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ABSTRACT

Nanotechnology is an inherently interdisciplinary field that has
generated significant scientific and engineering interest in recent
years. In an effort to convey the excitement and opportunities
surrounding this discipline to senior undergraduate students and
junior graduate students, a nanotechnology engineering course
has been developed in the Department of Materials Science and
Engineering at Northwestern University over the past two years.
This paper examines the unique challenges facing educators in
this dynamic, emerging field and describes an approach for the
design of a nanotechnology engineering course employing the
non-traditional pedagogical practices of collaborative group
learning, interdisciplinary learning, problem-based learning, and
peer assessment. Utilizing the same nanotechnology course given
the year before as a historical control, analysis of the difference
between measures of student performance and student experience
over the two years indicates that these practices are successful and
provide an educationally informed template for other newly
developed engineering courses.

1. INTRODUCTION

President William J. Clinton announced the National Nan-
otechnology Initiative (NNI) to the public in January 2000 [1]. The
NNI provides funds to a diverse range of federal funding agencies
including the National Science Foundation, the National Institutes
of Health, the Department of Defense, and the Department of En-
ergy to pursue nanotechnology related research and education that
will help satisfy the economic, health, national security, and energy
needs of the 21st century [2]. In response to the perceived impact of
the NNI, the National Science Foundation estimates that 2 million
workers will be needed worldwide in nanotechnology in 10-15
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years [3]. Consequently, educators have begun to organize engi-
neering courses and curricula designed to train this new workforce
[4]. Concurrently, engineering education has been undergoing a
shift from passive, principle-based learning to active, problem-
based learning [5]. In this paper, we describe our efforts to imple-
ment the latter approach in an interdisciplinary nanotechnology
engineering course at Northwestern University.

Like many recent technological developments, nanotechnology
exists at the interface among traditionally defined disciplines.
Consequently, students who will enjoy successful nanotechnology
careers must effectively communicate their specific knowledge
and perspective with experts from other fields in the context of
interdisciplinary problems. The nanotechnology engineering
course described in this paper attempts to develop these skills
through interdisciplinary student-centered group work. Although
the concepts of cooperative learning [6] and problem-based
learning [7] have been described previously in the context of un-
dergraduate engineering courses, this paper describes how these
ideas can be effectively applied to nanotechnology engineering
education.

A major issue confronting the rapidly advancing field of nan-
otechnology is that many of the exciting experimental results and
predictions for the future have not been rigorously proven or inde-
pendently reproduced. For example, contradictory articles pub-
lished in a recent special issue of Scientific American [8, 9] on nan-
otechnology illustrate the controversial nature of ongoing
nanotechnology research. The preponderance of misinformation in
popular sources of nanotechnology information has also led to sig-
nificant misconceptions among students and the general public.
Consequently, students seeking nanotechnology careers must also
learn to critically evaluate current research and advances in nan-
otechnology to determine validity and rigor in today’s scientific
community. The nanotechnology engineering course developed
specifically addresses these controversies through group activities
that require students to perform critical evaluations of nanotechnol-
ogy issues. Just as professionals are called upon to evaluate one an-
other through peer review, this course uses peer assessment for as-
signed group activities so that students have the opportunity to
critically evaluate each other.

Overall, the design of this course brings together a range of non-
traditional pedagogical practices, including collaborative learning,
problem-based learning, peer assessment, and an interdisciplinary
approach to construct a learning environment in which students are
not only exposed to the scientific and engineering issues surround-
ing nanotechnology but are also given the opportunity to develop
interpersonal and critical evaluation skills necessary for effectively
advancing this field into the 21st century.
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I1. COURSE DESCRIPTION AND OBJECTIVES

Materials Science and Engineering 395, “Nanomaterials,” is an
introduction to processing, structure, and properties of nanostruc-
tured materials (critical feature size < 100 nanometers). The course
covers recent breakthroughs and assesses the ultimate impact of this
burgeoning field. Specific nanofabrication topics include beam lith-
ographies, epitaxy, self-assembly, biocatalytic synthesis, atom op-
tics, scanning probe microscopy, and nanoelectromechanical sys-
tems (NEMS). These techniques have enabled the development of
nanostructured polymers, semiconductors, superconductors, and
organic materials. The unique electrical, mechanical, magnetic, and
chemical properties that result from nanoscale structure are ex-
plored. Overall, the course examines how nanofabrication tech-
niques can control the structure of materials at the nanometer
length scale. This nanoscale structural control enables predictable
control over size-dependent properties, which can be utilized in a
variety of applications ranging from nanoelectronic circuitry to high
strength nanocomposite materials.

This course is meant to serve as an overview of recent develop-
ments in nanoscale science and technology. While quantitative rela-
tionships are used and developed in the course, most equations are
not derived from first principles due to time limitations. For those
students who are interested in the detailed derivations, a subsequent
graduate level course is available. However, for the undergraduate
level course, conceptual understanding is emphasized and designed
to be advanced to a level where the successful student can pick up a
technical journal article and comprehend the scientific merit of a re-
cent advance in nanotechnology. In an effort to aid other instructors
who are interested in developing nanotechnology courses, a list of
course resources has been supplied in Appendix A.

Nanomaterials was first taught at Northwestern University in
the Spring 2001 Quarter. Senior-level undergraduates and junior-
level graduate students from all engineering and science depart-
ments were invited to enroll in the class. Consistent with the inter-
disciplinary appeal of nanotechnology, the course attracted eight
undergraduate students and nine graduate students from a variety of
departments including electrical engineering, mechanical engineer-
ing, materials science, and chemistry. During the Spring 2001
Quarter, group activities were not assigned. Although interaction
was encouraged among the students and the instructor, the class
was largely taught with traditional lectures. Individual homework
assignments challenged students to critically evaluate nanofabrica-
tion issues such as the relative merits of different lithographies for a
given material system. The final project consisted of a written litera-
ture review and research proposal that was also presented orally in

class. In addition, the final examination asked the students to apply
their knowledge to a nanoelectronics or NEMS design problem.

The course and teacher evaluation survey conducted by North-
western University at the end of the quarter showed that students
were generally satisfied with the course. On a scale of 1 (low) to 6
(high), students rated the course between 4.6 and 4.9 on five items
(see Figure 2). One student in particular commented, “This class is
accessible to non-engineers/scientists as well, and I think those peo-
ple can learn much, particularly because communication and cre-
ative thinking are emphasized.” In response to the final research
proposal, another student wrote, “It was a useful course that encour-
aged students to explore topics through research rather than text-
book learning.” These initial survey results indicated that pedagogi-
cal efforts to encourage critical and creative thinking were well
received and valued by the students.

Consequently, the course objectives and pedagogy were substan-
tially developed for the Spring 2002 Quarter to provide students
with additional and richer opportunities to engage in activities that
would stimulate creative and critical thinking in the field of nan-
otechnology. The new design was developed with respect to two
key pedagogical frameworks. The first framework—a critical matrix
of higher education learning environments [10]—concerns the
scope of the learning objectives and the learning contexts addressed
by the course. The second framework, constructive alignment [11],
is concerned with the alignment of learning objectives, teaching
strategies and student assessment at a deep or constructive (as op-
posed to reproductive) level of learning.

With respect to the first framework, the course learning objec-
tives were expanded beyond the traditional content-based knowl-
edge objectives to embrace the four distinct learning dimensions—
intellectual, personal, social, and practical (see Table 1 below).
While frequently overlooked in course development, these
additional categories are of critical importance to overall student
learning.

“Traditional teaching has generally suffered from separating off the lecture
and seminar room from the social dialogue and engagements of a concrete
world; where human intellect functions within the rich and substantial
context of social relationships and personal conceptions of who we are and
what we want to be. These broader issues of personal and occupational
identity can dramatically affect our learning in all contexts... They
frequently become the most important and relevant components to student

success.” [10]

In addition to expanding the dimensions of the learning objec-
tives addressed by the course, the formal intellectual objectives were

Learning Objectives (Categories)
Practices Intellectual | Practical Personal Social

Collaborative N N N
Learning

Interdisciplinary N N
Learning

Problem-based N N N

Learning

Peer Assessment N N N

Table 1. Aligning learning objectives and pedagogical practices.
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refocused to more substantially address the higher levels of Bloom’s
taxonomy of educational objectives [12]. These objectives include:

(1) Students will explain how the structure of materials can be
controlled down to the nanometer scale through various
processing methods.

(2) Students will compare and contrast structure-property rela-
tionships at the nanoscale.

(3) Students will assess applications involving nanostructured
materials.

(4) Students will develop and use effective interdisciplinary
communication skills.

(5) Students will critically evaluate topics in the emerging field
of nanomaterials (i.e., distinguish progress from hype).

The additional three categories of social, personal, and practical
learning objectives articulated in the “Nanomaterials” course design
include the following:

(1) Students will gain a sense of ownership of the course con-

tent and collaborative projects.

(2) Students will engage in both self- and peer-assessment.

(3) Students will collaborate with peers to accomplish course
assignments.

(4) Students will lead discussions and planning of collaborative
projects.

(5) Students will collaborate with peers from other disciplines
as well as from their own discipline.

(6) Students will gain confidence as students and professionals
in the study and evaluation of research and advances in nan-
otechnology.

The course design was also informed by three learning contexts
which the matrix describes: (i) contexts which provide support; pri-
marily conveyed by the teacher; (ii) contexts which encourage inde-
pendence; increasingly managed by the individual student; and (iii)
contexts which develop the interpersonal; equitably shared among
students and teacher [10]. An important challenge in the design of
the overall learning environment consists of determining the partic-
ular equilibrium among these contexts. The design of the “Nano-
materials” course, derived from the learning objectives, included a
combination of the three contexts, but emphasized the interperson-
al context more fully than is traditionally the case. One of the main
reasons for this emphasis stems from the interdisciplinary nature of
the subject and the interdisciplinary backgrounds of the students
taking the course. It was essential that the students develop the in-
terpersonal structures to enable them to effectively share their di-
verse disciplinary expertise.

The second pedagogical framework employed in the redesign of
the course focused on aligning the range of new learning objectives
and contexts with both the teaching practices employed in the
course and the procedures for assessing the students. Although a
number of the intellectual objectives, mainly concerned with the
knowledge content of the course, might have been effectively ad-
dressed using interactive lectures, the majority of the other course
objectives required a more inventive approach to teaching. The
strategy chosen to achieve the broad range of objectives described
above focused on four key pedagogical practices found in the litera-
ture on teaching and learning in higher education: collaborative
learning, interdisciplinary learning, problem-based learning, and
peer assessment.

In collaborative learning practices, student learning is achieved
as part of the collaborative efforts of a group to extend the knowl-
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edge and apply it to specific problems. The learning is often superi-
or to those of students working in competitive and individualistic
settings [13]. Interdisciplinary learning provides the opportunity for
students from a range of appropriate disciplines to engage in learn-
ing activities which are essentially new and fully interdisciplinary in
nature, with potential for developing more interesting problems and
assignments, and more critical, original and diverse approaches to
solving problems [14]. Problem-based learning begins with real-life
problems, intended to emphasize the relevance of the course con-
tent for students, stimulate their problem solving skills and enhance
their desire to continue learning [10]. Peer assessment involves stu-
dents in the process of critically assessing their peers’ projects and
learning. It helps them develop a sense of ownership of their learn-
ing and enhances their ability to critically evaluate their own
learning [15].

Different teaching strategies provide the opportunity for
employing one or more of these pedagogical practices. Table 1 indi-
cates the categories of learning objectives that the individual
practices are intended to address.

The pedagogical approach described in this paper is innovative
in specifying (i) objectives in four rarely integrated categories of
learning outcomes, (ii) alignment of these objectives with non-tra-
ditional practices addressing the core outcomes of each category,
and (iii) alignment of the learning objectives and practices with a
range of appropriate assessment methods.

II1. COURSE IMPLEMENTATION

In the Spring 2002 Quarter, Nanomaterials attracted 19 stu-
dents including three auditors (nine undergraduates and ten gradu-
ate students) from five departments (Materials Science and Engi-
neering, Chemical Engineering, Electrical and Computer
Engineering, Mechanical Engineering, and Chemistry). The
course met for 90 minutes twice per week for ten weeks. Course
notes were posted on the Internet so that students could look over
the material before it was presented in class. In a typical two week
time period, three of the four classes were devoted to interactive lec-
tures. The fourth class period was devoted to student presentations
and peer assessment of group projects that were assigned in place of
homework.

Throughout the quarter, four group projects were completed.
Although the four group activities covered a variety of topics, they
were all designed to induce communication and evaluation among
team members. For example, the following is the project descrip-
tion for the first group activity on nanofabrication:

All of the schemes for nanofabrication that we have discussed thus far in this
course (i.e., Molecular Beam Epitaxy, Metal Organic Chemical Vapor
Deposition, Deep Ultra Violet Photolithography, Extreme Ultra Violet
Photolithography, X-ray Lithography, Ion Beam Lithography, and Electron
Beam Lithography) require a significant capital investment (> $1 Million).
For this activity, assume that your group represents an interdisciplinary
committee of university faculty. This committee has been formed to evaluate
the aforementioned nanofabrication approaches and recommend the

purchase of one system to the university administration.

This activity required the students to not only learn the technical
merits of each nanofabrication technique but also to consider the
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overall impact on the diverse range of departments within the uni-
versity. This type of interdisciplinary decision-making was also pre-
sent in the other assigned group activities throughout the quarter.
Since different disciplines may have different opinions about the
relative merits of these nanofabrication techniques, it was important
that each group have representatives from a range of disciplines to
ensure that an optimal choice was made for the overall benefit to the
university. Consequently, for this and other group activities, the in-
structor chose groups that ensured interdisciplinary representation.
To help with the selection of groups, the instructor asked all of the
students at the start of the course to list: (1) year in school, (2) de-
partment affiliation, and (3) specialization. Based on this survey, the
instructor assigned groups in a manner that maximized the diversity
of disciplinary backgrounds, educational levels, and expertise.
Throughout the quarter, the makeup of the groups was varied to
ensure that students had the opportunity to work with a wide range
of talent levels, work ethics, and personalities.

Three of the groups then executed the activity outside of class
and reported their conclusions to the fourth group (designated as
the evaluation committee) and the instructor during class. The
teaching assistant chaired the evaluation committee, and helped it
develop the criteria used to evaluate the peer presentations. The
committee ultimately was expected to deliver a score between 1 and
100 to the course instructor. For the nanofabrication activity de-
scribed above, the evaluation committee used the following weight-
ed criteria: (a) Thoroughness—30 points, (b) Technical Accuracy—
20 points, (c) Interdisciplinary Collaboration—15 points,
(d) Clarity—10 points, (e) Persuasiveness—30 points. The com-
mittee assigned points according to their assessment scheme and
wrote a brief report justifying their scores. This report was then de-
livered to the instructor. At this point, the instructor had the oppor-
tunity to adjust the grades if he felt that the evaluation committee
had not performed a fair, objective, and quality assessment. Al-
though this check on the evaluation committee was performed on
all group activities, no grade adjustments were necessary by the in-
structor. Consequently, the group activity scores were 100 percent
determined by peer assessment.

In a further effort to simulate reality, the evaluation committee’s
criteria were not explicitly revealed until all groups had presented
their group activity in class. At the end of the class period, the evalu-
ation committee was asked to stand up in front of the class and re-
veal their criteria to their peers. Furthermore, the written reports
from the evaluation committee were delivered verbatim to the
groups, following the check by the instructor. With this structure,
the groups were encouraged to perform the highest quality work in
an absolute sense rather than catering to a predetermined list of cri-

teria. In addition, over the course of the quarter, all students were
given an opportunity to serve on the evaluation committee, thus
providing them with the experience of peer assessment and scrutiny
that is commonplace among professional scientists and engineers.

Following the four group activities, the students were well posi-
tioned to execute the final project. The final project asked the stu-
dents to propose a new, creative approach to a well-defined problem
in the field of nanotechnology. The project was expected to justify
the relevance of this problem, provide a literature review of related
work, and clearly delineate the proposed approach. In an effort to
provide practical, real world experience, the specific proposal guide-
lines were taken from the Nanoscale Exploratory Research and
Nanoscale Interdisciplinary Research Team initiatives of the Na-
tional Science Foundation [16]. These guidelines included a three-
page preproposal that was submitted to the instructor in the middle
of the quarter. The instructor provided formal preliminary feedback
to the groups at that time. In addition to the written proposal, the
students were asked to present their proposals to the instructor and
their peers in class.

Since all students completed the final project, there was not a
group specifically committed to developing an evaluation rubric. In-
stead, the evaluation criteria for the final project were modeled after
the National Science Foundation [16], including a ranking of the in-
tellectual merit and broader impacts of the proposed activities.
Appendix B delineates the interpretation of the National Science
Foundation criteria that was employed for the final project. To
maintain consistency with the remainder of the course, these evalua-
tion criteria were strongly correlated to the course objectives and de-
sired learning outcomes. During the class presentations, students in
the audience were asked to anonymously score each final project ac-
cording to the National Science Foundation criteria. Because the
peer assessment was less thorough in this case, the student-generated
score contributed less to the final project grade than the group activi-
ties. The average score from this peer assessment made up 20 percent
of the total score for the final project. The remainder of the final pro-
ject grade was determined from the instructor’s assessment of the
final presentation (30 percent) and written proposal (50 percent).

The course concluded with a final examination that asked stu-
dents to critically evaluate nanotechnology topics within the context
of nanomaterials topics covered in the course. Questions on the
final exam covered nanotechnology policy issues, nanoscale device
design issues, and current limitations of nanocharacterization tech-
niques. The final examination was taken individually by the stu-
dents and graded exclusively by the instructor. The overall grade
calculation is summarized in Table 2. Peer assessment comprised
46 percent of the total score for this course.

(I) % of grade (II) % of (ITT) % of overall course
determined by overall course grade determined by peer

peer assessment grade assessment = product of (I) and
(ID
Group 100% 40% 40%

Activities
Final Project 20% 30% 6%
Final Exam 0% 30% 0%
Table2. Role of peer assessment in grade calculation.
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IV. METHODS OF EVALUATION

The evaluation methods of this study focused around two main
sets of questions. The first was concerned with whether or not there
was any significant change in student performance which we might
attribute to the design of the new course, and the second was con-
cerned with whether or not there were differences in the students’
experience of the course that might be attributed to the redesign of
the course. The corresponding nanotechnology course given the year
before by the same instructor was employed as a historical control for
the study.! It should be noted that the distribution of graduate and
undergraduate students in the two instances of the course was simi-
lar, with a slightly higher percentage of graduate students participat-
ing in the earlier 2001 instance of the course. In 2001, nine of seven-
teen students (53 percent) were graduate students, and in 2002,
seven of sixteen students (44 percent) were graduate students

A. Performance

For the purposes of this paper, it was decided that performance
would be measured in terms of an analysis of the difference in individ-
ual project marks between the initial course offered in the spring of
2001 and the redesigned course offered in the spring of 2002. The
other potential measures of performance were marks for the group
activities, final exam and final grade. The measure of group activities
was not used, as it was entirely determined through peer assessment;
the student assessors by definition were different between the two
years, limiting the reliability of the measure for comparison purposes.
Final exam scores were also not used, as the questions on the two sets
of exams were not constant between the two years. Finally, the course
grade, 70 percent of which was comprised of group activity and final
exam scores, was not deemed to be an appropriate measure. However,
the project mark was chosen as the key measure for a number of rea-
sons: (i) it provides a more valid measure of the range of the student
learning outcomes stipulated by the course; indeed, in future course
offerings, the final exam will be eliminated in favor of a higher
weighting for the project; (ii) the assessment method remained con-
stant and unchanged between the two years being compared; and
(iit) the primary marker, the course instructor, remained constant over
the two years, ensuring a higher degree of reliability.

The scoring of the project, including both the written and the in
class presentation, was (as described above) based on two broad
NSF criteria: (i) What is the intellectual merit of the proposed ac-
tivity?; and (ii) What are the broader impacts of the proposed activi-
ty? These were further elaborated by the instructor (see Appendix
B) to ensure the scoring addressed the diverse course learning objec-
tives (across the four categories).

B. Experience

T'wo approaches to measuring student experience were conduct-
ed in this study, the first quantitative and the second qualitative. In
the first, the students were asked to complete the standard universi-
ty course and teacher evaluation survey which asks the students to
evaluate their experience of the course with respect to five items on a
scale of 1 (low) to 6 (high). This instrument provides a measure of

Tdeally we would conduct a randomized, controlled experiment and employ pre
and post tests to measure a number of the course learning outcomes. Given the con-
straints of the educational situation, however, this was not possible. In further evalu-
ations of the course, we would hope to address such limitations.
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the student’s general experience of the course, including the instruc-
tion, the intellectual challenge, and their perception of their own
learning gain (see below). It is worth raising concerns that such stu-
dent ratings may be biased by the marks or grades they receive. Re-
search, however, has found that students do not automatically give
higher ratings to classes in which they receive the highest grades
[17]. In addition, in this study the university evaluation forms were
completed before the grades were available.

In the second method, the students’ experience of the course and
teaching strategy was evaluated by a nominal group process [10]—
in this case a Small Group Analysis (SGA) independently conduct-
ed near the end of the 2002 course by a trained evaluator from the
Searle Center for Teaching Excellence. During an SGA, the
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Figure 1. Results from the students’ project marks for Nanoma-
terials taught in Spring 2001 (n = 17) and Spring 2002 (n = 16).
p < 0.001. Error bars indicate standard error [19].
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Figure 2. Results from student evaluations for Nanomaterials
taught in Spring 2001 (n = 10) and Spring 2002 (n = 15). The
students rate five aspects of the course on a scale of 1 (low) to 6 (high).
Question 1 = Provide an overall rating of the instruction.
Question 2 = Provide an overall rating of the course. Question
3 = Estimate how much you learned in the course. Question
4 = Rate the effectiveness of the course in challenging you intellec-
tually. Question 5 = Rate the effectiveness of the instructor in
stimulating your interest in the subject. Ervor bars indicate stan-

dard error [19].
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Student Consensus

Illustrative Comments

Collaborative projects
improved learning,
particularly deeper
conceptual learning.

Interdisciplinary exposure
extended knowledge base
and improved learning.

Problem-based assignments
contributed to relevance of

course and intrinsic interest
in further personal learning.

Peer projects and
assessment improve
interpersonal and social
skills.

“Group activities tend to increase our learning
over traditional homework sets.”

“We can always look up formulas, but we don’t
always get the theoretical or conceptual basis
behind it.”

“Through group work we have been exposed to
different disciplines and backgrounds. This has
really helped us learn.”

“(The course encouraged) interactive learning
between people of different majors, backgrounds.

“Real world assignments are useful.”

“I have been exposed to things that I never even
knew were possible or existed. The wide exposure
to so many concepts is highly beneficial, and
opens the road for further personal investigation.”

“This is the first class in which I have had to work
in groups. I have learned a lot about working with
my peers and doing group presentations. I think
these are valuable skills.”

»

Table 3. Impact of pedagogical practices on student learning.

instructor leaves the class and the evaluator splits the students up
into small groups of three or four. The groups are asked to consider
a number of written questions about the strengths/weaknesses of
the course and the instruction with respect to their learning. Each
group then writes down a collective response to each question. The
collective responses are then shared with the whole class to clarify
meaning and to come to a class consensus. By working in groups, a
consensus opinion is formed rather than a potentially unrepresenta-
tive sampling of the most adamant or vocal responses elicited from a
large group. The purpose of the SGA was not for comparison be-
tween groups but rather to learn more about how students in the re-
designed course experienced the teaching practices in terms of the
four categories of learning outcomes described earlier.

V. FINDINGS AND DISCUSSION

A. Performance

A major source of concern for faculty introducing pedagogical
practices such as those described in this paper is the fear that students
will not learn the material in the syllabus and that the pedagogical
process will undermine the product—the students’ knowledge. The
findings from the comparison of the project scores between the two
years included in this study (Figure 1) indicate that this is not the
case. Indeed, the students’ performance across a diverse set of learn-
ing outcomes appears to be substantially enhanced by the pedagogi-
cal practices introduced?. The mean student projects scores

There were no appreciable differences between undergraduate and graduates
performance or experience data in either of the study years.
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improved from 81.2 percent in 2001 to 89.1 percent in 2002, almost
atull grade. Despite the modest number of students being compared
(n =16 and n = 17 respectively), this gain was statistically highly
significant (p < 0.001). In addition, the effect size that may be
attributed to the changes is 1.44, which is considerable given that
effect sizes of 0.8 and above are regarded in the literature as high [18].

B. Experience

In both the 2001 and 2002 courses, the students appeared to be
satisfied with the course and the pedagogical approach employed
(Figure 2). Despite the relatively high scores for the 2001 course,
the scores for the 2002 course were appreciably higher. All five sur-
vey items received higher ratings in 2002. The mean score changed
from 4.8 in 2001 to 5.4 in 2002. Despite the modest number of stu-
dent responses (n = 10 and n= 15, respectively), the gain was statis-
tically significant for question 2 (p = 0.029) and question 5
(p = 0.030) and the effect sizes for all questions ranged from mod-
erate to large (0.56-0.93). The highest-ranking topic (receiving a
mean score of 5.7 in 2002) was the effectiveness of the instructor in
stimulating interest in the subject. Besides challenging students in-
tellectually, the pedagogical practices employed in this course ap-
pear suitable for generating enthusiasm about nanotechnology.

The findings from the small group analysis conducted with the
students in the 2002 course were similarly positive. Although the
unorthodox teaching style and peer assessment methods were ex-
pected to lead to some anxiety among the students, the students
uniformly expressed enthusiasm for the assigned group activities
and the four pedagogical practices embedded in this strategy. Key
qualitative findings with respect to these practices and representa-
tive comments from this evaluation are provided in Table 3. They
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indicate that the collective impact of the practices was academically
constructive and effective with respect to the students’ perception of
their learning across the intellectual, practical, social, and personal
dimensions of learning outcomes.

VI. CONCLUSIONS

The emerging field of nanotechnology presents unique peda-
gogical challenges due to its interdisciplinary and nascent character.
Consequently, a senior undergraduate and junior graduate level
course was developed to provide the students with a much more re-
alistic experience of working with nanotechnology by emphasizing
interdisciplinary communication and higher level thinking out-
comes including critical evaluation. The course design was primari-
ly centered on group activities that used a combination of four non-
traditional pedagogical practices: collaborative, interdisciplinary
and problem-based group work in which students engaged in sub-
stantial and meaningful peer assessment. In the latter case, peer as-
sessment was part of the overall summative course assessment,
comprising 46 percent of the final grade. These practices effectively
addressed and achieved the range of overall course goals, including
practical, social, personal, and intellectual learning objectives as evi-
denced by improved student performance and experience according
to both quantitative and qualitative measures. Since the educational
issues surrounding nanotechnology are analogous to other quickly
developing fields, it is likely that the approaches delineated in this
paper can be applied to many different courses at the forefront of
engineering.
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APPENDIX A
Nanomaterials Course Resources

[1] Ashcroft, NNW. and N.D. Mermin, So/id State Physics, Orlando,
Florida: Harcourt, 1976.

[2] Aviram, A. and M. Ratner, Molecular Electronics: Science and
Technology, New York: Annals of the New York Academy of Sciences,
Vol. 852, 1998.

[3] Chen, CJ., Introduction to Scanning Tunneling Microscopy, New
York: Oxford University Press, 1993.

[4] Datta, S., Quantum Phenomena, Reading, Massachusetts:
Addison-Wesley Publishing Company, 1989.

[5] Dresselhaus, M.S., G. Dresselhaus, and P.C. Eklund, Science of
Fullerenes and Carbon Nanotubes, San Diego: Academic Press, 1995.

[6] Griffiths, D.J., Introduction to Quantum Mechanics, Englewood
Clifts, New Jersey: Prentice Hall, 1995.

[7] Hoch, H.C., LW. Jelinski, and H.G. Craighead, Nanofabrication
and Biosystems, Cambridge: Cambridge University Press, 1996.

[8] Itoh, K. and M. Kinoshita, Molecular Magnetism, Tokyo: Gordon
and Breach Science Publishers, 2000.

[9] Kittel, C., Introduction to Solid State Physics, New York: John Wiley
and Sons, 1996.

[10] Koch, C.C., Nanostructured Materials, Norwich, New Jersey:
Noyes Publications, 2002.

[11] Mitin, V.V., V.A. Kochelap, and M.A. Stroscio, Quantum
Heterostructures, Cambridge: Cambridge University Press, 1999.

[12] Poole, C.P. and F. Owens, Introduction to Nanotechnology,
Hoboken, New Jersey: John Wiley and Sons, 2003.

[13] Ratner, M. and D. Ratner, Nanotechnology: A Gentle Introduction
to the Next Big Idea, Upper Saddle River, New Jersey: Prentice Hall, 2003.

[14] Roco, M.C. and W.S. Bainbridge, Societal Implications of
Nanoscience and Nanotechnology, Boston: Kluwer Academic Publishers,
2001.

[15] Timp, G., Nanotechnology, New York: Springer-Verlag, 1999.

[16] Weisendanger, R., Scanning Probe Microscopy, Berlin: Springer-
Verlag, 1998.

Note: The course notes also referred to a long list of journal articles.
These articles are referenced on the course web page which can be
found at the following internet address: http://www.hersam-group.
northwestern.edu/.

APPENDIX B
Nanomaterials Final Project Evaluation

Grading: Written report grade from instructor: 50%, Presenta-
tion grade from instructor: 30%, Presentation grade from
classmates: 20%. The evaluation criteria for the presentations and
written report will be the same that is used by NSF:

1.) Whatis the intellectual merit of the proposed activity?

o To what extent has pre-existing literature been surveyed
and critically evaluated?

o To what extent does the proposal creatively advance the
state-of-the-art?

e How realistic are the proposed processing strategies for
controlling nanostructure?
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o How effective are the proposed nanostructures in achiev-
ing the desired properties?

o How well conceived and organized is the proposed activity?

2.) Whatare the broader impacts of the proposed activity?

o What applications will be possible if the proposed activity
is successful?

o Towhat extent will the proposed activity impact the envi-
ronment, national security, energy, society, and/or the
economy?

o To what extent does the proposed activity utilize or pro-
mote interdisciplinary collaboration?

o How effectively will the results of the proposed activity be
communicated both within and beyond the scientific
community?

AUTHORS BIOGRAPHIES

Mark C. Hersam is an Assistant Professor in the Department of
Materials Science and Engineering at Northwestern University. His
research interests include single molecule devices, nanostructured ma-
terials, scanning probe microscopy, and semiconductor surfaces. As a
faculty member, he has been named an Arnold and Mabel Beckman
Young Investigator, a National Science Foundation CAREER
Award Recipient, and a Junior Fellow of the Searle Center for Teach-
ing Excellence. He completed a Ph.D. in Electrical Engineering from
the University of Illinois at Urbana-Champaign in 2000 under the
support of a National Science Foundation Graduate Fellowship and
an IBM Distinguished Fellowship. In 1997, he received a Master of
Philosophy degree in Microelectronic Engineering and Semiconduc-
tor Physics from the University of Cambridge (UK) under the support
of a British Marshall Scholarship. Prior to graduate school, he gradu-
ated with Highest Honors from the University of Illinois at Urbana-
Champaign in 1996 with a B.S. in Electrical Engineering.

Address: Department of Materials Science and Engineering,
Northwestern University, 2220 Campus Drive, Evanston, IL
60208-3108; telephone: 847-491-2696; fax: 847-491-7820;
e-mail: m-hersam@northwestern.edu; WWW: http://www.
hersam-group.northwestern.edu/.

Melissa Luna is a program specialist at the Searle Center for
Teaching Excellence at Northwestern University. She also is an ad-
junct environmental biology instructor at the College of Lake
County in Grayslake, IL. Her research interests include the concep-
tions of teaching and learning of faculty in higher education, theory
and practice of experiential and transformative learning, and higher
education faculty development. She graduated from Valparaiso
University with a B.S. in Elementary Education. After spending
several years teaching Lakota children in South Dakota, she earned
an advanced degree that combined her two passions: the environ-
ment and education. Her graduate degree comes from Lesley Uni-
versity and the Audubon Expedition Institute (AEI).

Address: Searle Center for teaching Excellence, Northwestern
University, 627 Dartmouth Place, Evanston, 1L, 60208; telephone:
847-467-2338; fax: 847-467-2273; e-mail: mluna@northwestern.
edu; WWW: http://president.scfte.northwestern.edu/.

Gregory Light is the Director of the Searle Center for Teaching
Excellence and an Associate Professor in the School of Education

January 2004



and Social Policy. His research interests include the theory and
practice of learning and teaching in higher education. Previous to
Northwestern University, he was on the faculty at the University of
London (UK) where he was deputy head of the Lifelong Learning
Group at the Institute of Education. He is currently leading the
Gateway Science Workshop Program, an Andrew Mellon Foun-
dation funded project studying the impact of peer facilitated work-
shops on undergraduate experience and intellectual/social develop-
ment in gateway science courses. He is also a learning consultant to

January 2004

the VaNTH Engineering Research Center for Bioengineering
Educational Technologies and on the External Advisory Board of
the NSF Center for Biophotonics, Science & Technology. He
recently authored Learning and Teaching in Higher Education: The
Reflective Professional. (Sage, March 2001).

Address: Searle Center for teaching Excellence, Northwestern
University, 627 Dartmouth Place, Evanston, 1L, 60208; telephone:
847-467-2338; fax: 847-467-2273; e-mail: g-light@northwestern.
edu; WWW: http://president.scfte.northwestern.edu/.

Journal of Engineering Education 57



