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Abstract
Problem-based learning (PBL) is an instructional approach whereby students learn content by actively and collaboratively solving authentic, real-world problems. Used
extensively in medical education since the 1970’s, PBL has
emerged as an exciting and effective alternative to traditional lecture-based instruction in science, technology, engineering and math (STEM) education. Research shows that
PBL improves student learning and retention, critical thinking and problem-solving skills, teamwork, and the ability to
apply knowledge in new situations – skills deemed critical
for success in the 21st-century workplace.
In “Problem Based Learning for Sustainable Technologies: Increasing the STEM Pipeline” (STEM PBL), the principles of PBL are being used to develop innovative, standards-based curricula with the aim of increasing students'
interest and preparedness in pursuing STEM-related careers.
STEM PBL is a project of the New England Board of Higher Education and is funded by the National Science Foundation. Currently, the project PIs are working with industry
collaborators breaking new ground in “green” technologies
to create a comprehensive series of online multimedia PBL
resources focused on sustainability. Referred to as STEM
PBL challenges, these instructional materials are designed
to engage secondary and post-secondary students in realworld problem-solving. In addition to providing professional development in both on-site and online formats to inservice teachers, the STEM PBL project will also create a
model course in PBL methodology for pre-service middle
and secondary school teachers.

Introduction
Need for STEM Talent in the U.S. and
National Statistics
Long-term growth in the number of positions in science
and engineering has far exceeded that of the general workforce, with more than four times the annual growth rate of
all occupations since 1980 [1]. The most recent occupational projections from the Bureau of Labor Statistics [2] fore-

cast that total employment in fields that the National Science Foundation classifies as science and engineering will
increase at nearly double the overall growth rate for all occupations by 2014, growing by 26% from 2004 to 2014,
while employment in all occupations is projected to grow
13% over the same period [3].
In spite of such promising job prospects, recruitment for
science and engineering programs is a real challenge for
most universities nationwide. Unfortunately, math and science are not the subjects of first choice for the majority of
American high school students. According to the recent
report, Rising Above the Gathering Storm: Energizing and
Employing America for a Brighter Economic Future, in
South Korea, 38% of all undergraduates receive their degrees in natural science or engineering. In France, the figure
is 47%, in China, 50%, and in Singapore, 67%. In the United States, the corresponding figure is only 15% [4].
If the U.S. is to maintain its competitive edge in the global economy, the pipeline of interested and qualified students
prepared to enter STEM careers must be increased. Yet recent results from a survey by the American Society for
Quality (ASQ) revealed that more than 85% of students
today are not considering careers in engineering and that
more parents encourage their daughters to become actresses
than engineers. Forty-four percent of survey respondents
cited a lack of knowledge around engineering as the top
reason they would not pursue such jobs. Another 30% listed
the “geek” perception as their top reason, indicating that
“engineering would be a boring career,” according to the
ASQ [5]. This is one of the most serious issues our nation
will face over the next decade, as the current science and
technology workforce retires without a pipeline of workers
to replace them.
Equally alarming, international comparisons of student
mathematics and science performance indicate that U.S.
students scored below average among industrialized countries [3]. U.S. 15-year-olds ranked 27th out of the 39 countries participating in the 2003 Program for International
Student Assessment (PISA) examination, designed to assess
students’ abilities to apply scientific and mathematical concepts to real-world problems [6]. Furthermore, the retention
rate for engineering students is one of the lowest among all
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majors; one-third of all U.S. students intending to pursue
engineering change majors before graduating [4]. Thus,
improving the preparation of STEM teachers in the United
States and the number of effective teaching tools available
to them is critical if American students are going to keep
pace with their counterparts internationally. Furthermore,
the characteristics of instruction that best serve diverse student populations is a research area of particular need [7].

Problem-Based Learning
Overwhelming evidence exists that students from all
backgrounds have the capacity to become proficient in math
and science, and that children of all ages can and do engage
in complex reasoning about the world [8], [9]. The National
Academies, in its recent publication Taking Science to
School: Learning and Teaching Science in Grades K-8,
made the following statement [8]:
Comparisons of science standards and curricula in
the U.S. with that of countries that perform well on
international science tests reveal overly broad and
superficial coverage of science topics in U.S. classrooms … an overemphasis on recipes for data collection procedures—whether experimental, observational, or archival—may strengthen the misconceptions that some students hold about the socalled scientific method—the image that scientific
discoveries emerge unproblematically if one just
faithfully follows the steps outlined in the science
text. (p.342)
One of the reasons for declining enrollment in many
STEM programs is that students are often turned off by the
way these subjects are typically taught, with traditional
classroom lectures followed by “cook-book” type laboratory
experiences that provide little opportunity to actively engage in creative, real-world problem solving. In 2008, the
National Academy of Engineering [10] identified “Advance
personalized learning” as one of the Grand Challenges for
Engineering in the 21st Century, and made the following
point:
Throughout the educational system, teaching has
traditionally followed a one-size-fits-all approach
to learning, with a single set of instructions provided identically to everybody in a given class, regardless of differences in aptitude or interest. … In recent years, a growing appreciation of individual
preferences and aptitudes has led toward more
‘personalized learning,’ in which instruction is tailored to a student’s individual needs. [10]

Engineers and scientists are problem solvers— individuals who skillfully apply their knowledge to tackle real-world
problems by designing experiments, building and troubleshooting prototypes, analyzing and interpreting data, and
presenting experimental results to peers, supervisors and
customers. It follows that to attract more students into
STEM careers, students must be provided with more meaningful learning experiences in order to motivate and excite
them—learning experiences that relate directly to the world
in which they live. They want and need active hands-on
learning experiences that challenge them to explore new and
emerging technologies that provide opportunities to think
outside the box and apply their knowledge, skills and creativity in solving authentic real-world problems [11-14].
Problem-Based Learning (PBL) is capable of providing this
type of learning experience.
PBL is an instructional method that challenges students to
“learn how to learn” by collaboratively solving ill-defined,
real-world problems. It is based on the constructivist model
of learning and consists of four key components: 1) illstructured problems that are likely to generate multiple hypotheses about their cause and multiple approaches to their
solution, 2) student-centered learning, where students determine what it is they need to learn and find appropriate resources for information, 3) teachers acting as facilitators or
tutors, and 4) authentic, real-world problems [15].
In PBL, students actively participate in their own learning
by solving real-world problems in which the parameters are
ill-defined and ambiguous. Unlike traditional instruction in
which students attend lectures and solve well-defined end-of
-chapter homework problems, PBL is open-ended and contextualized, and student learning is driven by the problem
itself. With PBL, students learn the process of learning in
addition to course content by engaging in a systematic and
iterative process that begins with problem analysis, carefully and methodically dissecting a problem by reflecting on
prior knowledge to identify knowledge gaps, situational
constraints, and other pertinent problem features required to
formulate a solution. Once the problem has been properly
framed, students engage in self-directed learning to acquire
the knowledge and skills needed to solve the problem. This
is followed by brainstorming possible solutions with peers,
and finally solution testing, where students develop viable
strategies to test and validate their solutions.
PBL has been used extensively in medical education since
the early 1970’s and research has shown that PBL improves
student understanding and retention of ideas, critical thinking and problem-solving skills, motivation and learning
engagement, and the ability to adapt their learning to new
situations [16-19]. While PBL has been adopted in other
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fields of higher education including business and law, it is
only beginning to emerge as an alternative to more traditional approaches in K-12 STEM education. Though not
abundant, results from studies of PBL in K-12 STEM education are also promising. In a recent review article published in the Journal of Engineering Education, Litzinger et
al. state “it is clear that [engineering] students would benefit
from a greater number of opportunities to address authentic
problems” and recommend PBL as an instructional approach that can be used to achieve this goal [20].
Some research even suggests an increased likelihood that
at-risk students will succeed academically when provided
with alternative learning environments such as PBL. A
study of girls at risk of failing middle school math or science showed that all study participants had positive reactions to PBL, as evidenced by improvements in students’
learning processes and self-efficacy [21]. A separate study
compared the effectiveness of PBL and traditional instructional approaches in developing high school students’ macroeconomics knowledge and found PBL to be more effective overall [22]. Interestingly, the results from this study
also showed that PBL was particularly effective with students of average verbal ability and below, students who
were more interested in learning economics and students
who were most and least confident in their ability to solve
problems.
While there is substantial evidence to suggest that PBL
can be a valuable supplement to traditional, lecture-based
instruction, its effectiveness depends on a variety of factors
including variations in the implementation of PBL methodology and assessment of learning outcomes, as well as
teachers’ knowledge skills and attitudes towards PBL [23],
[24]. A recent case study described the outcomes of one
high school science teacher’s exploration of PBL methods
in her classroom [25].
For many teachers who have not experienced new
methodologies as teachers or as learners, trying a
new approach can be intimidating. If PBL is to
become more prevalent in K-12 contexts, assuming
this is a desirable goal, then teachers will need support and encouragement to try it. Deidre, who
should be praised for her willingness to try something new in support of her students' learning, was
uncomfortable with letting go of the control offered
by her usual methods of instruction. She overcame
this barrier, but completed the project still questioning the efficacy of PBL. Many teachers are
driven to cover the curriculum, and adopting this
more time-consuming approach is not consistent
with coverage. (p.280)

Additional research into the factors affecting teachers’
adoption of PBL may prove valuable in promoting more
widespread use of this promising pedagogical approach.

Previous Work
To improve the readiness of teachers, including in-service
and pre-service K-12 STEM educators, to incorporate PBL
into their instructional methodologies, the STEM PBL project will build upon the successes of PHOTON PBL, a project of the New England Board of Higher Education
(NEBHE) that was launched in 2006. Funded by the National Science Foundation (NSF), the PHOTON PBL project led
to the development of eight multimedia PBL “challenges”
which were created in partnership with the photonics industry and university partners and field-tested by more than 50
STEM educators from secondary and post-secondary institutions across the U.S. The PHOTON PBL challenges are
self-contained multimedia instructional modules designed to
develop students’ problem-solving abilities and understanding of photonics concepts and applications. The eight PHOTON PBL challenges are listed below and are currently
available at NEBHE’s PBL website (http://pblprojects.org),
along with an Implementation Guide for Teachers and several related conference publications and resources which
provide a complete description of this prior work.
The PHOTON PBL challenges:
•

•

•

•

•

•

Stripping with light, fantastic! – PhotoMachining Inc.
in Pelham, NH, needs to develop a laser-based process
for stripping the coating from 50-micron wire.
DNA Microarray Fabrication – Boston University graduate students need to determine the best starting exposure time for a DNA microarray fabricator.
High-Power Laser Burn-In Test – IPG Photonics in
Oxford, MA, needs a way to run 100-hour unattended
burn-in tests on a 2-kilowatt laser.
Shining Light on Infant Jaundice – Partners Photodigm,
Drexel and SMU ask, "Can technology provide a safe
and effective portable home treatment for newborn
jaundice?"
Watt's my light? – The package on an energy-saving
light bulb says the 26-watt fluorescent has the same
light output as a 100-watt incandescent. Can Cal Poly
Pomona students verify this statement?
Of mice and Penn – UPenn McKay Orthopedic Research Lab graduate students study the healing of tendon injuries using mouse tendons. Can optics provide a
non-contact method for measuring mouse tendon properties?
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•

•

Hiking 911 – Two boys are lost in deep woods in rough
terrain. Penn State Electro Optics Center (EOC) needs
to recommend the best technology to locate them.
Blinded by the Light – A man is arrested for blinding a
pilot with a laser pointer. Is he innocent or guilty?
Make your case.

Four of the six STEM PBL challenges have been completed and are listed below. The remaining two are still in
development.
Completed STEM PBL challenges:
•

Results of pilot tests revealed that with increased experience with the PBL challenges, students’ conceptual
knowledge and problem-solving abilities improved markedly. While pre-post measures of student content knowledge
were not available for the study, instructor observations and
comparisons of student performance in aggregate using traditional measures (homework, quizzes, and exams) for PBL
students with performance of non-PBL students in the past
showed that PBL students performed at least as well as nonPBL students. Results also revealed statistically significant
increases in intrinsic motivation, self-efficacy and metacognitive self-regulation. Finally, results showed a statistically
significant increase in metacognitive self-regulation—a key
factor linked to students’ ability to transfer knowledge and
skills to new situations [26].

The STEM PBL Project
Building on the success of PHOTON PBL, the STEM
PBL project will develop six additional PBL challenges
focusing on sustainable technologies to bring real-world
problem-solving experiences into an even broader range of
STEM classrooms in an effort to develop students’ critical
thinking and problem-solving skills and to expose them to
the exciting career possibilities in sustainable technologies.
Professional development opportunities for in-service and
pre-service STEM educators will develop teachers’ capacity
for incorporating PBL instructional methods in their classrooms.

•
•

•

FloDesign – Students need to design a new way to extract electrical energy from a wind turbine.
RSL Fiber Systems is designing an ergonomic and energy-efficient lighting system for submarines.
Cape Cod Cranberry Growers Association – Can technology be used to make a cranberry bog more energy
efficient?
TTF Watershed Partnership – Can the problem of urban
stormwater be addressed by local communities without
investing in huge infrastructure projects?

The Anatomy of a PBL Challenge
Each PBL challenge contains five main sections, as can
be seen in Figure 1: 1) Introduction – An overview of the
particular topic to be explored; 2) Company/University
Overview – An overview of the organization that solved the
problem to set the context of the problem; 3) Problem Statement – A reenactment of an authentic real-world photonics
problem as originally presented to the organization’s technical team; 4) Problem-Discussion – A reenactment of the
brainstorming session engaged in by the organization’s
technical team; and 5) Problem Solution – A detailed description of the organization’s solution to the problem. The
Problem Discussion and Problem Solution sections are password-protected allowing instructors to control the flow of
information and pace of instruction. Each of the five main
sections contains additional information and resources (e.g.,
scripts, websites, spec sheets, etc.) intended to guide the
student through the problem-solving process.

The STEM PBL project has four primary goals:
1.

2.

3.

4.

Develop six multimedia STEM PBL challenges focused
on sustainable technologies in collaboration with industry and university partners designed to appeal to secondary and post-secondary STEM students.
Create and implement a web-based professional development course for in-service STEM educators in PBL
methodology and the implementation of the PBL challenges in the classroom.
Develop a model one-semester classroom course in
PBL instructional methods using the STEM PBL challenges for use in pre-service technology and engineering teacher education programs.
Conduct research to support future development of PBL
instructional materials and courses.

Figure 1. Multimedia PBL Challenge Interface
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Designed to be implemented using three levels of structure ranging from Structured (instructor led), to Guided
(instructor guided), to Open-ended (instructor as consultant), the PBL challenges provide the necessary scaffolding
to assist students in the development of their problemsolving skills through a developmental continuum. By allowing students to gradually progress through the PBL challenges along a developmental continuum, students can develop the knowledge, skills and confidence to take responsibility for their own learning. Likewise, providing instructors
with control over the learning process and user-friendly
technical and pedagogical resources makes it easy to implement PBL in their classrooms.

Figure 3, provide a systematic method for students to capture their thoughts, ideas and learning strategies during each
stage of the problem-solving process. Students may cycle
through the whiteboards several times for a given problem,
revising their problem solution each time until they converge on an optimal solution. For instructional purposes, the
whiteboards can either be printed or projected/copied onto
an actual classroom whiteboard. (see Figure 4).

Another unique feature of the PBL challenges is the Problem-Solvers Toolbox. The Problem Solvers Toolbox is a
resource designed to help students develop a systematic
approach to problem solving through a four-stage recursive
process, as illustrated in Figure 2.

Figure 3. The STEM PBL Whiteboards for (clockwise from
upper left) Problem Analysis, Independent Research, Brainstorming and Solution Testing

Figure 2. Problem-Solving Toolbox with Icons Representing
Problem Analysis, Independent Research, Brainstorming and
Solution Testing

•

•

•

•

Problem Analysis – Identifying what is known, what is
unknown and needs to be learned, and identifying any
problem constraints to properly frame the problem.
Independent Research – Setting specific learning goals,
identifying necessary resources, and developing a timeline and strategy for achieving those goals.
Brainstorming – Productively engaging in collaborative
learning to identify the best course of action for solving
the task at hand.
Solution Testing – Developing a viable test plan to validate your potential solution based on specific performance criteria.

For each of the four processes, students click on an icon
that reveals a “Whiteboard” graphic designed to emulate an
actual classroom whiteboard. The whiteboards, shown in

Figure 4. Students using the Problem Analysis Whiteboard

For instructors, a comprehensive Teacher Resource section is included (see Figure 5) that provides technical background on the main concepts introduced, assessment strategies, implementation stories detailing how other instructors
at different educational levels have implemented the PBL
challenge, a guide for standards alignment and a PBL HowTo Video illustrating the use of the PBL challenges in the
classroom.
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Figure 5. Teacher Resources

Assessing student learning in PBL often presents a unique
challenge for educators accustomed to traditional assessment methods used in lecture-based instruction. The method
used to assess student learning in the PBL challenges is
based on a three-pronged adaptive expertise model adapted
from the Vanderbilt-Northwestern-Texas-Harvard-MIT
(VaNTH) Research Center for Bioengineering Educational
Technologies [27], which involves three measures: content
knowledge, conceptual knowledge and problem-solving
ability (see Figure 6). A weighted average calculated for the
three measures results in a final composite score. Specific
weights may be assigned by the instructor depending on the
specific course format.

Figure 6. Student assessment strategies.

To assess content knowledge, the PBL challenges include
a test bank consisting of multiple-choice questions, closedended problems and higher-level thought provoking questions centered on specific technical content associated with
the particular problem. Conceptual knowledge refers to a
student’s understanding of and the relationship between key
concepts underlying a particular domain of knowledge. To
assess conceptual knowledge, the PBL challenges include a

list of main concepts related to the topic being explored, a
reference or expert concept map for instructors, detailed
instructions for students on how to construct a concept map,
and a concept map scoring rubric. Assessing problemsolving ability involves both formative and summative assessments. Formative or in-process assessment is accomplished via the whiteboards. As students collaboratively
engage a problem by completing the four whiteboards, they
reflect upon and elucidate their current state of understanding, their thought processes and problem-solving strategies.
Research shows that verbalizing the thought process while
engaging in problem solving improves metacognition,
which is essential for effective problem solving [28]. Summative or post-process assessment is accomplished through
a Final Challenge Report. The Final Challenge Report is a
reflective journal that requires students to provide a detailed
summary and critical analysis of the problem-solving process employed in solving the PBL challenge. Researchers
maintain that this final reflective exercise is essential in the
development of effective problem-solving skills [29]. A
scoring rubric is provided to grade the Final Challenge Report.

Web-Based Professional Development for
In-Service Educators
Over the 2009-2010 academic year, thirty secondary,
community college, four-year college and university inservice STEM educators were recruited nationwide to take
part in a 15-week online course. The online course was conducted in three 5-week sessions in fall 2010, winter 2011
and spring 2011, for a total of 90 hours of coursework, with
a break of 6-8 weeks between sessions. Experience gleaned
from prior online course delivery [30] revealed that participants perform better in short-term sessions with time in between to reflect on the experience and begin to plan implementation of the course material in their own classrooms.
Experienced PBL instructors from the PHOTON PBL
project have also enrolled in the course as mentors who
monitor discussions and provide guidance to new faculty.
Course participants work in small teams of 3-4 teachers to
model the dynamics of how the PBL challenges will be used
in their classrooms. Using Blackboard Vista® as a course
delivery platform, participants work to solve three STEM
PBL challenges, beginning with a Structured format
(Session I), then a Guided format (Session II), and finally an
Open-ended format (Session III) through threaded discussions and online chats. From session to session, the participants are given greater autonomy as more responsibility is
placed on them to self-direct their own learning. The course
structure, from highly structured to open-ended will emulate
the way instructors will use the challenges with their own
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students. Between online class sessions, participants will
collaborate with each other, PHOTON PBL mentors and the
STEM PBL project team to explore how best to incorporate
the PBL challenges into their own classroom and curricula.
Prior to the online course, a two-day introductory workshop was held in early fall 2010 at a central location to acquaint participants with the online learning environment and
the PBL challenges, and to create a learning community to
foster online collaboration. All participants were added to
the PBL listserv, an email listserv managed by the New
England Board of Higher Education (NEBHE) and composed of a nationwide network of PBL educators, educational researchers and industry mentors. Employees of partner industries and research universities also participate in
the listserv to provide ongoing technical support to educators.

A Model Classroom Course for
Pre-Service Technology and Engineering
Educators
In addition to providing professional development to inservice teachers, the STEM PBL project will also create a
model course in PBL methodology using the STEM PBL
challenges for technology and engineering education (TEE)
majors (pre-service middle and high-school teachers). To
accomplish this goal, an existing required classroom course
in instructional methods at Central Connecticut State University (CCSU) is being adapted to include PBL theory and
applications. The course, TE 399, is currently offered once
per year and the new PBL-based version will be delivered
for the first time in spring 2011. TE 399 is required of all
TEE undergraduates at CCSU and students must have taken
at least one practicum course in the program and achieved
junior status prior to enrolling. A course description follows:
TE 399: Development of knowledge and skills needed by an
individual to function as a professional technology education teacher. Preparation, presentation and evaluation of
student-developed lessons and methods of student assessment, unique to technology education laboratories, will be
emphasized.
Similar to the online course, students will work to solve
three STEM PBL challenges, first as a Structured problem,
then as Guided and Open-ended. As a capstone project for
the course, students will use the pedagogical strategies and
technical skills they acquire throughout the semester to develop an original multimedia PBL challenge on a STEM
topic of their choosing. As a result, a collection of STEM-

related PBL learning tools will evolve and will be disseminated through the NEBHE PBL website.

Research Methods
As demonstrated by the literature cited previously, there
is a great deal of evidence to suggest that there are multiple
benefits to be realized by using PBL. The research also
shows, however, that PBL requires time and effort in gaining acceptance and that more work is necessary to improve
teachers’ skills in facilitation and attitudes toward selfdirected learning. To address this need, the STEM PBL project is currently conducting quantitative and qualitative research into teachers’ knowledge, skills and attitudes concerning PBL and their self-efficacy with regard to its implementation. The project will also examine the extent to
which specific online professional development activities
contribute to changes in teaching practices (i.e., transfer of
training) among participating in-service teachers and compare these results with the outcomes of the pre-service
course.
To accomplish this, the Motivated Strategies for Learning
Questionnaire (MSLQ) will be administered to the in- and
pre-service teachers at the beginning and end of their respective courses. The MSLQ is an online survey consisting
of 81 statements regarding motivation for learning and
learning strategies to which students are asked to respond
using a 7-point scale, from 1 ("Not true of me at all") to 7
("Very true of me") [31]. The questionnaire, which takes
approximately 20 minutes to complete, will be customized
in order to specifically assess teachers’ perceptions of PBL.
The results from the MSLQ surveys will be triangulated
with data from pre- and post-tests on PBL content
knowledge as well as samples of course work and comments from focus groups. Informed consent will be required
of all participants.

Conclusion
In this paper, the STEM PBL project was presented, a
three-year NSF-funded project aimed at increasing the
STEM pipeline through PBL focused on sustainable technologies. Also discussed was how the STEM PBL project
team, building on their prior work on the NSF-funded PHOTON PBL project, is now working with industry and research universities breaking new ground in sustainable and
green technologies to create a comprehensive series of multimedia PBL challenges designed to engage students in realworld problem solving. A detailed summary of the PBL
challenge model was presented as well as a description of
the online professional development course offered over the
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2010-2011 academic year for in-service teachers in PBL
instructional methods using the STEM PBL challenges.
Also described was the development of a new course in
PBL instructional methods for pre-service TEE teachers
Finally, a discussion on the research activities scheduled to
take place to evaluate the efficacy of the new STEM PBL
challenges with regard to the learning outcomes and transfer
of training among participating faculty was presented.
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