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A Creative Approach to the Undergraduate Research Experience 
 

Introduction: Innovation and discovery are two intended byproducts of engineering research. 

These byproducts are, however, difficult to achieve, particularly for researchers in training, 

without the right foundation of knowledge and skills. Because engineering research demands a 

workforce whose interdisciplinary academic training extends from a sub-atomistic understanding 

of fundamental science to a broad understanding of  complex systems and processes, most 

research training programs focus on knowledge and skills either specific to the field of research, 

or on the process of performing research in general, giving students basic competencies in the 

ability to perform research [1]. However, as the global challenges that our engineering workforce 

address become increasingly interwoven and complex, it becomes necessary to move beyond 

these basic competencies during research training programs so that the researchers in training  

are able to not only understand and apply what they have learned during their training, but also to  

innovate upon it [1-4].  

 

In universities today, research training approaches typically include both formal and informal 

programs, beginning at the undergraduate level, via research for credit opportunities, research for 

pay experiences, research bootcamps, and more intensive summer programs, like the National 

Science Foundation’s (NSF’s) Research Experiences for Undergraduates (REU) program.  These 

programs frequently rely on traditional master/apprentice relationships, where students learn 

about the research process and gain skills in the specific field of research directly under the 

guidance of a more experienced researcher.  In the last two decades, this model has been 

improved upon dramatically [5-9], leading to many university-wide programs designed to help 

any student wishing for research experience to gain a broad understanding of the research 

process and how to perform specific tasks within that process without needing a one-on-one 

approach to guidance.  These programs  include seminars, workshops, and in-classroom learning 

experiences focused on research skills that underlie all fields, such as performing literature 

searches, using citation software, communicating scientific results through written and oral 

formats, participating in mandatory safety trainings, learning how to establish an appropriate 

social media presence, practicing building professional networks, and learning additional 

“professional skills” that help students develop personally and professionally.  The result of these 

efforts can be exceptionally well-trained, well-rounded undergraduate researchers who are ready 

to tackle their first research project with confidence and able to pursue higher-level research 

training opportunities that provide a deep-dive into a specific field of research or complex 

problem [5, 6, 8].   

 

However, these training programs do not provide a specific approach for training researchers 

how to innovate; rather, they operate on the assumption that a well-prepared researcher will 

naturally be able to innovate simply by performing routine research tasks.  Unfortunately, this 

approach, whether in research training programs or traditional academic programs, has not led to 

a workforce capable of innovating at the level required for rapid research progress.  For instance, 

when employers across industries were asked the level of preparedness for creative and 

innovative thinking in recent hires, 25% of employers believed students lacked preparation in 

these areas [10]. Indeed, employers continue to demand more creative thinking in recent 

graduates, particularly engineering graduates, than they are currently demonstrating [11-13]. 

This is particularly startling given that the continuous growth rate of engineering careers, as 



determined by a study from the U.S. Bureau of Labor Statistics [14], is in part due to the 

innovations and ideas generated by engineers. These innovations maintain social prosperity by 

addressing urgent social and global problems, such as new ways to produce energy to address 

energy shortages [3, 15]. As innovation has become a necessity for societal progress to occur, so, 

too, is innovation a necessary component of the U.S. economy; driving innovation therefore 

drives the economy [2, 16-18]. 

 

This problem arises, in part, because we do not systematically teach the foundations of 

innovation, creativity, and creative thinking, in our engineering curricula or typical research 

training programs [12, 19-21].  Indeed, many students maintain that creativity is either something 

you have or something you do not have; that is, creativity is an innate skill that cannot be 

learned.  Although many view creativity as a fixed character trait, researchers have demonstrated 

that all humans are born with the innate capability for creativity; however, this ability is 

diminished if not nurtured and practiced.[22] Because creativity is not emphasized in school or 

other training programs, many students lose their creative abilities and thereafter believe they are 

not creative. Recently, researchers, teachers, and neuroscientists have developed methods to 

reawaken human creativity and eliminate psychological blocks that restrict divergent thinking 

and hinder innovation [4, 7-9, 19, 20, 23-25]. The results of these studies show that innate 

creative thinking and expression, if properly fostered, could help develop students, and 

particularly, engineers, into 21st century innovators [26].   
 

However, even though many instructors and research mentors have good intentions towards 

including creativity in their instruction/training process [4, 27], studies demonstrate that 

engineering students’ level of creativity actually decreases over the course of their training [6, 8, 

28]. Creativity or creative thinking has been largely absent or unsupported in the standard 

engineering curriculum, let alone research training programs, due to a number of factors, 

including faculty’s lack of knowledge of how to properly teach creativity and creative thinking 

and how to integrate such teaching into the existing curriculum [5, 28-31]. Thus, the field of 

engineering is tasked with maintaining its innovativeness by promoting and nurturing creativity 

within the profession, without having the appropriate tools to do so [19-21]. Despite these 

unfortunate circumstances, recent studies have demonstrated that when creativity is 

methodologically inserted in the engineering curriculum or other skill-based training programs, 

students are able to apply it immediately and in the long-term.[9] For instance, within the 

corporate world, the idea of creativity training has gained recent significant attention due to its 

ability to enhance worker performance in organizations [32] and impact economic development 

in cities [33, 34]. For example, the integration of creativity-based approaches into systematic 

processes resulted in the optimization of product development [35, 36]. Similarly, in our work, 

we have found that senior engineering students’ engineering design self-efficacy was 

substantially increased through particular creativity training [37]; other benefits associated with 

teaching creativity in the engineering curriculum derive from the overall increase in student 

performance [7, 38]. During this work, our group measured substantial increases in key outcome 

measures of creativity from engineering students who underwent a semester-long senior design 

course using evidence-based methods (that implement specific creativity learning methods into 

the traditional engineering coursework) [39-42].  

 

None of these studies, however, has focused on the impact of creativity training within a 

research training program.  This seems odd, considering that, by its very nature, successful, 



cutting-edge research requires innovation and therefore creative thinking.  While many factors 

and experiences, such as those listed above, go into developing the engineering undergraduate 

students of today into the successful engineering researchers of tomorrow, the critical factor that 

these experiences should seek to promote is students’ ability to innovate.  This requires 

students to think not only critically, but more importantly, to think creatively.  

 

With this knowledge, we intended to extend our work on incorporating evidence-based creativity 

training in the engineering curriculum to include undergraduate students involved in formal 

research training programs. We developed the guiding research questions for this paper, which 

include: 1) Will our method of integrating creativity into a traditional classroom, also show 

similar improvements in outcome measures when used to integrate creativity into a formal 

undergraduate research training program? 2) Can we facilitate undergraduate researchers to 

become more creative when performing their research? In this paper, we  discuss the results of 

our methods on students' creative processes following an 8-week summer undergraduate research 

program.   

 

Methods: In order to understand our approach to integrating creativity into a formal research 

training program, we must first have an understanding of what we mean when we state the term 

“creativity.”  Creativity may be defined by the results of the creative activity itself; that is, 

creativity results in the production of something that is (1) original and 2) recognized as useful 

[43]. Additionally, researchers often view creativity in terms of the “four P framework”: 

Product, Person, Process, and Press (environment) [44].  In this framework, our approach to 

creativity training focuses on process, that is “the processes involved during creative work or 

creative thought.” [25] Alternatively, Csikszentmilalyi divided creativity into ‘Big C’ and ‘little 

c’ regimes, where “Big C” creators produce major ideas that change their discipline, while “little 

c” creators come up with ideas that make everyday life better[45]. Finding the 2-C model too 

limited, Beghetto and Kaufman [46] added 2 additional c’s: 1) pro-c level creativity, 

demonstrated by professionals who haven’t reached Big-C eminence and 2) mini-c creativity, 

which focuses on personally meaningful discoveries that may occur while a student is learning. 

All of these definitions reflect the idea that creativity is the foundation of innovation; as 

innovation is recognized as something new (product, process, etc.). Furthermore, creativity 

generates spaces where meaningful ideas impact society.  

 

To implement this approach, we relied on an evidence-based, active learning process that 

integrates techniques drawn from actor training, improvisation, and theatre of the oppressed[47] 

with creative problem-solving methods drawn from multiple, research-based sources [22], and 

tailored specifically to the needs of engineering undergraduate students undergoing formal 

research training. The combination of techniques was chosen on the understanding from the 

literature that in order to be creative, students must be willing to risk trying something new and 

be willing to make mistakes.[48] Theatre exercises enable students to open their minds, question 

assumptions, and see things differently; moreover, they help lower the stakes for students who 

may be uncomfortable with a process that may be completely foreign to them.  These activities 

have been shown to improve students’ abilities to think creatively in a typical classroom 

environment [22, 49]. 

 



In the summer of 2018, our group sought to implement similar, evidence-based creativity 

activities into our National Science Foundation (NSF) Research Experience for Undergraduate 

(REU) Site’s programming, intending to train the REU students to become creative thinkers and 

innovators in all aspects of their professional lives. Following IRB approval (IRB# 2011581), a 

cohort of students (N=12) was recruited from a pool of students participating in summer 

undergraduate research program at the University of Missouri, including students sponsored by 

our NSF REU Site (NSF Award #1757936). Students received one hour per week of creativity 

training developed by theatre professor Dr. Suzanne Burgoyne (Director of the Center of Applied 

Theatre and Drama Research), and implemented by Drs. Heather Hunt and Ferris Pfeiffer. The 

latter have three years of experience working with Burgoyne’s creativity training program, 

developed for undergraduate Honors students and tailored to engineering students specifically 

[40-42]. Students worked with a research project mentor over the 9-week REU experience, as 

well as attended weekly creativity instruction studio sessions adapted from our classroom-based 

work in our bioengineering senior design courses [39-42]. The goals of the studio sessions were 

not only to train students to think creatively, but also to allow them to practice what they learned 

in the context of their developing research projects.  The week-by-week description of studio 

activities includes: 

 

Week 1: Enabling Creativity by Developing a Safe Environment - Provide background 

information about creativity using TED talk video of Sir Ken Robinson “Do Schools Kill 

Creativity?” Develop and discuss ground rules that will assure a safe environment for free and 

open exchange of ideas.  

Week 2: Active Listening in Research Innovation - Read Sawyer’s Zig-Zag[22], Introduction 

and Chapter 1, to provide background information on the need for active listening. Facilitate 

“What I heard you say…” activity to illustrate the process of active listening.  

Week 3: Understanding and Challenging Assumptions - Introduce and facilitate the “What if…” 

game to identify and challenge traditional assumptions in various case studies.  

Week 4: Convergent and Divergent Thinking in Research, Innovation, and Entrepreneurship - 

Utilize “What is the best way to squeeze toothpaste from a tube?” discussion/activity to 

introduce the idea of convergent and divergent thinking. Show the TEDx Talk “The Shape of 

Creativity” to further discuss the idea and why it is important in the design process. Ask students 

to identify the convergent solution to their research problem, and to provide at least three 

divergent thinking alternatives based on discussions. 

Week 5: Reframing the Question – Present case studies to facilitate discussions of research 

questions as provided by users and reframed following further exploration. Students rewrite their 

research question to include a consideration of the overall goal of the research rather than simply 

as initially presented.  

Week 6: Generating Solutions – Engage students with case studies that illustrate the process of 

generating solutions to problems. Students will generate at least three possible solutions to their 

research question.  

Week 7: Evaluating Solutions – Engage students with case studies that illustrate the process of 

evaluating solutions to problems. Students will evaluate their solutions in the context of design 

requirements previously defined for the problem.  

Week 8: Communicating a Solution - Students will be shown various communication methods 

from technical to informal. Students will be asked to prepare and present a short “pitch” of their 

solution to an audience of individuals representing various interest groups.   



 

Students were assessed pre- and post-semester using a version of Guilford’s test [50, 51] to 

evaluate baseline as well as changes in creative thinking. Additionally, students were evaluated 

using the Torrance Test for Creative Thinking (TTCT) [52] such that their current level of 

creative thinking could be compared to national averages using a validated outcome measure. 

The TTCT is a highly reliable creative thinking measure that has been used to identify creatively 

gifted children through adults in the U.S., especially in multicultural settings. The tests invited 

students to write questions, reasons, and different uses for objects, as well as consequences for 

their use. The results were assessed for fluency, flexibility, and originality, and can be scored 

locally using the Manual for Scoring and Interpreting Results that comes with the assessment. 

Similarly, Guilford’s test asked students to list as many possible uses for a common household 

item (like a brick) that they can identify. Scoring for Guilford’s test used the same four 

components: fluency, flexibility, originality, and elaboration; the assessment was repeated 

following the semester and scoring followed a simple rubric. Fluency is a measure of the number 

of solutions to a problem produced during the evaluation (for example a student may find 15 uses 

for a brick). Flexibility is a measure of the variety of a student’s solutions. If all solutions use the 

brick as a building material that shows low flexibility, while using the brick to produce a 

painting as well as grind food shows higher flexibility. Originality is a measure of how different 

a student’s solutions are from the norm. Students would not receive credit for uses that involve 

using the brick as a building material as that is the normal use for a brick. Finally, elaboration is 

a measure of the level of detail provided in each solution. Scoring was done using a predefined 

rubric by a blinded evaluator. 
   

Results: REU students were evaluated for change in creative thinking across the training 

program (Summer Semester) with pre- and post-semester assessments using a version of 

Guilford’s test. The pre/post semester evaluation included 4 measures of creativity: 1) fluency 

(the total number of solutions provided), 2) flexibility (the variety of solutions provided), 3) 

originality (difference in solutions from the norm), and 4) elaboration (the level of detail given in 

each solution). Aggregate pre- and post-semester values are included in figure 1.  

 

Individual student pre- and post- semester values are included in figures 2-5 below. It should be 

noted in figures 2-5 that all twelve students completed the pre-semester assessment, but only 

nine students completed the post-semester assessment. Three students completed the instruction 

but were not present during the final assessment day due to other obligations. The aggregate 

values in figure 1 only include the nine students for which we have a complete data set. 

Individual student pre-semester scores are included for all twelve students simply for 

completeness.  



Figure 1. Pre- and post-semester measure of aggregate REU student creativity outcome 

measures show that post-intervention, the students scored higher on all four measures of 

Guilford’s test. 

 

 

 
Figure 2. Pre- and post-semester measure of REU student creative fluency (number of 

solutions), by student, shows that all but one student had greater fluency after the 

intervention.  Note that three students did not take the post-assessment due to travel 

arrangements. 
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Figure 3. Pre- and post-semester measure of REU student creative flexibility (variations in 

solutions), by students, shows that all students demonstrated greater flexibility in their 

solutions after the intervention.  Note that three students did not take the post-assessment 

due to travel arrangements. 

 

 

 
Figure 4. Pre- and post-semester measure of REU student creative originality (difference 

from the norm in solutions) show that, after the intervention, all students showed greater 

originality in the solutions that they described than before the intervention.  Note that three 

students did not take the post-assessment due to travel arrangements. 
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Figure 5. Pre- and post-semester measure of REU student creative elaboration (level of detail 

provided in solutions) demonstrates that all the students for whom we had both pre- and 

post-data had more detail provided in their solutions after the intervention.   Note that three 

students did not take the post-assessment due to travel arrangements. 

 
Figure 6. Standard Score and National Percentile for REU students surveyed as measured 

using the Torrance Test for Creative Thinking. 

 

Additionally, REU students (n=10) were evaluated for creative thinking ability at the completion 

of the 8 week semester using the Torrance Test for Creative Thinking (TTCT) as well as the 

version of the Guilford test mentioned previously. The results from the TTCT, including 

standard scores (on a scale from 41-160 converted to a percentage between 0 and 100), as well as 

the national percentile (on a scale from 0 to 100), are shown in figure 6. 
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Discussion: According to the results of the Guilford-based test, students who participated in the 

8-week creativity training demonstrated a substantial increase in their creative thinking abilities 

(figures 1-5). In fact, we observed a 44% increase in fluency (8.5 pre vs 12.5 post, figure 3), a 

91% increase in flexibility (5.8 pre vs 11.3 post, figure 4), a 168% increase in originality (2.6 

pre vs 7.0 post, figure 5), and a 300% increase in elaboration (1.0 pre vs 4.2 post, figure 6). 

This data indicates that high achieving engineering students (such as those selected for this NSF 

REU Site) have a substantial ability to increase their demonstrated creativity using validated 

outcome measures following a short-duration, targeted intervention. Due to the relatively low 

number of students in this study, we did not believe it feasible to attempt to calculate statistical 

differences or attempt to draw any statistical conclusions at this time, even though the results 

indicated a positive response. We will be continuing this work over the remaining summers of 

the NSF-funded award, and we hope to increase our sample size by continuing to include other 

students performing research who are not participants in our NSF REU Site.  This should enable 

us to gain a statistical understanding of the impact of our methodology. 

 

Interestingly, however, the results from the Torrance Test for Creative Thinking, administered at 

the end of the summer, indicated that the engineering students in this NSF REU Site cohort 

exhibited a level of creative thinking that was below the national average for students from all 

disciplines (not just engineering) of the same age (figure 6). The mean standard score for the 

group was 93.3 with a standard deviation of 11.7. This is based on a scale from 41-160 with a 

score of 100 being the 50th percentile. There were four students in this cohort that scored above 

100 with the high score of 107. Six students scored below 100 with a low score of 77. 

Comparing these data to the national profile, the mean of the national percentile ranking for the 

cohort was 40.1% with a standard deviation of 20.5. This is based on a scale from 0% to 100%. 

Using this scale, four of our student participants ranked above the 50th percentile, with a high 

percentile of 65%. Six students ranked below the 50th percentile, with the lowest being 15%. 

Although this is a small sample size, our data indicates that even high-achieving engineering 

students (such as those recruited for this NSF REU Site) did not demonstrate creativity at or 

above the national average. This is particularly concerning, as our society relies heavily on 

engineers for discovery and innovation now and in the future.  We note that the TTCT and the 

Guilford-based instrument measure different aspects of creativity; indeed, creativity is a complex 

construct, and no one measure is likely to fully capture it. 

 

Conclusion: In this work, we attempted to answer two guiding questions: 1) Will our method of 

integrating creativity into a traditional classroom, also show similar improvements in outcome 

measures when used to integrate creativity into a formal undergraduate research training 

program?2) Can we facilitate undergraduate researchers to be more creative when performing 

their research? The results from this study indicate that our method of integrating creativity 

showed substantial improvements in the measure of creativity exhibited by students who 

participated in the undergraduate research training program. Therefore, the answer to our 

first research question is “yes” our method showed similar improvements in outcome measures 

for student creativity. The answer to the second research question is less definite. We did observe 

more creativity in the student research projects. However, we did not have a sufficient outcome 

measure to determine the magnitude or cause of such observations. He hypothesize that the 

increased creativity exhibited by and measured in the students was a significant contributing 



factor to the observations of creativity in their research. More study is needed to test this 

hypothesis.  

 

Although the substantial increases we saw using the Guilford-based instrument are encouraging, 

we still have room for improvement in teaching engineers and engineering researchers-in-

training to think creatively. Additionally, this study has brought to light unanswered questions. 

Specifically, will the results we found be maintained as these students continue along their 

educational and career paths? Also, can these interventions be woven into traditional engineering 

courses and yield similar results? The results of this work indicate that the benefits of such an 

intervention are well worth the efforts to explore these and other related questions as the 

discovery and innovation potential of current and future engineers is directly related to their 

abilities to think creatively as they problem solve. 

 

While this is the first step in a longer study, engineering educators and directors of research 

training programs will be able to use these results and our methodology as a foundation for 

improving the ability of their students to innovate, both in the classroom and in their research 

programs.  The approach presented here can be easily translated across campus and across 

research disciplines to broadly impact a wider array of undergraduate researchers in training.  

This paper presents, for the first time, a straightforward, evidence-based approach to improving 

undergraduate researchers-in-training’s creativity and creative thinking skills.  When we 

deliberately incorporate this type of creativity training into existing, formal research training 

programs, we pave the road for the next generation of engineering researchers to discover and to 

innovate. 
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