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In this paper, we discuss the development, implementation and evaluation of a `Research
Experiences for Undergraduates' program in nanomaterials processing and characterization
offered at the University of Central Florida. Here, we focus in particular on details pertaining
to the program's instructional design and subsequent evaluation that may be useful for other
engineering educators involved in undergraduate research and education in nanotechnology. Based
on our analysis of program outcomes, implications are suggested for undergraduate and
postgraduate engineering education programs that focus on aspects of nanoscale science and
technology.

Keywords: nanotechnology; undergraduate research

INTRODUCTION

IN 2001, THE National Nanotechnology Initiative
[1] was launched in the USA, after having being
approved by the US Congress in November 2000
and funded for a total of $422 million for the 2001
fiscal year [2]. By the 2004 fiscal year, federal
funding for the NNI had more than doubled, to
approximately $961 million (additional budget
details for the US National Nanotechnology
Initiative may be accessed at http://www.nano.
gov/html/about/funding.html) [3]. This initiative
and similar initiatives worldwide (e.g. in Australia,
Canada, China, Europe, India and Japan) have led
to calls within the scientific community for
concerted efforts to educate not only future scien-
tists and engineers, but also the general public
regarding ongoing developments in nanoscale
science and technology [4, 5].

Several key recommendations have been offered
by the US National Science Foundation [2] to
address the education and training of future scien-
tists and engineers in nanoscale science and tech-
nology. These include the development of specific
curricula and educational programs to `introduce
nanoscale concepts into mathematics, science, en-
gineering, and technological education; include
societal implications and ethical sensitivity in the
training of nanotechnologists; develop effective
means for giving nanotechnology students an
interdisciplinary perspective while strengthening
the disciplinary expertise they will need to make
maximum professional contributions; and to
establish fruitful partnerships between industry
and educational institutions to provide nano-
technology students adequate experience with
nanoscale fabrication, manipulation, and charac-
terization techniques' (pp. iii±iv). The highly

interdisciplinary nature of nanoscale science and
technology research (and the desire to accelerate
advancements in these areas) has led to a number
of efforts at university level that integrate various
lines of research and corresponding education
efforts.

The NSF Research Experiences for
Undergraduates program

The National Science Foundation's Research
Experiences for Undergraduates (REU) program
[6] is an important component of the organ-
ization's mandate to improve the quality of
science, technology, engineering and mathematics
(STEM) education in the US. The REU program
specifically targets academically able students in
these disciplines, and provides resources that allow
these students to participate in undertaking origi-
nal research rather than only learning about the
research and research findings of others. The focus
of the program on exposing undergraduate
students to research aligns with national goals to
produce a greater number of well-prepared STEM
professionals [7] who eventually will contribute to
the advance of knowledge in various STEM disci-
plines (academia/industry) and STEM education.
The focus of the REU program also complements
a major recommendation of the National Nano-
technology Initiative [1]; i.e. that exposure to vari-
ous areas of research in nanoscale science and
technology ought to occur at the undergraduate
level, so that these students begin to develop the
requisite interdisciplinary knowledge, skills and
perspectives for successful future research and
education in the field.

Here, we report one such initiative at the
University of Central Florida (UCF) that received
funding from the National Science Foundation's
REU program (Division of Engineering Education
and Centers) to establish an REU site in
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(NANOPAC-REU). Initial funding was received
for support of a three-year effort, beginning in the
summer 2002 semester. In the sections below, we
present: a general description of the NANOPAC-
REU program; selected `highlights' of the
program; details of the program evaluation;
discussion of current issues and concerns in nanos-
cale science and engineering education; and
concluding comments.

THE NANOPAC-REU SUMMER PROGRAM
AT UCF: AN OVERVIEW

Program logistics and demographic data
The NANOPAC-REU program at UCF was

designed as a series of 10-week experiences occur-
ring in the summer semesters (i.e. mid-May to the
end of July) of 2002, 2003 and 2004, respectively.
The primary goal of the respective 10-week experi-
ences was to provide eligible undergraduate
students with opportunities to become actively
involved with participating faculty mentors'
research groups and research projects in nanoscale
science and technology being undertaken at the
University. Complementary goals of the program
are discussed in the program evaluation section
below. The program was administered via the
Advanced Materials Processing & Analysis
Center (AMPAC) affiliated with the UCF College
of Engineering & Computer Science. For each of
the three initial summer programs, 10 high acade-
mically performing science and engineering under-
graduate students were selected from institutions
across the US to participate in intensive research
experiences on a wide range of nanomaterials
topics, including: processing of nanostructured

materials; processing and characterization of
carbon nanomaterials; nanostructured polymeric
materials; applications (e.g. sensors, optics, coat-
ings, thin films); nanospectroscopy using lasers;
and high-resolution transmission electron micro-
scopy [8].

During the final selection process, efforts were
made to address adequate diversity among the
students in terms of sex and ethnicity. These and
other demographic details are provided in Table 1.

While it is encouraging that women comprised
fully one-third of the 30 students participating in
the program over a three-year period, the ratio of
men to women nevertheless continues to support
the well-documented trend that science and
engineering are still male-dominated fields [9±11].
Also, it is noted that no African-American
students participated in the program over the
initial three-year period. Despite documented
increases of African-Americans pursuing under-
graduate degrees in science and engineering, they
and other minority groups continue to be under-
represented in these fields [9, 10, 12].

Several students were enrolled in `double
majors' (two undergraduate degrees being taken
simultaneously), e.g. Physics/Astrophysics.

Institutions represented
BYU Brigham Young University (Utah)
Cooper Cooper Union (New York)
CPSU California Polytechnic State

University±San Luis Obispo
FIT Florida Institute of Technology
FIU Florida International University
Lafayette Lafayette College (Pennsylvania)
NJIT New Jersey Institute of

Technology

Table 1. Demographics of NANOPAC-REU student participants, summer 2002 to summer 2004

Year Sex and ethnicity² Undergraduate degrees being pursued²² Institutions represented²²²

Summer 2002 Female
(3):
1 Asian,
2 White

Male (7):
1 Hispanic,
6 White

* Biochemistry
* Electrical Engineering
* Materials Science & Engineering
* Mechanical Engineering
* Mechanical Engineering/Physics
* Microbiology/Immunology
* Physics/Astrophysics

BYU, NJIT, NYU, UCF,
UF, UM, UMR

Summer 2003 Female
(2):
1 Asian,
1 Hispanic

Male (8):
1 Asian,
7 White

* Chemical Engineering
* Computer Engineering & Applied

Mathematics
* Electrical Engineering
* Materials Engineering
* Mechanical Engineering
* Molecular & Microbiology
* Physics

BYU, CPSU, FIT, FIU,
Lafayette, NJIT, UCF, UF

Summer 2004 Female
(5):
1 Asian,
2
Hispanic,
2 White

Male (5):
1 Asian,
1 Hispanic,
3 White

* Bioengineering
* Biomedical Engineering
* Electrical Engineering
* Chemical Engineering
* Electrical/Computer Engineering
* Materials Engineering
* Mechanical Engineering
* Molecular and Integrative Physiology &

Chemistry

Cooper, FIU, UC-Berkeley,
UCF, UCT-Storrs, UF,
UIUC, UMN-Duluth, UR
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NYU New York University
UC-Berkeley University of California-Berkeley
UCF University of Central Florida
UCT-Storrs University of Connecticut-Storrs
UF University of Florida
UIUC University of Illinois at Urbana-

Champaign
UM University of Memphis

(Tennessee)
UMN-Duluth University of Minnesota-Duluth
UMR University of Missouri-Rolla
UR University of Rochester (New

York)

Guiding philosophy and program structure
The educational philosophy that was employed

to guide the structure and subsequent operational
development of the NANOPAC-REU program
may best be described as `situated cognition'. In
essence, situated cognitionÐa theory that seeks to
explain how humans learn most optimallyÐ
suggests that learning is primarily a process of
enculturation. The acquisition of meaningful
knowledge is situated in some activity and sense
is made of that knowledge within specific contexts
and cultures [13]. As an epistemological theory,
proponents of situation cognition argue that
membership in a particular culture and the use of
`tools' (physical or conceptual) idiosyncratic to
that culture act together to determine the way
practitioners within the culture see the world. To
learn to use tools as practitioners use them, a
student, like an apprentice, must to some extent
enter that community and its culture. Thus, in a
significant way, learning becomes a process of
enculturation; i.e. the facilitated entry of an indi-
vidual into a specific culture [13±17]. In this sense,
the primary goal of the NANOPAC-REU
program (exposure of undergraduate students to
various areas of research and education in nano-
scale science and technology in an intensive
10-week experience) may be regarded as a deliber-
ate effort to introduce students to the developing
culture of nanoscale science and technology by
having them become conversant with its funda-
mental tenets, defining concepts, theories and laws,
specific modes of communication, and accepted
methods of knowledge generation and validation.

Congruent with the educational philosophy of
`situated cognition' are the instructional
approaches of `problem-based' and `project-
based' learning. Ditcher's [18] discussion of effec-
tive teaching and learning approaches in the
undergraduate education of professional engineers
describes the advantages offered by problem-based
learning in engineering education. This instruc-
tional approach is characterized by students first
defining a problem, then identifying and acquiring
the skills and knowledge to solve the problem, and
subsequently working collaboratively to satisfac-
torily solve the problem (p. 27). Such an approach
serves as one example of a `deep' versus a `surface'
approach to learning [18, 19]. While some aspects

of the NANOPAC-REU program reflected a
problem-based approach (e.g. working in colla-
boration with a faculty mentor; see below), parti-
cipating undergraduate students were not solely
responsible for defining and then selecting a parti-
cular research problem or area of inquiry. A
project-based learning approach more suitably
describes the modus operandi of the program. As
indicated by Mills and Treagust [20], the term
`project' is universally used in engineering practice
to mean a `unit of work'. Different projects vary in
complexity, but all relate in some way to the
fundamental theories and techniques of an engi-
neer's discipline specialization (p. 8).

The decision to adopt a predominantly project-
based approach rather than a predominantly prob-
lem-based approach in the NANOPAC-REU
program is appropriately supported by Perrenet
et al.'s [21] analysis of the primary differences
between the two approaches: i.e. project tasks are
closer to the professional reality of engineering and
therefore (typically) take a longer period of time
than activities using a problem-based approach;
project work is more directed to the application of
knowledge, whereas problem-based learning is
more directed to the acquisition of knowledge;
project-based learning is usually accompanied by
supporting subject area courses, whereas problem-
based learning is not; management of time and
resources by the students as well as task and role
differentiation is very important in project-based
learning; and self-direction is stronger in project
work, compared with problem-based learning,
since the learning process is less directed by the
problem (p. 348).

In keeping with the guiding educational philo-
sophy of `situated cognition' and the complemen-
tary instructional approach of project-based
learning, each undergraduate student was paired
with a UCF faculty member pursuing a research
program involving some aspect of nanomaterials
processing, characterization or applications devel-
opment. Additionally, undergraduate students also
interacted extensively with postgraduate research
assistants working on various research projects
with the designated faculty mentors. Representa-
tive examples of ongoing research projects in
which the students participated are given in
Table 2.

Reflecting the interdisciplinary nature of
research in nanoscale science and technology,
participating UCF faculty research mentors were
drawn from the fields of engineering, materials
science, physics, chemistry, optics and molecular
biology/microbiology. In addition, students were
involved in extensive complementary educational
activities, including a weekly seminar series focus-
ing on their research projects, career development
seminars, presentations by nanotechnology
research and development guest speakers (e.g. US
Filter; Nanopowder Enterprises; PsiloQuest), and
field trips to local industries, research centers
and laboratories involved in nanotechnology
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development (e.g. Lockheed Martin; Argonide
Corporation). Specialized seminars on `social and
ethical issues in nanoscale science and technology'
and `intellectual property protection and technol-
ogy commercialization' also were presented by
participating faculty. As a capstone to their REU
experience, each student was required to prepare
and give a research presentation at a concluding
poster session to UCF faculty, administrators and
invited industry participants.

A variety of complementary seminars was
offered throughout the summer programs, typi-
cally beginning at 10.00 a.m. and conducted for a
period of 1 to 1.5 hours. These are discussed in
more detail in the section below. All students
attended the respective seminars as a group.
Following the seminars, the rest of the dayÐ
typically until 6.00 p.m. or later, as neededÐwas
allocated to research in the laboratories of the
respective faculty mentors. On days when no
seminars were held, students were expected to be
in their respective research laboratories for the
entire day as needed. In addition to the various
seminar offerings and the focus on active engage-
ment in research, adequate time was allocated in
the respective program schedules for social and
other informal group activities. These included a
student/faculty picnic and day trips to local attrac-
tions in the central Florida region (such as the
National Aeronautical Space Agency/Kennedy
Space Center).

Program highlights
Here we focus on specific components of the

NANOPAC-REU program that are particularly
relevant to engineering education in the context of
exposing undergraduates to research in nanoscale
science and technology. As we discuss below, the
various seminars were designed to assist students to
`make the conceptual connections' from their indi-
vidual research projects to other areas of know-
ledge, concerns and issues associated with nanoscale
science and technology research, and served as an
important process for the `enculturation' of these

students as potential future researchers and educa-
tors in the field. Five distinct but interrelated types
of seminars were offered in the NANOPAC-REU
program, each of which is briefly discussed in turn.

Research update seminars. These were held every
other week during the respective summer
programs, in which students were required to
provide updates on the progress of their individual
research projects. During these meetings, students
gave short oral presentations to their peers and
also to the NANOPAC-REU program director
(the third author of this paper) concerning the
status of their research. The research update semi-
nars also served as a venue for bringing any
pertinent administrative problems to the attention
of the program director. Most importantly, these
seminars allowed students to practice giving public
presentations of their ongoing research, where they
could discuss issues associated with their research
(e.g. procedures, data analysis, preliminary find-
ings, methodological problems) and subsequently
receive feedback from peers in their respective
groups. Similar in concept to a professional
`mini-conference' or colloquium, the research
update seminars provided an opportunity for
students to share information, ideas and concepts
common to their individual projects, and also
allowed them to collaboratively learn from each
other [22, 23].

Specialized seminars from participating faculty.
These seminars were held on a weekly basis
throughout the summer programs and were
presented by faculty mentors of individual
NANOPAC-REU students. The specialized semi-
nars provided an opportunity for participating
faculty to present and discuss specific areas of
their research with the entire group of students,
and also provided students with a collective oppor-
tunity to be exposed to various areas of research in
nanoscale science and technology being under-
taken at UCF. This process enabled students to
interact with and learn from experts in various
areas of `cutting edge' nanoscale science and
technology research and, as in the research

Table 2. Examples of specific NANOPAC-REU research projects

Year NANOPAC-REU research projects (selected examples)

Summer 2002 * Synthesis and characterization of nanocrystalline alumina and Ni-coated alumina
* Nanoscale characterization with high resolution transmission electron microscopy of vanadium implanted in

silicon
* Nanocrystal formation in ball-milled materials
* Development of direct laser deposited thermal barrier coatings from micro- and nano-sized powders

Summer 2003 * Nanocomposites: Increasing stress factors of nano-phased ceramic reinforced metal composites
* Nanopolymers: Utilizing iron nanoparticles to manufacture magnetic polymers
* Nanomechanics: Nanoindentation of shape memory alloys
* Nanocoatings: Tensile analysis of polymers bonded with carbon nanotubes
* Nanotubes: Use of peptides to separate nanotubes

Summer 2004 * Solgel-derived metallic and oxide nanomaterials for thermal, optical and sensor applications
* Processing and characterization of carbon nanomaterials
* Discontinuously reinforced nano-aluminum composites
* Focused ion beam applications in nanotechnology
* Nanostructured biomaterials
* Microsensors using nanostructured materials
* Performance of solid rocket propellants with nanoparticle additives
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update seminars, the specialized seminars provided
a forum where information, ideas and concepts
common to their individual research projects could
be shared. Topics of these specialized seminars
included, for example, presentations on nanobio-
technology, nanocomposites and combustion of
nanomaterials.

Guest seminars from business/industry and
governmental representatives. Utilizing the profes-
sional contacts of UCF faculty and the NANO-
PAC-REU program director, representatives from
several companies and research organizations
(either devoted exclusively to research and devel-
opment in some aspect of nanoscale science and
technology or which were incorporating nanotech-
nology into existing research and development
programs) were invited to participate in the
NANOPAC-REU program as guest speakers.
Two to three guest seminar presentations were
offered each year. Over the period summer 2002±
summer 2004, these included presentations given
by representatives from, for example, US Filter
(www.usfilter.com), Nanopowder Enterprises
(www.nanopowderenterprises.com), AppliCote
Associates (www.applicote.com), Lockheed
Martin (www.lockheedmartin.com), PsiloQuest
(www.psiloquest.com), National Aeronautics and
Space Administration (www.nasa.gov) and the US
Office of Naval Research (www.onr.navy.mil).
These seminars provided students with insights
regarding career opportunities available to them
in nanoscale science and engineering research, and
business/industrial applications following under-
graduate or more advanced research and study.
The guest seminars also played an important role
in demonstrating to students how contemporary
careers in academic science and engineering
research typically interact with and are influenced
by business/industry and governmental agenciesÐ
i.e. the `triple helix' of academia±industry±govern-
ment relations to which Etzkowitz and Leydes-
dorff [24] refer. These and related topics were
further explored in the seminars addressing
`research patenting and commercialization' and
`social and ethical issues in nanoscale science and
technology research'.

Seminars on research patenting and commerciali-
zation. One seminar per summer program was held
on `research patenting and commercialization',
presented by the second author. In these seminars,
topics presented and discussed with the students
included: an overview of intellectual property and
technology transfer procedures at UCF [25]; the
patenting process and why many research univer-
sities now seek to patent and/or license discoveries
and inventions; generation of university revenue
from patenting and licensing; trademarks, copy-
rights and trade secrets; and researcher/university
responsibilities and obligations in matters of
patenting, licensing and the commercial use of
intellectual property. A brief presentation also
was made regarding the UCF Technology Incuba-
tor, whose stated mission is that of being `a

University-driven community partnership provid-
ing early stage technology companies with the
enabling tools, training and infrastructure to
create financially stable high growth enterprises'
[26].

As part of the NANOPAC-REU program,
students were made aware of the rapidly increasing
number of nanomaterials processing, characteriza-
tion and applications patents held at UCF and
other US research universities, which provided an
immediate context for the purposes of these semi-
nars. Recent commentators such as Mazzola [27]
and Paull et al. [28] note that, while commercial
nanotechnology is still in its infancy and will
require a concerted and sustained effort to convert
basic science research discoveries into mass
marketable products, the rate of technology
enablement is increasing. Given that research in
nanoscale science and technology is now integral
to corporate research and development across a
wide range of industries, business models within
the `triple helix' of academia±industry±government
relations [24] will need to evolve and change
because of nanotechnology's anticipated impact
in the marketplace and wider global economy.

Seminars on emergent social and ethical issues in
nanoscale science and technology research. Five
seminars per summer program on `social and
ethical issues' were developed and presented by
the first author. The seminars were discussion
based, and emphasized active participation and
debate (and, on occasion, spirited argument)
between the REU students. Students first were
introduced to definitions of `ethics in engineering',
using Martin and Schinzinger [29] and Spier [30] as
primary source materials. Students then were
asked to review and discuss selected professional
engineering ethical standards from a variety of
professional engineering organizations, including:
the Accreditation Board for Engineering and
Technology (www.abet.org); the Institute of Elec-
trical and Electronics Engineers (www.ieee.org);
the National Society of Professional Engineers
(www.nspe.org); and the American Society for
Engineering Education (www.asee.org). Although
the background for subsequent discussions in
`nanoscience/nanotechnology ethics' was based
on an initial review of professional standards and
ethics pertinent to engineering, the material was
presented in sufficient breadth so that the topics
discussed were applicable across general science
and engineering fields. Initial `general science/
engineering ethics' topics included the following:

. Objectivity and subjectivity in science

. Value judgments in science (i.e. `good', `bad',
`right', `wrong', etc.)

. Merits of `basic' versus `applied' research

. Fabrication/falsification of data

. Data selection/manipulation

. Plagiarism

. Conflict of interest

. Authorship issues
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. Mentoring issues

. Abuse of the peer review process

While no formal presentation of classical philo-
sophical ethics (e.g. Aristotle, Kant, Locke, Mill,
etc.) or of contemporary theories of technology
[31±35] was attempted in the seminars, these were
utilized in the conceptual design of the seminars
[36], and various points of view relating to these
perspectives inevitably were raised and discussed.
Spier's [30] synthesis of `ethical systems' (pp. 73±77)
was used to initiate discussions relating to current
and anticipated developments in nanoscale science
and resulting technological applications. Through-
out the seminars, a science±technology±society
(STS) approach was emphasized, which sought to
have the students think critically and analytically
about the impacts of nanoscale science and tech-
nology on society, and the influence that their
current and future research might have on future
intersections of science, technology and societal
concerns [37, 38].

Specific social and ethical concerns in nanoscale
science and technology were broached by review-
ing popular commentators in the field, such as
Richard Feynman [39], K. Eric Drexler [40, 41],
Ray Kurzweil [42±44], Bill Joy [45] and Ralph
Merkle [46]. Subsequent discussions of ethical
and societal implications also explored: how
advances in nanoscale science and technology
might influence or affect national and global eco-
nomics; environmental sustainability; the develop-
ment of pharmaceuticals; human lifespan and
quality of life; and education/workforce prepara-
tion. More philosophically oriented ethical ques-
tions that were explored included the following:
intellectual property (who `owns' this knowledge?);
university/industry/government relationships (who
funds what, and why? [24, 47] ); and, informing the
general public (and to what extent?).

As Mnyusiwalla, Daar and Singer [48] have
suggested, advances in nanotechnology will be
derailed if serious study of nanotechnology's ethi-
cal, environmental, economic, legal and social
implications does not maintain pace with progress
in the science (p. R9). This provides a significant
impetus for continuing our efforts to expose future
scientists and engineers to these issues.

ASSESSMENT AND EVALUATION OF THE
NANOPAC-REU PROGRAM

Assessment and evaluation of what students
have learned (and the extent to which that learning
has occurred) occupy a central position in engin-
eering education. In the United States, the Accred-
itation Board for Engineering and Technology
(www.abet.org) is the primary professional engin-
eering organization responsible for validating the
educational efforts of nationally ranked under-
graduate and postgraduate engineering degree
programs. In order to secure ABET accreditation,

engineering colleges, schools, departments and
programs must demonstrate a continuous emphas-
is on what is learned by students rather than on
what is taught [49]. This emphasis, as described by
the American Society for Engineering Education
[50], is on `outcomes assessment'Ði.e. a focus on
determining what program graduates know and
are able to do. Such outputs often are difficult to
define and measure, a challenge typical in educa-
tional research, assessment and evaluation [51].
Although a variety of technical definitions exist
for the terms `assessment' and `evaluation' [52±55],
here we employ the definitions offered by Olds and
Miller [56], where `assessment' refers to the collec-
tion and analysis of data and, subsequently,
`evaluation' refers to interpreting and reporting
findings about the data.

Two survey instruments (one for participating
faculty, and one for participating undergraduate
students) were utilized to obtain primary quant-
itative and qualitative data for assessment of the
NANOPAC-REU program. The faculty and
student questionnaires, respectively, were modified
versions of survey instruments originally devel-
oped by The Cooper Union and Drexel University
as part of the National Science Foundation spon-
sored Gateway Engineering Education Coalition
(see http://www.gatewaycoalition.org). The modi-
fied survey instruments are available from the
authors upon request. Use of these surveys
complemented the project-based learning
approach adopted in the program, and also
provided a mechanism to anonymously assess
students' perceptions of how well they had learned
and practiced `core skills' (i.e. analytical ability,
communication, creativity/problem-solving, life-
long learning, project management, research,
systems thinking, teamwork) and `technical skills'
(i.e. mathematical analysis, science knowledge,
rational/objective reasoning, performance justifi-
cation, citation of professional literature, assess-
ment of environmental impacts, assessment of
ethical/social impacts, cost estimates, addressing
questions and issues, suggestions for improvement)
during their participation in the NANOPAC-REU
program. Development of these skills represented
the complementary goals of the program. Students
also were requested to rate their responses to
question items concerning the overall structure
and design of the program. The student survey
was administered at the mid-point and again at the
end of each summer program for purposes of
ongoing, formative evaluation. After completion
of the respective summer programs, a follow-up
questionnaire was sent via e-mail to students,
designed to elicit more in-depth qualitative/narra-
tive feedback regarding their research experiences.
The corresponding survey for mentor faculty (also
completed anonymously) was used to elicit their
perceptions of the extent to which their participa-
tion in the program had assisted students to learn
and practice the `core' and `technical' skills
described above. Like the students, faculty also
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were requested at the conclusion of each summer's
research activities to provide written comments
suggesting how the overall structure and design
of the program could be improved. Selected find-
ings from the aggregated quantitative and qual-
itative data collected over the initial three-year
period of the program are presented and discussed
below.

Program data analysis
Tables 3 and 4 provide a cumulative analysis of

student and faculty ratings of the indicated items
over the period summer 2002 to summer 2004.
Items are rated 1±5, where 1� not at all, 2� to a
limited extent, 3� to a moderate extent, 4� to a
great extent and 5� to a very great extent. The
selected items are those that consistently received
the highest ratings (i.e. 4 and 5) and lowest ratings
(i.e. 3 and below) from participating students and
faculty over the initial three years of the program.
Standard deviations and confidence intervals
(p� 0.05) are given in order to provide a sense of
the distribution of ratings relative to the mean
ratings. Ratings on the selected survey items
(measuring students' perceptions of the degree to
which their involvement in the NANOPAC-REU
programs had enabled them to develop these
specific core and technical skills) are presented

from highest to lowest, according to aggregated
mean scores. Faculty ratings on the same items
(measuring participating faculty members' percep-
tions of the degree to which their involvement in
the NANOPAC-REU programs had enabled
students to develop these specific core and techni-
cal skills) are likewise presented. Cumulative item
ratings are based on the responses of a total of 30
participating undergraduate students and 17 parti-
cipating research mentor faculty. (Although 10
nanotechnology research faculty participated in
each summer program as undergraduate research
mentors, not all participated as mentors in all three
program offerings, 2002±2004. Two faculty
members participated in 2002 only; one in 2003
only; four in 2002 and 2003 only; one in 2002 and
2004 only; four in 2004 only; and five in all three
program offerings, 2002±2004).

In terms of core skills, both students and faculty
rated `research procedures' most highly. Given the
focus of the NANOPAC-REU program, this is not
entirely unexpected. The core skill given the lowest
mean rating by students was that of `creativity/
problem-solving', whereas faculty assigned the
lowest core skill mean rating to `project manage-
ment'. It is interesting to note that, while the
cumulative student mean rating for `creativity/
problem-solving' was the lowest of the core skills

Table 3. Mean ratings, standard deviations and confidence intervals (p� 0.05) for summer 2002±2004 summative student responses
to selected survey items

Summer 2002±2004 students
(N� 30) Mean rating

Standard
deviation

Confidence
interval (95%)

Core skills
Research procedures 4.03 0.76 3.75±4.32
Project management 3.93 1.01 3.55±4.31
Communication 3.77 1.01 3.39±4.14
Creativity/problem-solving 3.47 1.04 3.08±3.86
Technical skills
Citation of pertinent research literature 3.77 1.01 3.39±4.14
Use of interdisciplinary science knowledge 3.73 0.83 3.42±4.04
Rational/objective reasoning in design 3.73 0.87 3.41±4.06
Assess ethical and social impacts of research design 3.03 1.16 2.60±3.47
Assess environmental impact of research design 2.63 1.10 2.22±3.04
Develop realistic cost estimate of research design 2.43 0.90 2.10±2.77
Overall satisfaction with NANOPAC REU program 3.93 0.94 3.58±4.29

Table 4. Mean ratings, standard deviations and confidence intervals (p� 0.05) for summer 2002±2004 summative faculty responses
to selected survey items

Summer 2002±2004 faculty
(N� 17) Mean rating

Standard
deviation

Confidence
interval (95%)

Core skills
Research procedures 4.62 0.86 4.29±4.95
Creativity/problem-solving 4.45 0.87 4.12±4.78
Communication 4.38 0.82 4.07±4.69
Project management 4.23 0.69 3.98±4.50
Technical skills
Use of interdisciplinary science knowledge 4.48 0.57 4.26±4.70
Citation of pertinent research literature 4.45 0.69 4.19±4.71
Rational/objective reasoning in design 4.41 0.68 4.15±4.67
Assess environmental impact of research design 2.97 1.09 2.55±3.38
Assess ethical and social impacts of research design 2.86 1.19 2.41±3.31
Develop realistic cost estimate of research design 2.79 1.18 2.35±3.24
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assessed, the rating also had the largest standard
deviation (1.04). However, although the cumula-
tive faculty mean rating for `project management'
was the lowest of the core skills assessed, its
comparatively low standard deviation indicated a
greater consistency of sentiment among participat-
ing faculty.

Review of the ratings in terms of technical skills
shows a broader range of trends in student and
faculty responses. While `citation of pertinent
research literature', `use of interdisciplinary science
knowledge' and `rational/objective use of reason-
ing in research design' all were given the highest
mean ratings by students and faculty, students
were rather more conservative in their perceptions,
as indicated by the corresponding standard devia-
tions and calculated confidence intervals of the
ratings. Technical skills of being able to `assess
ethical and social impacts of a research design',
`assess environmental impacts of a research design'
and `develop realistic cost estimate of a research
design' all received the lowest ratings, both by
students and faculty. While the skill of developing
a realistic cost estimate of a research design
received the lowest mean rating by both groups,
`assessing ethical and social impacts of a research
design' yielded the largest standard deviation
within each group, and therefore more imprecise
confidence intervals.

Cumulatively, the 30 students participating over
the initial three-year period rated their overall
satisfaction with the NANOPAC-REU program
as 3.93 (SD 0.94; 95% confidence interval of
3.58±4.29), with 63% (19/30) rating their overall
satisfaction with the program as `excellent' or `very
good'. While these data indicate a reasonable level
of program success in achieving the stated goals,
reference to other data is needed to more fully
evaluate aspects of the program that worked well,
and those aspects of the program that will need
improvement in future offerings. To complement
the quantitative data offered above, we also pres-
ent other program outcomes below as a means of
providing a comprehensive evaluation of the
NANOPAC-REU program. These are organized
as student presentations and publications, current
status of 2002 and 2003 NANOPAC-REU parti-
cipants, and a qualitative evaluation summary of
the 2002±2004 NANOPAC-REU programs,
compiled from comments submitted by participat-
ing research faculty and students.

Student presentations and publications
At the conclusion of the respective summer

programs, all NANOPAC-REU students were
required to prepare and give a poster presentation
of their research to UCF faculty, administrators,
and invited guests representing various local
science, technology and engineering companies.
The culminating poster session was designed as a
capstone experience, in which students gave oral
presentations regarding all aspects of the research
projects in which they had participated. This

involved students in answering questions about
their respective research rationales and methodol-
ogies, data obtained, and explanation of results.
The following `Abstract' and accompanying figure
(Fig. 1) provides a representative example of the
material included in REU students' poster presen-
tations of their research projects.

In addition to the required poster presentations
for all NANOPAC-REU students, a small number
of students also gave refereed presentations with
UCF faculty research mentors at regional or
national conferences, and co-authored refereed
publications related to their REU research
projects. While conference presentations and refer-
eed publications co-authored with UCF faculty
were greatly encouraged, we have primarily eval-
uated the NANOPAC-REU program by its educa-
tional value, as opposed to a focus on `pushing'
students to obtain publishable results; our view is
that such a focus would very likely occur at
the expense of the students' overall learning in
the program. During the initial three years of the
NANOPAC-REU program, students participated
in eight research presentations at national level
professional conferences (e.g. American Vacuum
Society; Electrochemical Society; Materials
Research Society; American Ceramics Society;
Nature Biotechnology symposium; National
Conference on Undergraduate Research). Over
this period, students also co-authored five refereed
journal or `proceedings' research publications.
Details of the publications in which REU students
were involved are provided in the Appendix.
Figure 2 provides an example of the manner in

Fig. 1. 70-hour heat treatment at 140ëC: the first stages of the
transformation from individual Ag2Al plates to a parallel
arrangement of these XX plates in a lamellar nanostructure
are clearly revealed. TEM image obtained by REU 2004
student, Bradley E. Kabes (research mentor, Dr. Helge
Heinrich, UCF Department of Physics/AMPAC). A complete
list of all NANOPAC-REU student research projects,
2002±2004, may be viewed at http://www.nanoscience.ucf.edu/

nanopac_ activitiesYearbook.html.
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which one REU student's research project
was incorporated into a formal peer-reviewed
publication.

Current status of 2002 and 2003 NANOPAC-
REU participants

At the time of writing, the students participating
in the summer 2004 NANOPAC-REU program all
were still completing their undergraduate studies.
We have endeavored to `track' the short-term
career trajectories of the summer 2002 and 2003
students, in an attempt to determine whether their
participation in the program has had any influence
on their subsequent professional activities.

Of the summer 2002 cohort, three students are
pursuing Master's degrees specifically addressing
some aspect of nanoscale science and technology
research; two are employed in science and engin-
eering-related industries; two are pursuing
Master's programs not explicitly addressing nano-
scale science and technology research (i.e. biology,
law); one is in medical school; and there are no
available data for two students. Of the summer
2003 cohort, three students are pursuing Master's
degrees (or have been accepted into Master's
programs) specifically addressing some aspect of
nanoscale science and technology research; two are
employed in science and engineering-related indus-
tries; three are pursuing Master's programs not
explicitly addressing nanoscale science and tech-
nology research (i.e. health, biomechanics, poly-
mers); one is in business school; and there are no
available data for one student.

While it remains well beyond the scope of the
available data to indicate a direct relationship
between participation in the NANOPAC-REU
program and subsequent professional activities,
our preliminary analysis suggests that the NANO-
PAC-REU program has been successful in meeting
the primary goal of encouraging students to pursue
research careers. Besides the six students who are
specifically pursuing some aspect of nanoscale
science and technology research, those pursuing
graduate studies in other areas and those now
employed in various science and engineering-
related industries are likely to encounter issues

pertaining to research in nanoscale science and
technology. We speculate that this will be true
even for those students pursuing graduate studies
in the fields of law and business, given the increas-
ing attention now being paid to legal and commer-
cial aspects of nanotechnology research [27, 28,
57].

Evaluation summary
As indicated in a recent report [58], `in academic

and research circles, it is widely believed that
undergraduate research opportunities help encou-
rage undergraduates to pursue research and
teaching careers' (p. ES-1). We concur with this
sentiment, and point to the data presented to
support our conclusion that the initial three-year
NANOPAC-REU program was successful in
meeting its primary goal of effectively involving
undergraduate students in nanoscale science and
technology research. In so doing, the program
serves as a useful example of `activities envisioned
for engineering education' that will be necessary to
advance research and education in nanoscale
science and technology [5].

According to Davidson [55], comments about
the quality, effectiveness or value of an activity or
program constitute an `evaluation'. While it always
is tempting for program developers/university
faculty to report only the `best' available data as
evidence of successful program outcomes, we think
it is important to demonstrate a level of objectivity
and self-critique in order to improve the educa-
tional quality of future program offerings.

Analysis of student and faculty feedback (both
written and oral) has provided insights into those
factors that contributed to the operational
successes, operational challenges, and overall
educational value of the NANOPAC-REU
program. Achievement of the program's comple-
mentary goals (i.e. the core and technical research
skills indicated on the survey instrument) occurred
to varying degrees, and it is clear that plans for
future program offerings will need to carefully
address at least four key issues. First, the selection
of faculty and the careful matching of students
with committed faculty appear to be two of the

Fig. 2. Physical and optical properties of sol-gel nano-silver doped silica film on glass substrate as a function of heat-treatment
temperature. TEM images obtained by REU 2002 student of SiO2 gel containing 0.05% Ag, with inset diffraction patterns of Ag

particles (see Journal of Applied Physics, 93 (2003), pp. 9553±9561).
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most influential factors governing the overall
success of the program. Given the involvement of
many UCF faculty in research often requiring
national and international travel for extended
periods (particularly during the summer months),
this has, at times, been difficult to accomplish. We
will, however, make determined efforts to address
this in the next iteration of the program.

Second, the emphatic request by students (in all
three summers of the initial program) for increased
levels of group work and group activities should
not be ignored. This will need to be balanced very
carefully with faculty recommendations for more
time spent by students working individually on
research projects with `less outside things to do'.
The apparent conflict between the traditional,
often solitary, nature of science and engineering
research, the need for interdisciplinarity and the
concerted efforts of multiple researchers in cutting-
edge nanotechnology research, and the desire
expressed by students for more group work and
an emphasis on the social aspects of learning
[13±15, 17, 58] will be of particular concern not
only for future offerings of the NANOPAC-REU
program, but for similar efforts elsewhere.

Third, the `social and ethical issues' component
of the program will need to be restructured. Even
though participating faculty and students agreed
that such issues were of particular interest to the
science/engineering research community (and, in
some cases, expressed the necessity for such issues
to be considered), there is scant evidence that any
such considerations were substantively incorpo-
rated into the design and subsequent performance
of the respective research projects. An increasing
number of researchers in engineering ethics and
engineering education have advocated that social
and ethical concerns be treated not merely as an
`add-on' to the main business of research, but as an
integral part of the research process, from concep-
tualization to design to execution to applications
development [48, 59±64]. This will necessitate
closer collaboration between laboratory research-
ers, science and engineering education researchers,
and researchers with expertise in the philosophy
and ethical aspects of science and engineering
research.

Fourth, closer attention will need to be paid to
methods of documentation, assessment and
evaluation of what future students learn and are
able to do as a result of their participation in the
program. During the initial three-year period of
the program, several participating faculty voiced
their desire for more `tangible' student outcomes at
the conclusion of the program, such as formal
presentations (instead of the relatively informal
poster sessions) and publishable technical reports.
Although formal peer-reviewed conference presen-
tations and publications were encouraged, they
were not required of the students, for reasons we
have discussed above. However, we agree with
Condren et al. [65] that `sharper measures of
student learning' may be ascertained via the use

of pedagogical tools such as ConcepTests, port-
folios, interviews, scoring rubrics and concept
maps (p. 554), and we will consider an appropriate
selection of such tools for use in future programs.
Here again, a careful balance will need to be
established so that the time needed to properly
administer the assessment instruments does not
detract appreciably from the time spent by under-
graduates on their laboratory research experiences.

IMPLICATIONS FOR FURTHER WORK
AND CONCLUDING COMMENTS

Ultimately, the accomplishments of the NANO-
PAC-REU program and similar efforts at other
institutions to provide research and education
experiences for undergraduates in nanoscale
science and technology will have a number of
implications for undergraduate, postgraduate and
doctoral-level engineering education.

Chang [4], Roco [5], Uddin and Chowdhury [66]
and Shapter et al. [67] all have pointed to the
importance of developing nanotechnology educa-
tion programs at the undergraduate level in order
to meet future global needs for continuing
research, education and employment in this field.
Traditional undergraduate engineering training
has been characterized as `inadequate to meet the
challenges presented by this dynamic environ-
ment', hence the need to `reform engineering
curricula at the undergraduate degree level and
aiming at all degree levels' [4]. At the University of
Central Florida, the NANOPAC-REU program
has provided the basis on which an undergraduate
degree track in nanoscale science and technology
has recently been developed. Students enrolled in
the degree track take specialization courses in
science and engineering subjects, including six
modular courses in nanotechnology (i.e. nano-
materials process engineering; nanomaterials
characterization and application; nanophysics;
nanobiotechnology; nanophotonics; and ethical
and societal implications of nanotechnology
research). Two primary goals of the degree are to
guide students toward pursuing postgraduate
studies in the nanotechnology field, and/or to
obtain employment opportunities in nano-
technology-related industries [68]. Similar to the
challenges articulated by the developers of the first
undergraduate nanotechnology degree in Australia
offered at Flinders University [67], a major
concern for other undergraduate degree offerings
in nanotechnology will be that of providing a
sufficiently rigorous science content background
so that students acquire the necessary fundamental
academic competencies in biology, chemistry and
physics. Related challenges for developers of
undergraduate degree programs in nanoscale
science and engineering also will include the need
to prepare students, who, in addition to having a
firm background in the basic sciences, also are able
to articulate the nature of their work to a wider
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audience [69±71], are sensitive to the social and
ethical issues associated with advances in nano-
technology [61, 63, 64], and who have a grasp of
the wider political and economic implications of
nanotechnology research and education [72].

The increasing popularity of undergraduate
research experiences in nanotechnology similar to
those provided by UCF's NANOPAC-REU
program, and the corresponding development of
entire undergraduate degree programs in nano-
technology hold implications for the academic
preparation of students intending to pursue
advanced-level studies and research in nanotech-
nology. Traditionally, advanced-level studies and
research in science and engineering have necessi-
tated a rather narrow and exclusive focus in a
particular specialty or sub-field. Given the highly
interdisciplinary nature of nanotechnology
research (where the physical sciences, biological
sciences and engineering now converge at the
nanoscale), there now is a need for students and
researchers to be competent in more than one field.
Two internationally prominent advanced degree
programs in nanotechnologyÐi.e. the M.Sc./
Masters Training Package in Nanoscale Science
and Technology jointly offered by the University
of Leeds and the University of Sheffield in the UK
[73] and the Ph.D. program in Nanotechnology at
the University of Washington in the US [74]Ðboth
exemplify this approach. The Master's degree at
the Universities of Leeds and Sheffield, respec-
tively, has the distinction of being the first such
degree in the UK, and `provides a highly inter-
disciplinary learning experience to enable single-
discipline graduates to contribute effectively to the
research, development and commercial exploita-
tion of nanotechnology' (www.ee.leeds.ac.uk/
nanomsc/). Admission protocols for the Ph.D. in
Nanotechnology at the University of Washington
(the first such doctoral degree in the US) require
prospective students to first apply for postgraduate

study in one of nine disciplinary `home' depart-
ments, after which application is made for admis-
sion to the doctoral program in nanotechnology.
Students are required to fulfill academic require-
ments both of the `home' department and the
nanotechnology program, leading to the Ph.D. in
Nanotechnology and the chosen discipline (http://
www.nano.washington.edu/education/admis-
sion.html). We speculate that, as more institutions
develop REU-type programs and entire under-
graduate degree programs in nanotechnology,
admission requirements to advanced degree
programs will change accordingly, given that
undergraduate academic backgrounds in science
and engineering will be considerably more inter-
disciplinary than is currently the case.

As we have learned, the process of developing
high-quality research and education experiences in
nanotechnology for academically able university
undergraduates in science and engineering has
been an important and a complex one. No less
complex will be the task faced by the science and
engineering community to address the associated
issues and implications we have presented here for
discussion.
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