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Abstract — During their collegiate careers, students usually learn more than the facts and theories they gain from
text book learning and note taking in class. However, the skills which serve them best and prepare them to be
productive, technical, members of society include problem solving skills, information filtering skills, and logic skills
[1]. Unfortunately, the traditional classroom does not focus on these skills nor does it usually provide individual
practice linking unique concepts together [2]. This paper and the corresponding presentation will discuss a concerted
effort to strategically develop these skills in Science and Engineering students through Concept Development
Projects associated with core or elective courses in the respective curriculum. Two main Concept Development
Project efforts at Mississippi State University will be discussed. G. Thibaudeau taught a complimentary section of
Honors Cell Biology that enrolled 5 to 15 undergraduate students of the 180 total students enrolled in the parent Cell
Biology class each semester. A. Minerick taught an Analytical Microdevice Technology elective course in chemical
engineering enrolling 5 graduate students and 10 undergraduate students [3]. Both courses included an independent
cooperative learning project structured to allow students to develop a researchable concept via independent reading,
discussion, and mini-lectures. This effort has evolved with each implementation in order to address shortcomings
noted either by students or professors. Success implementing these skills in students has varied by student, but the
skill set demonstrated overall by each class has increased with each implementation. It has become apparent that
engagement of students in critical thinking and research increases student awareness of and excitement for science
and engineering and the likelihood of retention through bachelor degree programs and therefore the likelihood of
matriculation into graduate programs [4]. The goal of this manuscript will be to provide a guide for development and
implementation of Concept Development Projects as well as resources to assess student skills. The information will
be presented so that faculty in diverse fields of science and engineering can translate the concept to the classroom
and foster development of problem solving, information filtering, logic, and concept linkage skills in their students.
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INTRODUCTION

Although the need to increase interest, participation, recruitment and retention in the sciences and engineering at all
educational levels is a true national concern, evidence suggests that many students who have aptitude/interest in
these areas become disillusioned with their college-level studies and opt for non-science and non-engineering
majors. In an attempt to find solutions to this problem and the loss of intellectual capital, high schools, colleges, and
universities are gradually reexamining, restructuring, and increasing their approaches to the recruitment, training,
and retention of students in science and engineering fields [5-8].

There has been a tremendous growth in technology development and in the use of and the corresponding need for
problem-solving skills and inquiry based learning. Although the use of technology and the application of inquiry
based teaching in the classroom has certainly increased in the college classroom during recent years, the traditional
problem solving conducted in the classroom has the teacher posing a well thought out problem for the students to
approach in a fashion that has been demonstrated by the professor in lectures or in examples. That is, significant
background work has already gone into the problem to determine if it is feasible, what tools will be needed to solve
the problem, and that the necessary information is readily available for the students. However, once these students
enter the workforce or graduate school, they are unlikely to encounter tasks of this nature. If a supervisor has gone
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to the trouble to define a problem with that level of precision, that supervisor has nearly completed the task and
wouldn’t be handing it to someone else to complete. This suggests a disconnect between the skills students
desperately need to learn and what skills (or lack of skills) these students are acquiring in the classroom.

Many proponents in diverse fields have advanced problem-based learning as a technique for students to learn to
locate resources and teach themselves and each other concepts in the process of solving a central problem [6,9,10].
A central hypothesis driving the efforts undertaken by the authors is that engagement of students in research and
inquiry early in their college career helps to connect students’ acquired skill set with the skill set needed to enter the
workforce and/or to pursue graduate degrees. This student engagement also increases interest, awareness and
excitement in science and engineering, the likelihood of retention through bachelor degree programs and ultimately
enhances the likelihood of matriculation into graduate degree programs or careers in science and engineering. This
work describes efforts to advance the problem-based learning approach at the interface of biology and engineering
such that students engage in the experience of starting with a broadly defined idea, seeking information to limit that
idea into a well-defined problem and then proposing a viable strategy to approach that problem. Problem completion
is not considered in this manuscript, as the specific topics discussed are both at the leading edge of individual
research fields.

In this paper, problem-based learning and teamwork in the undergraduate science and engineering classrooms will
be discussed briefly. In any such strategy, team dynamics are essential to student, professor, and project success.
The authors have taken an approach representing a merger of problem-based learning techniques in an effort to
enhance student skills in the sciences and engineering while advancing individual research productivity. A
discussion of the goals of these Concept Development Projects is followed by course descriptions for the Cell
Biology and the Analytical Microdevice Technology courses within which these projects were implemented.
General conclusions and advice are provided for others considering adopting this Concept Development Project
approach.

Semester long projects have become common in upper level engineering courses and capstone science courses,
although in the sciences, they are more common in programs with relatively small enrollments. This form of
experiential learning has proven the optimal format for teaching students to approach larger tasks, to work in teams,
and to adopt communication and soft skills required of accreditation groups (e.g. ABET, Accreditation Board for
Engineering and Technology), the workforce, and any graduate program. The literature on this is quite extensive in
both engineering and biology (see reviews by Michael; Allen and Tanner; Morse). [11-13].

Many sources speak to the interrelatedness of research and education and the need to engage all students in research
and discovery-based learning. The NSF and NRC urge that “students have access to supportive, excellent
undergraduate education and that all students learn these subjects by direct experience with the methods and
processes of inquiry” [5,7,8]. The need to employ research as a pedagogical tool in undergraduate education is also
the cornerstone of several publications and innovative programs that have been successful at training students to
formulate hypotheses and perform original research at the undergraduate and graduate level [14-18]. These students
in turn become contributing members of the workforce, primary candidates for excellent graduate programs, and
represent the nation’s future scientists/engineers.

Unfortunately, during the first two years of an undergraduate degree, a student’s only exposure to research, if at all,
is through the undergraduate curriculum, which in its traditional form tends to discourage collaborative learning
and/or teamwork. Studies suggest that this environment discourages students from pursuing advanced degrees in
science and engineering and creates a disproportionate hardship for students from underrepresented and at-risk
groups [16]. Any program, which aims to increase student recruitment and retention in the sciences and engineering
fields, should provide an environment for students to experience the collaborative nature of science and engineering.
Such an environment also encourages students to pursue careers and/or graduate degrees in these areas. No matter
what the approach, undergraduates learn best about research and careers in science and engineering by being part of
a team, interacting with other scientists and engineers, and by engaging in real research.

THE IDEA

Open-ended, evolving Concept Development Projects have been implemented by the authors in the undergraduate
classroom. Thibaudeau recognizes the tremendous benefits to and growth in undergraduate students involved in
research experiences. To expand this experience to more students, efforts have evolved from faculty-guided
research experiences for individual undergraduate students in the research lab to groups of students working in
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concert in the research lab. Thibaudeau began this concept development approach in a Cell Biology course within
which a subset of students enrolled for Honors credit. A group of 12 students were set on an inquiry based search for
examples of engineered materials or processes that were inspired by nature (ie. Bio-Inspired Designs). After some
background training, the students began searching for information independently and settled into an approach that
would contribute to developing a sample biologically inspired material. The group collectively came to a consensus
on what was the most viable pathway forward. Much of the progress in this group was conducted via interactive
discussion sessions where summaries of the next steps were the output of each meeting. Minerick adopted a similar
approach in the Analytical Microdevice Technology Course, which she taught as part of her NSF CAREER award
(2008). The outputs from this course were structured such that each student team completed a manuscript formatted
for journal publication by the end of the semester. The authors also plan to employ a similar multidimensional
learning tool known as the Jigsaw Method [2,19,20] to develop Research Experience for Undergraduates (REU)
Jigsaw Group Challenges should their pending NSF REU site: Breadth and Depth of Materials Research be funded.
The format for this type of Concept Development Project is outlined below.

Concept Development Project in an Honors Core Biological Sciences Course:

This Concept Development Project idea began during the 2007/2008 academic year as an approach to meet the
requests of a subset of students enrolled in Cell Biology and wishing to be involved in an “activity” outside of the
classroom. Recognizing the mutual benefit of engaging the curious minds of talented undergraduate students,
Thibaudeau has encouraged and implemented inquiry based learning and research in the lab as well as in the
undergraduate classroom. Having students involved in the research lab for academic credit, directed individual
study, or wages is not uncommon and Thibaudeau historically has had several biological science majors involved in
her lab each semester. Faculty-guided research experiences for individual undergraduate students has gradually
moved to faculty and near peer mentor-guided research experiences for teams of students from the classroom to the
lab. After discussing the need for any plan of action to be mutually beneficial for the students and the professor, both
who have limited available time, this relatively informal Concept Development Project approach was conceived.
Thibaudeau set the original group of 12 students from Cell Biology on an inquiry-based search for examples of
engineered materials or processes that were inspired by nature (i.e. Bio-Inspired Designs). After some background
training, the students began searching for information independently and settled into an approach that would
contribute to developing a sample biologically inspired material. The group collectively came to a consensus on
what was the most viable pathway forward. Much of the progress in the original group as well as in the subsequent
groups has been conducted via interactive discussion sessions, where summaries of the next steps are the output of
each meeting. Interestingly, each group has been represented by biological science majors as well as by biological
engineering majors. The knowledge base of and the approach taken has been beneficial to the students, the faculty
mentor, and the project. Several students that have been part of Thibaudeau’s research lab have taken lead roles in
leading and near-peer mentoring of the development concept project teams. Likewise, several students that
participated in the original Honors group now serve as near-peer mentors and student leaders greatly respected and
appreciated by the Concept Development Project student teams. Undergraduate students typically have limited time
to devote to any project or activity that is considered to be outside of their required curriculum. However,
Thibaudeau has found that when students become part of a bigger research project and develop to a point that they
have ownership in the ideas, progress, and success of the research, they will devote the necessary time to see the
project through. Simply put, students buy into this type of Concept Development Project because of the excitement
generated and the sense of ownership gained.

Very few freshman/sophomore level undergraduate students have a working understanding of research and even
fewer know where to begin to ask the relevant questions. In the concept development approach discussed here, the
larger research focus of the lab is discussed, and this is followed by a discussion of smaller relevant projects, related
to the larger research focus and needing attention. The group then decides the specific focus of the Concept
Development Project. Milestones to be met throughout the semester (or year) are given to the students and are
designed to build on each other, employ teamwork growth and success, empower the individual as well as the team,
and result in a final oral presentation and ultimately an article for journal publication.

Analytical Microdevice Technology Elective Course:

A more formal course example of the Concept Development Project exists in Minerick’s Analytical Microdevice
Technologies course [3]. This chemical engineering course had four learning activities that included lectures, a game
day modeled after Survivor Classroom [21], an article discussion day, and a semester-long Concept Development
Project. These activities complimented each other to provide the students the fundamental knowledge, practice
applying that knowledge, and discussion of applications of that knowledge. Lectures typically covered the
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fundamental concepts needed to understand micro and nanoscale forces in microdevices. The Survivor game
provided practice working smaller design exercises, practice with calculations, and knowledge reinforcement. The
weekly article discussions provided an opportunity for students to link their fundamental knowledge to the cutting-
edge, new micro and nanotechnologies reported in the literature.

The primary class activity which provided in depth training in logic and information filtering skills was the
semester-long Concept Development Project. Early in the semester, the students were provided an overview of the
large, open-ended, Concept Development Project that they worked on in four person teams. The students were given
the latitude to choose their own specific topic provided that it focused on any small-scale technology that would
address an important biomedical application (diagnostic or other). Their novel concept was to link together or build
from existing theoretical and experimental technologies reported in the chemical, mechanical, optical and biological
analysis literature. While the student’s were tasked at developing a microtechnology concept, it had to be a logical
and realistic novel extension of existing technology. Emphasis was placed on creative new approaches or new
systems.

Once tasked with this big picture project, smaller, intermediate milestones were given to the students. The
milestones were strategically designed to part-by-part build into an archival journal article, which was their final
report for the Concept Development Project. These milestones were outlined in additional documents throughout
the semester, which supplemented the outline and provided details for the 4 progress reports plus the final archival
journal article due at 2 week intervals. The milestones followed roughly the following topics and skills related to
their project:
e Progress Report 1: Introductory description of proposed, novel analytical microtechnology
e Progress Report 2: Literature review on the scientific premises of proposed analytical microtechnology (>
10 references, fully discussed)
e  Progress Report 3: Prototype drawing and accompanying description of analytical microtechnology (option
open for students to conduct preliminary experiments)
e Progress Report 4: Final device design, first draft of complete final report
e Final Report: Archival journal article format and tone.
o Final Project Presentations

The groups were partially student-choice, partially assigned such that a graduate student was the leader on each
team. Graduate student leaders were the central individuals responsible for compiling the final report, which was to
be written as a peer-reviewed, archival journal publication, in standard format of the Journal of Electrophoresis. The
students were told that the project would be assessed with the high standards or peer-reviewed publications. For both
undergraduate and graduates students, the team output was to include maintenance of a detailed project notebook
documenting all members contributions. This was to include “minutes” from each group meeting, records of who
brought which article to the meeting, progression of ideas, etc. The information sought in each progress report was
clearly communicated to the student teams and the same bullets were used to assess those reports. On a separate
page in each of the progress reports, the students were asked to outline the group’s goals for the subsequent two
weeks as they prepared for the next progress report. This section was to describe each individual’s responsibilities.
The progress reports are described in turn below.

Progress Report #1: Concept Description & Premise: This progress report was 1-page single spaced (or 2 page
double spaced) and was to contain the group’s first full description of the large, open-ended, Concept Development
Project they would work on as a team effort. The report was to address the following questions and topics for the
proposed small-scale technology to address a biomedical application:

e What are the broader impacts of the project (who / what would it effect, magnitude of the potential
impact)? Why would one be motivated to pursue this idea and potential area of research?

e What is the premise / foundation for the project?

e How is the proposed idea novel from existing technology schemes? What is the related technology that
initiated this idea (high level overview)?

e How would one approach project development - specifically, what are the theoretical and experimental
reported technologies in the realm of chemical, mechanical, optical and / or biclogical analysis that the idea
would rely upon?

¢ How would the device be setup and function? Provide a preliminary drawing of a rough schematic / block
diagram of the device / technology.
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Progress Report #2: Literature Review: This progress report was to include a review of the current literature that
provided the scientific foundation for the premise of the Concept Development Project. It was to include greater
than 10 references and needed to fully discuss the findings from each article, the merits and limitations of the
reported work, and discuss how the findings from each article related to each other and formed the foundation for
the proposed novel idea.

Progress Report #3: Prototype Drawing & Accompanying Description: This progress report was to focus on the
device or technology the group had conceived. This was similar to constructing the experimental methods section of
the final archival journal article. The progress report was to include an intro to the technology, a prototype drawing
of the device and a detailed description and discussion of each component of the device. The concluding paragraph
was to cover how the device components were envisioned to work together. The following questions were to be
answered in this progress report:

e Introduction comprised of one paragraph describing the purpose of the device, benefits, the premise /
foundation for the technology, the novelty of the technology, and justification of the technology chosen.

e Prototype body comprised of a to-scale device drawing (AutoCAD or similar). Multiple drawings were
encouraged for side and top views. The students were asked to describe and discuss the purpose of each
component of the device. They were also required to clearly communicate built-in controls to verify the
device / technology was working reliably during each test. Lastly, the students were asked to preemptively
note device reliability issues.

e Conclusions section was to include a summative, higher level discussion of the overall device and the
interactions of the components that would ultimately yield the desired results.

Progress Report #4: Final device design, first draft of complete final report: This progress report was to include a
compiled ‘Introduction’ that described the motivation and need for the device as well as a higher-level description of
the device. This was then followed by the revised literature review of the field and focusing statements on the
premise of the work and what the reader should expect to learn from reading the paper. The ‘Experimental
Methods’ section was to cover the technology followed by the revised prototype drawings of the device. The
student’s were reminded how each section should cross-reference their body of supporting literature and published
devices to justify their novel concept. It can be noted how each progress report comprised a section of this final
report as is outlined below:

e Introduction was a revised version of Progress Report #1 and included purpose of device, premise,
foundation, and novelty of the idea, and justification of the chosen concept.

e Literature review section was a revised version of Progress Report #2 and needed to provide a detailed
discussion of all literature that provided a foundation for the novel project concept. The literature review
had to cover the breadth of the field such that all related technologies were mentioned and compared to the
student conceived novel idea. The literature also had to cover the depth of specific supporting topics such
that realistic values could be given for device volumes or concentrations, and specific molecules /
fluorophores were given by name. The students were taught that a thorough literature review could also
demonstrate the lack of information in an area and support a) the novelty / need for your idea, or b) the
need to develop knowledge in that area. This section was to conclude with an assessment of what the
information compiled from the literature meant with respect to their concept.

e Prototype body Progress Report #3 transitioned into the ‘Experimental Methods’ section of the final paper.
This section had to cover the technology followed by the revised prototype drawings of the device along
with detailed descriptions and discussions of each component of the device and its operation. The next part
of this section was to describe the technology operation as well as conjectures of the potential data obtained
from the device. The concluding paragraph of the experimental methods section was to discuss how device
components interacted to yield the desired results.

e Device / technology operation (from Report #3) was then included as the ‘Results and Discussion’
component of the final report. This section included example or expected results and / or a detailed
experimental plan on testing for device / technology feasibility or workability. The purpose of this section
was to have the student’s think through what type of data they could attain and how they would present it to
disprove or prove functionality of their conceived design. Within this section, the students also had to
discuss the challenges to making the conceived device function properly. They were asked to discuss
controls added to the device design to ensure test reliability and any issues during device operation which
might compromise the data obtained. The idea of this was a problem mitigation assessment.

2009 ASEE Southeast Section Conference



e The final section of the final archival journal article report was conclusions. In this section, the students
were asked to discuss the overall device and the interactions of the components to yield their final results.
Their concluding statements were required to tie into the motivations outlined in the introduction and assess
the potential success of this conceptual technology.

Final Report: Edits and extensive feedback was given to the students within two days of turning in their draft of the
final report (Progress Report #4). The students were told that the final report needed to be substantially improved
from the draft and the completed final report would be graded closely. The final report was turned in concurrent
with the final presentations.

Presentations: Final Oral Discussion of Group Concept Project: The final assignment in this course was a formal
oral presentation in Powerpoint (or other). It was required that every member of the team be equally and integrally
involved in orally presenting the slide content to the entire class. The presentation had to include all the sections
included in the students’ final report. The student’s were instructed that all sections had to cross-reference literature
and build upon the existing published technology. Further, content was most important and that superficial
discussions would be critiqued heavily. The students were also strongly encouraged to use any additional
presentation tools, interactions with the audience, etc.

The students were given the opportunity via formal evaluation sheets to assess their classmates on the final
presentations and concept design project. Individual team members were also asked to evaluate their other team
members on the metrics of contributions and performance during the semester via a structured evaluation sheet [22].
These scores were compiled and used to adjust the professor’s assessment of the final project grade to determine
individual grades for the group projects.

Assessment and Evaluation:

The overall goal of the Concept Development Approach described here is to disseminate this methodology as a tool
to involve undergraduate students in interdisciplinary research through engagement and experiential learning with a
long-range goal of fostering development of critical thinking and higher order problem-solving skills and
encouraging them to pursue graduate education. The project’s short term goal is to facilitate individual students’
research contributions to a cooperative Concept Development strategy and to facilitate their appreciation for
interdisciplinary, collaborative inquiry-based research. Students are encouraged to think independently and problem
solve within a group to gain tangible skills in applying the scientific process and to gain a wider perspective of the
interdisciplinary nature of research. Limited assessment has been conducted on the Concept Development Courses
to date [Minerick]. However, the following evaluation rubric outlines potential assessment/outcome questions and
sources of data for evaluation of these questions in subsequent Concept Development Efforts.

Data
Evaluation Questions Outcomes of Interest source(s) Proposed Method(s) Schedule

1. To what extent do students find Usefulness of Concept Students Student logs, obs Focus  During, Post,
materials and activities useful? Development Approach groups, Rating Tracking
2. To what extent do materials and course Use and integration Students Obs, Self ratings, Report  During, Pre-
experiences affect students’ flexibility in (including meta- Graduate  quality, Rating Post, Tracking
problem solving and use of information? knowledge) of Faculty

principles
3. To what degree does the course Identify multi-dimensional Student Observation, Student self During, Post,
provide students with analytical skills solutions with Graduate ratings, Report quality,  Tracking
(e.g., synthesis, analysis, and flexibility Faculty Rating forms
evaluation)? Ability to overcome

procedural barriers to

improve efficiency
4. What was the integration of each of Researchers’ perception of Students Student self ratings, During, Post
the individual projects within the overall the Approach Graduate Focus groups, Self report
research project? Faculty of activities
5. How useful were individual research  Researchers’ perception of Students Student self ratings, During, Post
projects to the overall goal of the the Approach Graduate Focus groups, Self report
research? Faculty of activities
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6. To what extent do materials and Synthesize concepts to Student Observation, Student self During, Post,
course experiences provide skills envision novel Faculty ratings, Report quality, ~ Tracking
development ? approaches Rating forms
7. To what extent do project experiences Disposition to engage in ~ Student Student self ratings, End of course,
encourage research and interest in research and/or focus groups, self report  Follow up
graduate education? graduate studies of activities
8. To what extent does program enhance Perceptions of value of Student Student self ratings, During, Post
educational and mentoring experiences? educational opp and Graduate Rating forms

mentoring experience
9. To what extent does program create a  Perceptions of Students Rating forms, Focus Pre - Post
sense of REU community, & facilitation interactions, activities,  Graduate groups
of collaboration between disciplines? collaboration Faculty
10. To what extent does the program Perceptions of disciplines ~ Students Rating forms, Focus During,
increase appreciation/understanding of groups, reflection log Pre — Post

complimentary disciplines?

CONCLUSIONS

The Benefits of Open-Ended Research Inspired Projects are numerous and apply to the student, the professor and the
larger project. Open-ended research inspired projects are intimidating for students, but the efforts described above
have yielded self-reports from students that they learn more from these projects than they learn from traditional
lectures and working problems [3, 23-25]. Other research has determined that engagement of students in critical

thinking and research increases student awareness of and excitement for science and engineering and the likelihood
of retention through bachelor degree programs and therefore the likelihood of matriculation into graduate programs.
This approach fosters development of problem solving, information filtering, logic, and concept linkage skills in
students. This approach puts the student in the drivers seat to obtain significant background work on the problem to
determine if it is feasible, what tools will be needed to solve the problem, and that the necessary information is
readily available to them. These students will then enter the workforce or graduate school with experience in
teamwork and in approaching tasks requiring problem solving, inquiry based skills such as those encountered in the
sciences and engineering fields. This is an initial attempt to connect in the academic environment the skills students
desperately need to learn to succeed in industry and graduate school.

This paper describes the background on Concept Development Projects and the implementation of these projects in
a Biology Honors Course and in an Analytical Microdevice Technology Course. The key components that any
professor adopting this technique should seek to structure and define the expected outcomes of the project early in
the process and in as detailed a manner as possible. Providing a timeline and a detailed outline of expectations for
all student participants is necessary. It is advisable to also include a timeline and list of expectations for the
professor and any near-peer mentors (lead undergraduates or graduate students) participating in the Concept
Development Project. In addition, the project should be broken down into smaller milestones with a concurrent
timeline for the completion of those milestones. It is important to provide structure for fitting those components
together as well as substantiative examples and feedback. While the actual concept that the students are developing
is less defined, the goal and components of the end product should be clearly defined. It is important that everyone
involved feels some level of ownership in the project, knows that all individuals need to follow through for the team
to succeed, and believes that their individual as well as their team contributions matter. The authors feel that this
Concept Development Project approach to student engagement and learning shows great promise. Students that have
had this type of experience self-report that they learn much more about science and engineering and about relevant
approaches to solving problems in science and engineering from these Concept Development Projects than they
learn from traditional lectures and practice problems.
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