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Equipping engineering students with the
skills and knowledge required to be suc-
cessful global engineers in the 21st century
is one of the primary objectives of under-
graduate educators. Enabling students to
practice self-directed learning, to find solu-
tions to design problems that are sustain-
able and to recognize that they are part of
a global community are just of few of our
educational goals. Self-directed learning can
define an individual’s ability to practice life-
long learning. It places the responsibility on
the individual to initiate and direct the learn-
ing process and can enable an individual to
adapt to change. Project-based learning pro-
vides the contextual environment that makes
learning exciting and relevant. It provides an
opportunity for students to explore techni-
cal problems from a systems-level perspec-
tive and to develop an appreciation for the
inter-connectedness of science and engi-
neering principles. In Materials Engineering,
the model of a tetrahedron is often invoked
to illustrate the bottoms-up connectivity of
the fundamental principles associated with
a material’s processing, structure and prop-

Preparing Engineering Students
for the 21st Century

Undergraduate engineering educational
curricula are facing a number of challenges
including a rapid growth in what is perceived
by the technical community to be a necessary
foundation of knowledge, the realization that our
workforce must be able to operate in a diverse
global society and the recognition that the im-
plementation of technology can have an enor-
mous impact on the sustainability of our global
resources. If our students are going to success-
fully function as professional engineers in the in-
ternational corporate world of the 21st century,
they must be equipped to be global engineers
who are technically versatile (multi-disciplinary),
able to solve problems from a systems-level
perspective, effective communicators, function
in diverse ethnic teams and demonstrate social
responsibility. Accordingly, our undergraduate
educational curricula must keep evolving in or-

erties, which must be optimized to reach a
desired performance. In addition, a top-down
tetrahedron can be envisioned with the need
for sustainability guiding the balance be-
tween economic, societal and environmental
factors, which also influence the choice of
the optimum design solution for a project.
For students to fully explore this paradigm,
it is imperative that project-based learning
experiences be integrated throughout their
undergraduate education. This article will
explore methodologies that we have adopted
to implement project-based learning through
our four year undergraduate curriculum. Sig-
nificantly, our course evaluations indicate
that students strongly feel that this is a bet-
ter method for “learning” and believe that the
projects provide a more realistic environment
for applying the principles of engineering,
science and mathematics towards solving
practical problems.
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der to provide the proper learning environment
for students to develop these characteristics.

In the United States, the National Academy
of Engineering has underscored the need for
these changes and has established a center
to facilitate systematic reform of engineering
education [1]. The Accreditation Board for En-
gineering and Technology has modified their
accreditation criteria to place an emphasis on
project-based learning (problem solving) and
self-directed learning which supports life-long
learning [2]. While there are a number of path-
ways that can be taken to accomplish curricula
reform, a common theme is to emphasize the
creative elements of engineering through the
integration of project-based learning (PBL) ex-
periences. A project, based on solving a techni-
cal design problem, gives students a contextual
environment that makes learning relevant and
focused. Solving the problem drives learning,
rather than the traditional “teach by telling” lec-
ture format. Learning is something that students
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must do and take ownership of (self-direct),
rather than something that is done to them. Self-
directed learners are better equipped to adapt
to change and they possess the tools that are
necessary to practice life-long learning. Signifi-
cantly, it is our belief that project-based learning
is most effective when integrated throughout the
undergraduate curriculum. It should not just be
a single experience, such as a capstone senior
project, club sponsored activity or laboratory
activity. Only by integrating project-based learn-
ing experiences throughout the undergraduate
curriculum will we give students the opportunity
to develop a mastery of the fundamentals of sci-
ence, engineering and mathematics along with
providing them with the contextual environment
for developing the skills necessary to practice
engineering such as project management,
teamwork and effective communication.

What is Project-based
Learning (PBL)?

For an engineer in industry, a project is a
sequence of tasks required to reach an objec-
tive. Typically, the objective is to design a device
or process that has value to a customer (user).
The project begins by defining a performance
problem associated with an application and
ends with a design solution. The problem drives
the learning required to complete the project.
Managing the project requires the engineer to
demonstrate effective teamwork, clear com-
munication and the ability to balance the so-
cial, economic and environmental impacts of
the project. Project-based learning is based on
the practice of solving problems. The concept
of problem-based learning was first developed
in the medical field in the mid-1950’s [3]. Medi-
cal schools used problem-based learning to re-
place the traditional lecture-based approaches
to teaching anatomy, pharmacology and physi-
ology. It has since been adopted in a variety
of educational disciplines including Business,
Education, Law and Engineering [4, 5, 6]. Tra-
ditionally, the educational process involves stu-
dents first learning the fundamentals and then
utilizing “total recall” to apply these facts to solve
a problem; learning objectives are set by the in-
structor and principles are presented to the stu-
dents through lectures. Assignments are given
to reinforce the application of the concepts, but
often students merely “learn” what is necessary
to pass the test or “repeat-back” information to
satisfy the instructor. In contrast, the PBL ap-
proach employs a problem as the driving force
for learning the fundamental principles that are

required to find a solution. Moreover, this ap-
proach provides a context that makes learning
the fundamentals more relevant and, hence, re-
sults in better retention by students [7, 8, 9]. For
clarity, we view problem-based learning as per-
taining to the development of knowledge based
on the fundamental principles of science and
mathematics and project-based learning to in-
clude mastering the engineering skills required
to implement a design solution.

Implementing Project-based
Learning

Each PBL experience begins with the stu-
dents being introduced to a set of user defined
performance requirements [10, 11, 12]. It is im-
perative that a clear and concise design objec-
tive statement be formulated. From this state-
ment a list of functional requirements (what the
design must do) can be derived and potential
conceptual design solutions (how the require-
ments are achieved) are identified. Potential
design solutions are analyzed from a systems
level perspective, which explores the interre-
lationships of components, including how they
interact with each other and their operating
environment. Next, a detailed design solution
is developed and specifications are established
that will enable the design to be fabricated and
tested. A prototype of the design solution is built
and tested to validate if it meet the original per-
formance requirements. A project plan is usu-
ally developed to guide students through the
process, support teamwork, focus communica-
tion and evaluate if the economic objectives of
the project are being achieved. Throughout this
process the students are challenged to learn
how to work in teams and to practice systems
level thinking when integrating technologies.
Students are also challenged to recognize that
their designs must both solve technical prob-
lems as well as make a contribution to society,
a concept we refer to as the dual tetrahedron
approach.

Teamwork

PBL activities can be individually oriented,
requiring students to be self-directed, or they
can be team-based requiring cooperative learn-
ing. It has been shown, however, that team-
based learning is a better method [13]. Peter
Senge states that the core disciplines neces-
sary to build a learning organization are per-
sonal mastery, mental models, team learning,
shared vision and systems thinking [14]. He
defines team learning as the process of aligning
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and developing the capacity of a team to cre-
ate the results its members truly desire. It also
builds on personal mastery, for talented teams
are made up of talented individuals. Team learn-
ing is vital because teams, not individuals, are
the fundamental learning unit in corporations
today. Organizations cannot succeed unless
team members can learn from each other.
Teams transform their collective thinking; they
learn to mobilize their energies and actions to
achieve common goals and, thereby, draw forth
an intelligence and ability greater than the sum
of the individual members' talents.

Systems Thinking

Systems thinking emphasizes seeing the
whole and establishing a framework for see-
ing interrelationships rather than just individual
components. It requires seeing patterns of
change rather than static conditions and many
have identified the need for taking this type of
approach when developing design solutions
[15, 16]. A systems approach to design involves
learning that complex systems cannot be opti-
mized by simply optimizing individual sub-sys-
tems; it requires an in-depth knowledge of how
the sub-systems interact with each other [17]. It
takes place after a conceptual design is estab-
lished, but before the detailed design solution is
completed. It requires students to evaluate the
architecture of the design solution and explore
the interrelationships of its functional require-
ments and the operating environment.

The Dual Tetrahedron Approach

In materials engineering, achieving the right
performance in your design involves selecting
the right balance between a material’s proper-
ties, structure and processing. The tetrahedron
has often been used to symbolize this bottoms-
up process for solving technical problems [18].
We are proposing that this symbolic relationship
for illustrating the inter-dependence of these
technical parameters be extended to include
the balancing of economic, environmental and
social factors when selecting the right solution
for a design problem, as shown in Figure 1. The
two pyramids (or dual-tetrahedrons) converge at
the design solution and the process of optimiz-
ing this convergence requires that an engineer
be able to apply critical thinking and practice
self-directed learning.

The principles behind the dual-tetrahedron
approach stem from a NSF grant that is sup-
porting the transformation of our undergraduate
curriculum into a project-based learning experi-
ence. The goal is to develop awareness within

our students of that technology can have on
society, economics and the environment, which
we refer to as the triple bottom line awareness
in design.

Leaders in engineering education have
recognized for a long time that engineering and
science curricula have too many courses where
problems are presented to the students as a
tidy application of a few technical principles,
whereas, in industry, most problems are multi-
disciplinary, open-ended in nature and often
have economic constraints [19, 20, 21]. William
Wolf, President of the National Engineering
Academy, has suggested that students should
be given design problems with a limited number
of constraints, then ask the students to articu-
late their own unique design solutions [22]. This
process requires a student to carefully consider
several conceptual design solutions and iden-
tify the impacts that their decisions might have
on non-technical factors such as market posi-
tions, product profitability and environmental
impact. Learning to recognize and balance the
economic, environmental and social impacts
associated with technical decisions will enable
students to recognize that the primary role of
being an engineer is to serve humanity.

Key Elements of PBL Activities

A summary of the key elements that we
have found to support the implementation of
PBL follows:

1. Establish team dynamics and the role of
the instructor. Ideally, teams should be in

The Dual Tetrahedron Approach
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Figure 1.The dual tetrahedron represents the balancing of technical knowledge,

economic, environmental and social factors when developing a design solution.
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the three-to-six person range and the teams
should be composed of students with a
breadth of skills and backgrounds. For ex-
ample, it is beneficial if each team has a
member who is experienced in generating
technical drawings (CAD) and relevant ma-
chining processes (mill, lathe, rapid-proto-
typing, etc.). Team building exercises should
be utilized to facilitate the development of
trust and communication within the team.
It is imperative to let the students know up
front that the role of the instructor is to chal-
lenge the learner to think rather than tell the
learner what to do. The instructor should
serve as a coach or facilitator to the teams.
Students and faculty often fall back into the
Socratic traditional role, where the teacher
has all of the “right” answers and the learner
must guess or determine through logical
questioning which is the correct answer. In-
structors must diligently work to avoid this
approach.

. Clearly identify the design problem and
make sure students develop enough back-
ground knowledge to understand the appli-
cation. Study the problem from a system or
holistic perspective and identify the inputs
and outputs of the design solution. Frame
the problem carefully by identifying all of the
relevant performance requirements and de-
sign constraints.

. Detail the parameters necessary to solve
the problem along with relevant tolerances.
It is not uncommon for students to wind-up
solving the wrong problem or developing a
solution that exceeds the performance re-
quirements. Neither of these results is desir-
able.

. Encourage students to brainstorm with
teammates and formulate ideas or hypoth-
eses for conceptual solutions to the design
problem before they settle on a final design
solution. This provides an opportunity to re-
flect and discuss ideas with teammates and
promotes teamwork. Identify the integration
of technology required to solve the problem
and list known relevant facts. Identify and
prioritize topics that need to be researched
in order to solve the problem.

. Develop an action plan and utilize project
management techniques like Gantt charts
to track the progress of the design project.
These steps will help to prioritize tasks for
each member of the team and identify the
critical path for the project. Establish mile-
stones, such as design reviews, along with

an overall time-line for the project. Design
reviews are often utilized to assess the prog-
ress of the team and identify areas where
the facilitator (instructor) needs to provide
guidance to the team.

6. Implement the action plan and fabricate a
prototype of the design solution. It is impera-
tive that each team identifies and completes
the tests required to validate that the proto-
type meets all of the functional requirements.
All test results should be discussed within
the team and any areas that need further
exploration must be identified and investi-
gated. Each member of the team should be
held accountable to the results and conclu-
sions derived from the data collected.

7. Summarize the results in both written and
oral reports. Many times the design solu-
tion does not fuffill all of the problem’s per-
formance requirements, but there is great
value in learning from mistakes and it is not
at all uncommon for a team’s “first” design
solution to not meet all of the targeted per-
formance objectives. It is important for stu-
dents to recognize that there is not always a
single “right’ answer and that ill-structured
problems can often have multiple solutions.
Teams should be encouraged to commu-
nicate their results to the entire class and,
hence, allow other students to learn from
their efforts.

Walking the Talk

Following these recommendations, we are
endeavoring to integrate project-based learn-
ing experiences throughout a typical four year
undergraduate engineering curriculum. Some
activities span a few weeks, some an entire
10-week quarter, while a few extend through-
out an entire academic year. Clearly a balance
must be maintained between traditional lecture,
laboratory and project-based learning activities;
however, the majority of our courses are adopt-
ing a project-based format and we are carefully
assessing the progress of our students towards
developing the characteristics we have identi-
fied as essential for success in the 21st century.
To help guide this process, each year in our cur-
riculum has an area of emphasis: first year - the
interrelationship of science, engineering and
math, second year- designing for sustainability,
third year — a system’s approach to engineering
and fourth year - balancing depth and breadth.
The following sections will summarize some of
the PBL activities that we have adopted to sup-
port these themes.
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The Freshman Experience:
Interrelationship of Science,
Engineering @ Math

During their first year, students participate
in a year-long project that focuses on helping
them to synthesize principles from their techni-
cal support courses in mathematics, chemistry
and physics towards solving applied engineer-
ing problems such as the design of a solar-
based hot water heater or an emergency water
purification system. The solar hot water and wa-
ter purification systems are designed to meet
the needs of local rural residents of San Luis
Obispo County which provides a service-learn-
ing element to our curriculum and gives students
a chance to see how their efforts can positively
impact their local community. Additionally, stu-
dents have an opportunity to develop an appre-
ciation for the role of technology in improving
society. The students design, build, test and
install the systems for the rural county residents
while third and fourth year students serve as
project managers on the design teams. These
projects provide students with a frame of refer-
ence that helps them to develop an appreciation
for the relevance of the principles of science and
mathematics, which are being conveyed in their
first year technical support classes, for solving
applied engineering problems.

The Sophomore Experience:
Designing for Sustainability

During the second year, students are chal-
lenged with two project-based activities. One
involves evaluating the interconnectivity of
engineering, marketing and operations roles
and the second explores the impact that mate-
rial selection can have on a product’s life cycle.
Students form product development teams and
take on the marketing, design and manufactur-
ing roles as they evaluate the viability of a com-
mercially available product. They perform a life-
cycle analysis on the commercial product and
assess the environmental footprint of the mate-
rials utilized in the product’s design. Particular
attention is paid to sustainability issues such as
the potential for recycling or design of the prod-
uct for reuse along with the twelve principles of
green engineering [23]. Product themes have
included renewable energy devices along with
products that integrate hanomaterials or smart
materials into their design [24, 25]. Each team
gives an oral presentation based on the com-
mercial product that they have evaluated and
their presentation is assessed by the instructor

using a standard grading rubric. Students are
evaluated for their individual performance as
well as the team as a whole. Each student can
invest stock (each student receives 100-shares)
in the team(s) that he/she deems should per-
form the highest according to the grading rubric.
A portion of each student’s individual grade is
tied to their investment; stock investments are
paid-out as a multiple of the number of shares
invested times that team’s score as given by the
instructor. This rewards students for taking the
time to critically evaluate all of the team presen-
tations and honestly invest in the team(s) that
performed at the highest level. It has proven to
be a particularly effective method for obtaining
honest peer evaluations.

The Junior Experience: A Systems
Approach to Engineering

There are five projects planned to be com-
pleted across the entire junior year. The em-
phasis is placed on taking a systems level ap-
proach when developing a design solution for
these projects. The projects will be based on
metallurgical, electronic, amorphous, structural
and hybrid materials systems. The goal is to
integrate fundamentals covering thermodynam-
ics, kinetics, electrical, optical and mechanical
properties of materials into the design solutions.
To date, only the first two projects (metallurgical
and electronic materials systems) have been
completed which involve the casting of a metal-
lic personal artifact that represents the values of
the engineering department at Cal Poly and the
development of a light measurement system for
characterizing optical filters.

The casting project challenged the students
to examine the interrelationships among an alloy
material’s structure, processing and properties.
For example, by explaining and predicting the
microstructural changes that occur as a result
of thermal processing. Then connecting this to
measured harness values for the cast objects.
This project involved the use of 3D-conceptual
modeling software and rapid prototyping tech-
niques to design and fabricate a mold. Stu-
dents then analyzed the impact that the casting
process would have on the surface finish and
determined the appropriate tolerances for the
dimensions of the final object.

The light measurement system project
required students to optimize their design to
achieve a light throughput that would produce
an optimum signal to noise ratio at the detector.
The student teams designed and fabricated a
measurement system that would transfer light
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from a source through optical fibers to a sample
holder, collimate the light and send it through
the sample filter; the light was then collected
and sent via an optical fiber to a spectrometer
for wavelength separation and detection by an
array of photodiodes. The performance of each
component had to be carefully optimized in or-
der to achieve the user’s defined precision and
accuracy for characterizing the optical filter's
performance. Electrical, optical and mechani-
cal components were integrated together as
system and the impact of design specifications
on fabrication costs were carefully evaluated. A
work breakdown structure was developed for
the project and each team utilized a Gantt chart
to monitor their progress and manage the as-
signment of tasks between different team mem-
bers.

These projects required students to develop
self-directed learning skills in order to solve the
many design problems that they faced. The pro-
gressive development of self-directed learning
skills throughout the curriculum is a key metric
that can indicate the effectiveness of our PBL
pedagogy. A self-rating assessment technique
was employed to track the development of the
students and the results will be discussed in
more detalil later in this article.

The Senior Experience:
Balancing Depth & Breadth

During their fourth year students take ad-
vanced topics courses with design projects
combined with more traditional mini-lectures.
These courses cover topics such as failure
analysis, corrosion, joining, microfabrication,
microsystems, chemical analysis, nanotechnol-
ogy, biomaterials, tribology, etc. Each course
explores the principles behind engineering in
greater technical depth and students can se-
lect the ones that enable them to broaden their
knowledge in a field that fits their professional
career objectives.

For example, in the microfabrication course,
a class of twelve students is separated into four
teams that must work together to complete all
forty-seven process steps required to fabri-
cate and test microelectronic PMOS transistor
devices. The entire class works together as a
mini-fabrication plant and processes one lot of
twenty-five silicon wafers. The objective is to
achieve a high yield of functioning transistors
and each process step must be completed on
time in order for the class to reach its objective
by the end of the quarter. Each student writes a
yield assessment report at the end of the quar-

ter; all of the teams must pull together all of their
process control data and identify any sources of
yield loss for the entire manufacturing process.
In parallel with the microfabrication process,
two mini-lectures (total of three hours) are held
each week, which allow students to explore
each of the processing steps in grater depth.
Students are challenged to demonstrate a mas-
tery of the principles of science, mathematics
and engineering and must apply critical thinking
skills to solve the more challenging yield analy-
sis problems.

Assessing Student Performance

Throughout all of these PBL activities we
have tried to maintain a careful balance between
assessing the teams’ and the individuals’ per-
formance when assigning grades. Students are
given the opportunity, within a range set by the
instructor, to select what portion of their grade
will be tied to the teams versus the individual’s
performance (individual/team performance ra-
tio). This gives students a sense of empower-
ment in the evaluation process and encourages
accountability of each individual student to the
team. Projects are supplemented with reading
assignments and discussion questions that
guide students through the self-directed learn-
ing process. Quizzes are periodically given
based on the reading assignments and they
must be completed individually and collectively
as a team. The quiz grades are then determined
based on the agreed upon individual/team per-
formance ratio. Typically, there are no formal ex-
ams in the PBL activities. Written reports serve
as the opportunity for students to demonstrate
their individual capabilities and team oral re-
ports reflect their ability to function effectively
as a team. A technique such as the stock in-
vestment plan, as described for the sophomore
experience, encourages peer participation in
the assessment process.

Assessing the Pedagogy

Most of our assessments to date have fo-
cused on the freshman experience, which was
a radical change from our traditional introduc-
tion to engineering course. For the freshman-
level design activity, we assessed the effective-
ness of the project-based learning experience
by looking at changes in student attitudes: 1)
about the engineering profession and 2) about
their role in the learning process (self-directed
learning). The specific learning objectives and
the performance benchmarks related to these
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Performance Benchmarks

Mid-Foint

Ohjectives

Low End Anchor High End Anchor

Identifies the need for
disciplines outside of
Engineering in solving
global challenges (lists
specific disciplines); maps

Articulates ways in
which an engineer can
overcome global
challenges and
improve health, safety

states global 1s5ues
that impact society;
state s that the role of
the engineering
profession is to

Discusses the
tneaning of
global and
societal 1ssues
in relation to

ENgineering improve the health, and welfare of society; | the interconnected
EE Lewel-7 safety and welfare of | describes the link relationships of powerty,
society between public policy, | environment, technology,
technolo gy and gender equity, innovation,
society’s health, safety | sustainable development
and welfare. in a causal loop diagram
Challenges Identifies the gaps in | Eesearches the needed | Fills the gap of knowledge

as aresult of the research
by explaining the
information in their own

oneself to learn | one’ s knowledge information
what one needs

BE Lewel-7

termmas

Table 1. Performance rubric for learning objectives related to student attitudes regarding the engineering

profession and their role in the learning process.

two attitudes are itemized in Table 1. These
objectives relate to the affective valuation level
within the Bloom/Krathwohl hierarchy [26].

Significantly, the assessments indicate
that all of the individual students in the fresh-
man experience have achieved the Mid-Point
performance benchmark for both objectives, as
described in Table 1. In addition, each of the
teams demonstrated the High End Anchor per-
formance benchmark for the second objective:
“challenges oneself to learn what one needs’”

The main objective of our course evaluation
process was to determine how and why student
beliefs about the professional role of engineers
changed through their PBL experience. Informa-
tion was requested from all students, through
an “on-line interview” process given at the end
the course. The process began with a set of
survey questions that were sent directly to all
students by the evaluator (not the instructor) via
email. As each student responded to the initial
set of questions, the evaluator sent that student
additional rounds of individualized questions,
as needed, to probe for additional detail and to
clarify the meaning of any vague or incomplete
responses. Responses to the initial set of sur-
vey questions were received from 24 of the 27
students enrolled in the freshman course yield-
ing an eighty-nine percent response rate.

Overall, the freshman PBL experience had
a significant impact on students’ mental mod-
els regarding the types of knowledge and skills
that they believed they would need to develop
in order to become successful engineers. Sev-
enty-five percent of the students indicated that
at least one specific aspect of their mental
model had changed as a direct result of their
participation in the course. Most notable among
these was an increased understanding of the
complexity of problems that an engineer is likely
to encounter, and a corresponding emphasis on
the skill of structuring complex problems so that
many factors could be taken into account while
solving them. Students also placed increased
importance on teamwork and communication
skills, an understanding of sustainability issues
and the habit of paying attention to detail. Sever-
al factors within the design project were cited as
causing students to change their opinions. The
project was largely self-directed and viewed by
students as painfully vague and unstructured.
The “realness” of the project was the saving
grace for most students who at times felt totally
overwhelmed. But, they felt that it was worth it to
have experienced what “real engineers” have to
deal with on a daily basis. In addition, students
were strongly influenced by the opportunities
that they had to receive concrete feedback on
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Tahle 2: What I see as the most important knowledge/skills for a good engineer.

Hesponses # of students
Creative problem solving/design 18724
Ethics 10424
Comimunication skills 624
Basic knowledge of math and science concepts, and computer

shuills. ped
Teamworl skalls 4f24
Feszourcefulness 324
Perseverance 224

Table 2: What | see as the most important knowledge/skills for a good engineer

their work during design reviews, both from the
upperclassmen who served as their project
managers and from specific instances in which
they were forced to deal with problems that
arose from mistakes in their own work, such as
errors in calculations and blueprints.

The first question on the evaluation survey
was an open-ended question regarding stu-
dent impressions of the most important types
of knowledge/skills that a person would need to
develop in order to become a good engineer.
A summary of all of the knowledge and skill
areas mentioned in the student’s responses is
presented in Table 2.

The most popular response to this ques-
tion, mentioned by eighteen different students,
was that engineers needed to have excellent
problem solving skills. They must be able to
successfully deal with unexpected difficulties,
troubleshoot faulty or broken designs and use
an analytic process to generate new solutions
to complex and often ill-defined problems. The
second most common response to this ques-
tion, mentioned by ten different students, was
that engineers need to have a strong sense of
ethics. They must pay attention to detail in or-
der to foresee and avert any possible negative
repercussions that their design decisions might
have on people, the economy or the environ-
ment. Six students felt that communication skills
would be very important to engineers not only
when communicating design details to other
members of the design team, but also when
attempting to convince others and presenting

design solutions to clients and other stakehold-
ers. Five students felt that the most important
knowledge and skills for professional engineers
to have were content knowledge in science and
mathematics, and an ability to operate spe-
cific types of machinery, such as CAD systems
and scientific equipment. Four students cited
teamwork as one of the most critical skill sets
an engineer could acquire. In particular, these
students emphasized the need for individuals
to pitch in as necessary and the need for team
leaders to know how to motivate others to do
the same. The remaining two skills that students
felt would be of vital importance for engineers
were resourcefulness and perseverance.

The second question asked students to de-
scribe the ways in which their opinions about
the knowledge and skills needed by good engi-
neers had changed over the course of the fresh-
man PBL experience. A complete summary
of the student’s responses to this question is
shown in Table 3.

Among students who reported a change
in opinion about the nature of engineering as
a profession, eight students reported that, al-
though they had known that engineers were
“problem solvers,” their experience in the fresh-
man-design course had helped them to under-
stand just how complex an engineering problem
can be. In addition to greater complexity, three
students indicated that they had expected most
of engineering to be more theory-oriented than
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Responses # of students

EBetter understanding of the complexity of problem solving aizd
Mo change; class reinforced prior beliefs TS
Increased importance placed on communication skills 24
Increased importance placed on sustainability TS
Emp.hasis shifted from rigorous theory to creative problem 2124
solving

Increased emphasiz on math/number crunching 1424
Decreased emphasis on mathfnumber crunching 1524
Decreazed emphasis on tinkering and physical construction 1424
Inu:rease:.i importance of teamwork s individual 1/24
accomplishment

Increased importance of attention to detail 1i24

Table 3: How my opinion has changed since the start of the year.

the hands-on, creative design process they had  sustainability was to the engineering profes-
experienced in this class. Three students also  sion.

indicated that the course helped them under- The third question probed students to deter-
stand the importance of communication skills ~ mine what aspects of the course had affected
in engineering and three others said that the their opinions about engineering. Their results
courses had made them realize how important ~ are summarized in Table 4.

Responses # of students
Having to solve a series of vague, unstructured, real-world
1024

problems
Wotking in groups to accomplish real goals 24
Wotking with real clients 24
Design reviews/presentations 4724
Coping with problems that arose due to miscommunication afzd
Calculations that were needed to ensure our design could be

. 224
kaailt
Profeszor’s emphasis on sustainability 224
speakers” presentations on sustainability 224
Hothing — had to go outside MATE to find out what MATE: do 224
Help and advice from upperclassman project managers 1724
Eeadings on sustainability 1724

Table 4: Aspects of the freshman course sequence that affected my opinion
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The factor that had the most impact on
students’ opinions regarding the knowledge
and skills that they would need as engineers
was the experience of having to solve a series
of vague, unstructured, real-world problems. It
may have been uncomfortable, but the vague-
ness of the problems was one of the things that
made them learn. Another area that affected
their opinion was the process of completing
design reviews. Four students mentioned that
these had been one of the most influential as-
pects of the course, because the reviews held
them accountable for the work while providing
crucial feedback on what they were doing right
and wrong in their approach to solving their de-
sign problems.

The majority of the students who took the
freshman course sequence felt that it had done
a particularly good job of teaching them about
global and societal issues that relate to engi-
neering, and in particular, the importance of
sustainability in design. The specific aspects
that helped students with this objective are
summarized in Table 5.

The most commonly cited factor contribut-
ing to this learning was the series of Scientific
American articles that students said served as
a supplementary “textbook” for the course [27].
Several students also pointed out the impor-
tance of the outside speakers’ presentations on
Green Chemistry/Engineering [23]. They also
cited classroom discussions of the readings,
which helped them to better understand the
content. In a few cases, the study of these top-
ics is even cited as a specific reason to select
materials engineering as a major.

The specific aspects of the course that en-
couraged students to challenge themselves to

learn what they needed to know (self-directed
learning) are summarized in Table 6.

For most students the process seemed like
trial by fire. Even though students expressed
frustration with what they perceived to be vague
assignments, in the end their struggles seemed
to yield a deeper level of understanding. The
transition from the extremely guided learning
environment of high school to complete self-di-
rected learning in this freshman-series course
was extremely frustrating for many students.
We realize that there needs to be a more gentle
transition to prevent the students from being
overwhelmed.

Overall, the integration of PBL throughout
our curriculum has resulted in an increase in
the retention of students between the first and
second years to about 65%. Traditionally, this
number has been less than 50%. We have also
seen an increase in the number of students
transferring into Materials Engineering from
other majors and the number of cross-disciplin-
ary senior projects has increased. In addition,
our rate for on-time completion of senior design
projects has risen to 100% for the past several
years, which indicates that our students are de-
veloping a mastery of the skills required for suc-
cessful completion of an engineering project.

Conclusions

There are a number of challenges that we
have experienced while trying to implement PBL
activities. Assessment is difficult particularly at
the individual level. How do we apply quantita-
tive measurements to this learning process

Hesponses # of students
Aszsigned readings in Scientific American 1624
Presentations by outside speakers on Green

Chemistryw/Engineering Hed
Group discussions of readings, in class 24
Wideo on sustainability (“Cradle to Cradle™) af24
“Eetlections™ writing assighments af2d
Field trip to the dump 1724
Juizzes 1724

Table 5: Aspects of the course that helped me learn to discuss the meaning of global and societal

issues in relation to engineering.
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Responses i
students
Wagueness of instructions for class projects (for good and 111} 20124
Deszign rewviews/presentations (fear of humiliation) aF24
Competition with peers who seemed to know more 224

Table 6: Aspects of the course that helped me learn to challenge myself to learn what | need.

and assign grades? How do we know if we are
achieving the right balance between the depth
and breadth of the knowledge that our students
will need to be successful? What is the measure
of success of our students? These activities are
also very resource intensive both in faculty time
and design materials. Funding the projects can
be difficult although we are seeing an increase
in corporate partnerships and donations spe-
cifically to support PBL activities. The PBL pro-
cess requires students to be very self-directed
in their learning and to take “ownership” of their
own education. Confident students are able to
do this but many students do not know how to
find and distill the information down to the prin-
ciples required to solve the problem. Care must
be taken to select projects that do not pres-
ent too complex a learning environment. If too
many principles must be assimilated at once,
students can become frustrated which can di-
lute the learning experience. Projects must be
based on problems with achievable solutions.
Students also need to see the relevance of the
problem. If the project is not “interesting” then
students will not put as much effort into finding
a solution. It is challenging to come up with proj-
ects that capture the interests and motivation of
the entire class.

Project-based learning can be an extremely
effective method that empowers students to
learn both the fundamental principles of sci-
ence and to develop an understanding of how
they are utilized in applied engineering to solve
design problems. It also provides them an op-
portunity to see designs from a systems per-
spective and develop an appreciation for techni-
cal challenges in the context of global societal,
economic and environmental requirements.
While the value of PBL experiences seems
clear, the implementation remains a challeng-
ing task for both faculty and students. Hopefully,
some of the experiences shared in this paper
will support and encourage others to facilitate
the integration of these activities throughout
their undergraduate engineering curriculum.
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