, theme definitions, examples of responses, and 
descriptive statistics for the qualitative survey item “how many different alternative 

solutions did you consider?”
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Table 6. Summary of challenges faced during the undergraduate experience.  The 
table includes the coded themes, definitions, examples of responses, and frequency 

statistics.
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ill-structured for students. Seven major types of challenges were identified from students’ 
responses and these are summarized in table 6, which also includes theme definitions, 
examples of responses, and frequency statistics.  With a 27% response rate, the most fre-
quently mentioned theme or challenge was learning new knowledge and skills, which dealt 
with the challenge of learning, understanding, and applying new concepts, domain knowl-
edge, and skills (procedural, experimental, computational, etc.).  With an 18% response 
rate, the second most prevalent theme pertained to time constraints and management, 
which referred to challenges of time management in regards to issues of task completion, 
waiting for parts or equipment, planning, and so on.  With a 12% response rate, the third 
most prevalent theme or challenge dealt with team dynamics and communication. The 
fourth most prevalent theme or challenge was funding and equipment limitations, with an 
overall response rate of 12%. The remainder of the themes/challenges identified by the 
undergraduate researchers focused on independence and taking initiative, student-mentor 
relationship and interaction, and understanding project requirements.

Table 7 summarizes students’ responses to two open-ended survey items, one focused 
on identifying the disciplines needed for the research project (project disciplinarity), the 
other on the disciplines of the research team (team disciplinarity).  Starting with research 
project disciplinarity, students’ responses were coded and categorized to form thirteen 
distinct STEM disciplines as illustrated in column one of table 7.  These thirteen distinct 
disciplines are representative of the research foci of the two REU sites—nanotechnology 
and computer integrated surgical systems and technologies—and not necessarily repre-
sentative of all undergraduate research experiences. Yet, the results still provide valuable 

Table 7. Descriptive statistics pertinent to disciplines needed for the research project 
(project disciplinarity) and the disciplines of the research team (team disciplinarity).
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insight into undergraduate research experiences. Overall, table 7 shows that on average 
students listed two to three distinct disciplines needed for their research project. The mini-
mum listed was one discipline and the maximum was five.  These results provide insight 
into the multidisciplinarity and interdisciplinarity of undergraduate research projects.  

Discussion 

What Have We Learned about the Complexity of UR problems? 

In assessing the breadth of knowledge required to work on and solve UR problems, we 
gained insight into the scale and scope of the research problems that students worked 
on.  On average, students listed about five domain knowledge topics, of which the most 
frequently listed were mathematics, physics, chemistry, computational tools, and experi-
mental tools.  The greater the amount of domain knowledge required in problem solving, 
the greater the size of the problem space, and thus the more complex the problem (Jonas-
sen and Hung, 2008).  From a cognitive perspective, these results suggest that students 
needed to possess and apply a large amount of domain knowledge during the research 
problem solving process.  Further, most of this domain knowledge probably needed to 
be integrated and processed in a way that continuously advanced students’ knowledge 
base about the research, so it would be expected that the cognitive and processing loads 
increased over the duration of the experience.  Such observations are further corroborated 
by the results of domain knowledge attainment, which revealed an increase (73%) from 
the start to the end of the experience (based on mean ratings).  There was a good amount 
of difficulty in applying and understanding the needed domain knowledge to solve the 
research problem.  These findings further support that problems commonly encountered 
during the undergraduate research experiences are moderately complex and require 
students to increase their cognitive and processing loads. 

Not only was there complexity in the domain knowledge required, but also in the 
solution path.  The results suggested that there was a wide variance in how students spent 
their time on the various project stages.  In fact, students spent the majority of their time 
(about 65%) collecting data, selecting methods and setting up procedures for data collection, 
and analyzing data.  The steps of the process were iterative and suggest some intricacy in 
the solution path, especially when considering that students faced unanticipated prob-
lems during each of these project stages. With 70% of the students giving a rating of 6 
and above (i.e., difficult range), it was clearly evident that the most difficult project stage 
was analyzing data and making conclusions.  These findings suggest that the undergradu-
ate researchers experienced an intricate and iterative problem-solution process as they 
transitioned from establishing research methods to data collection, data analysis, and 
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other project stages. Lastly, the fact that 82% of the students gave a rating of 6 or above  
(i.e., challenging range, 10-pt scale) for the overall difficulty of the UR experience suggests 
that UR problems are fairly complex.  

What Have We Learned about the Structuredness of UR problems?

Most notably, valuable  insights were gained regarding the structuredness of the UR ex-
perience by assessing the dynamicity and intransparency of the solution path. The results 
showed that the majority of the students identified a solution path that was somewhat 
defined and involved several alternative solutions.  The solution path was very ill-structured 
(an undefined solution path with multiple alternative solutions) for 27% of the students and 
very well-structured (one very well-defined solution path) for 15% of the students.  These 
findings suggest that the majority of students integrated multiple alternative solutions 
during their research and used more than one solution path.  Further, it was evident that 
there was some degree of intransparency (aspects that were not known about the prob-
lem) during this research experience and this suggests some degree of ill-structuredness 
in UR problems. There were several challenges that students faced which further provide 
insight into the structuredness of UR experiences.  Some of these challenges, in order of 
prevalence, were learning new knowledge and skills, management, team dynamics, com-
munication, funding and equipment limitations, and independence.  These multifaceted 
challenges (encompassing cognitive, operational, and interpersonal elements) illustrate 
some degree of ill-structuredness to UR problems.  

Next, the results revealed that the majority of students perceived the seven project 
stages as fairly well-defined.  This finding is corroborated in a previous study, which used a 
community of practice theoretical framework to understand the UR learning environment 
and showed that undergraduate researchers entering research groups as “newcomers” 
received supervision and guidance from mentors or “old-timers” (Pierrakos and Trenor, 
2009; Trenor and Pierrakos, 2008).  These findings suggest that there was moderate struc-
turedness to the research problem solving process which was in part facilitated by the 
multiple layers of mentoring that is typical during undergraduate research experiences.

Last, students listed an average of two to three distinct disciplines for project dis-
ciplinarity, suggesting that UR experiences exhibit a degree of multidisciplinarity and 
interdisciplinarity, enabling students to integrate various disciplinary perspectives.  This 
need and requirement to integrate interdisciplinary knowledge involves some degree of 
difficulty in cognitively constructing and understanding the problem space, which influ-
ences the problem structuredness.  Further, the interconnectedness and interdependency 
of the various disciplines is likely to change aspects of the problem, which can make solv-
ing the problem a challenge.  These observations suggest that the interdisciplinary nature 
of research problems can result in a degree of ill-structuredness and also in a degree of 
complexity.
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Conclusions 

Problem-based learning (PBL), with its multi-faceted structure and nature (Du et al., 2009; 
Kolmos et al., 2009), serves as a powerful pedagogy to expose our students to a variety of 
authentic and real-world problem solving environments, thus enabling different modes 
of thinking, learning, and problem solving.  In this paper, undergraduate research (UR) 
experiences were investigated through the lens of problem complexity and problem 
structuredness.  Our motivation was to understand the nature of UR problems as a means 
of translating and integrating research problem solving into the classroom.  PBL pedago-
gies can certainly serve as the framework for this transferability. 

According to Jonassen and Hung (2008), PBL problems should be ill-structured with 
a moderate degree of structuredness, authentic by being contextualized to real-world 
workplace settings, complex enough to be challenging and engaging to students’ inter-
ests, adapted to students’ cognitive development and prior knowledge, and amenable to 
problem examination from multiple perspectives. Our findings indicate that UR problems 
do in fact meet these criteria for ideal PBL problems.  More specifically, it is worth high-
lighting some of the characteristics discovered during this effort:

•	 Research experiences engage students to continuously examine and reevaluate 
goals, objectives, procedures, data collection and analysis, solution paths, and 
so on. This dynamically changing learning environment challenges students, but 
also enables them to learn important problem solving skills in a learning environ-
ment that is multidisciplinary and interdisciplinary.

•	 Research problems are ill-structured and complex because they require students 
to use many cognitive operations, integrate multiple areas of domain knowledge, 
and work in a team environment where technical skills from many disciplines 
need to be integrated, and where interpersonal skills are essential and required 
for successful completion of the project.

•	 During all project stages, the research problem solving process is not predictable 
or convergent, but rather requires the integration of several cognitive, content, 
and disciplinary domains.

•	 Although research problems can be complex and ill-structured, there is moderate 
structuredness when considering the nature of the research team and the research 
environment, which is typically comprised of several layers of mentors (faculty, 
postdoctoral associates, graduate students, and other supporting personnel) who 
provide guidance and structure throughout the research process.

•	 Research problems lend themselves to a certain degree of independence in prob-
lem solving, which in itself is a challenge for students and serves to promote a 
sense of initiative and ownership of the problem solving process.  This challenge 
is partially offset by the multifaceted team nature of the research problem.
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These characteristics of UR problems highlight that research problems are well-suited for 
PBL implementation in the classroom. This is particularly important when considering that 
only a small percentage of our STEM undergraduates ever get exposed to UR settings and 
most of these students are the top students, who are also more likely to go to graduate 
school and be retained in STEM fields.  

Recommendations for Implementation of Research Problems into the Classroom 
via PBL 

Given what has been learned during this effort, the following is a list of some recommen-
dations for integrating research problems into the classroom:

•	 At the core, research problems have to lead to discovery, whether that discovery 
is new knowledge, a new technology, a new process or method, and so on. The 
findings herein suggest that students were challenged by the process of research 
and certainly the management and planning that goes into research problems. 
Traditionally, in coursework, students work on problems that have a concrete and 
clear finale, but the nature of research is such that discovery can be an ongoing 
process and one that promotes lifelong learning. This way of thinking about prob-
lem solving challenges students, but is also something that is important for their 
problem solving development.  It is thus suggested that students at all academic 
disciplines and levels be introduced and educated on the nature of research.

•	 Considering that research problems require the integration of multiple disciplin-
ary domains, in knowledge, skills, and attitudes, a suitable place for such experi-
ences in the curriculum may need to be upper-level courses where students are 
more likely to have the cognitive ability to balance all these domains.  Yet with 
the right planning and mentoring, underclassmen could also be exposed to the 
nature of research in a way that is well-structured and suitably complex (i.e., not 
too simple, but not too complex).

•	 As evidenced from the findings of this paper, undergraduate research problems 
require students to spend significant time collecting data, selecting methods, 
setting up procedures for data collection, analyzing data, as well as managing the 
project.  This suggests that for hands-on work, an ideal place for research problems 
in the curriculum may be laboratory courses or capstone projects.  Traditionally, 
in laboratory courses, experimental setups and detailed procedures are already 
in place for students to simply go in and take data, but maybe there can be a 
way for students to be given all the necessary equipment, instrumentation, and 
materials (as well as a problem statement and goals), but have the opportunity to 
develop the experimental setup and procedures on their own, collect data, and 
analyze the data to meet the deliverables outlined in the problem statement.  All 
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this is not to say that research problems don’t fit in the traditional lecture-based 
classroom.  Rather, they need to be creatively incorporated to fit the existing 
class structure. For example, presentations by researchers describing the process 
of scientific inquiry might substitute a few lectures, or a contemporary research 
study can serve as a basis for in-class discussion.

•	 Similar to PBL having different models of implementation, research problems can 
certainly be integrated into a traditional lecture-based course and this integration 
could be achieved in many ways (whether it be that a published research study 
becomes a topic of discussion to illustrate not only relevant concepts but also 
the process of research as discovery or a presentation by a leading researcher or 
graduate student on their research problem, methods, and analysis).

•	 Although a key attribute of undergraduate research problems is the indepen-
dent nature of task completion, given the length of time required to complete 
a research problem, it may be best for students to work in teams during class-
room-based research problems in order to meet the time constraints of a typical 
classroom.  The independence could still be implemented by allowing students 
to take ownership of a specific facet of the research problem.

•	 Given the multidisciplinary and interdisciplinary nature of research problems, it 
would be ideal for a curricular structure to allow students to work with individu-
als (students, faculty, and other supporting personnel) from other disciplines.  
If the curricular structure doesn’t allow for this, faculty should encourage their 
students to seek collaborators or consultants (whether these are students, faculty, 
or professionals) from disciplines outside of their own.  This would at least allow 
students to be exposed to domain knowledge, skills, and attitudes from other 
disciplines and perspectives.

Future Research Directions 

Limited studies have looked into understanding how different problem solving experi-
ences enable different cognitive abilities and learning outcomes for the problem solver.  
This study focused on one type of problem solving experience, but there are certainly 
other types of problems and experiences.  Future research directions could thus entail 
the implementation of similar methods to understanding other types of learning experi-
ences.  For example, authentic learning experiences such as industry experiences, service 
learning projects, and design projects could be examined through the same theoretical 
lens. Ultimately, by understanding how different problem characteristics influence stu-
dents’ learning outcomes, researchers can provide valuable insight to educators on how 
to teach different types of problem solving in the classroom.  PBL offers a strong founda-
tion to provide innovative models that can support different types of problem solving 
experiences in the classroom.
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Limitations

Very few empirical studies have examined how different problem solving experiences 
enable different cognitive abilities of the problem solver.  The current study used the theo-
retical framework of Jonassen and Hung (2008) to examine the structure of the problems 
encountered by engineering and science students during UR experiences. Although the 
current study has valuable implications both for PBL literature and STEM education, there 
are several limitations that need to be noted. First, the research design used herein can-
not be strictly referred to as a traditional pre-and-post, but is rather a modified version of 
a pre-and-post design. Due to the participant confidentiality concerns, we were unable 
to ask for identifying information and thus were unable to link individual responses from 
the pre-survey to the post-survey. In order to gauge the differences occurring from the 
pre-survey to the post-survey, we compared aggregate information collected at these two 
time points. Although this design still yielded interpretable aggregate data, traditional 
linked pre-and-post design is likely to lead to more confirmatory conclusions. 

Furthermore, another feature of the research design presented a limitation. Namely, 
sample size differed depending on the variable analyzed. This resulted from some par-
ticipants choosing not to respond to some of the survey questions, resulting in missing 
data. Although one approach to dealing with this issue is to eliminate all responses from 
participants with any missing information, we decided to keep complete responses from 
participants that had incomplete fields due to the relatively low overall sample size and 
valuable information contained in the complete fields. In the future, this limitation can be 
counterbalanced by collecting more information, enticing participants to provide complete 
responses to all of the items, or excluding all missing data from the analyses.

The next limitation pertains to the scaling of survey items pertinent to how well-
defined the project stages were. First, the survey used for this purpose is newly developed 
and might be failing to detect true differences between the project stages. If this is the 
case, then our conclusion that students report the project stages to be similarly defined is 
not substantiated. Second, providing students with the seven stages might have prompted 
them to think of the project in a more defined way, and therefore affect their responses to 
questions regarding the degree of definition present in the project. Both of these limita-
tions can be resolved by collecting more validity evidence for the survey and conducting 
focus groups to gain a better understanding of student perceptions. 

Lastly, the final limitation of the current research effort is the sole reliance on student 
self-reporting. There are numerous issues related to using self-reported data, including 
participants’ possible inability to provide an accurate self-assessment and socially desirable 
response patterns. To offset these limitations inherent to self-reported data, other relevant 
data sources, such as faculty surveys and direct observations, could be triangulated with 
the present dataset. Such triangulation could potentially strengthen the inferences made 
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based on this research. Another limitation inherent in all Likert type scales is the untested 
assumption of linear scalability. Although the students responded to each survey item on 
a 10-point scale, we cannot claim that a response of 8, for example, indicated a doubled 
agreement from the response of 4. However, it is reasonable to assume that a response of 
8 indicated a stronger agreement when compared to a response of 4. Due to the untested, 
but presumed, assumption of linear scalability, means and standard deviations reported 
here are estimates of the endorsement strength and should not be used for strict relative 
comparisons.
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