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A nanotechnology learning module was implemented into a freshman engineering course at Virginia Tech. The novelty of
our approach is that an established spiral curriculum model has been employed, for the first time to the best of authors’
knowledge, to design the nanotechnology option. The module was piloted in a freshman class (180 students) during spring
‘08. The key components included (1) a prior knowledge survey, (2) a 40-minute in-class presentation on basic
nanotechnology concepts, (3) an activity that involves nanoscale image analysis and the plotting of molecular forces
using LabVIEW software, and (4) a post-module survey. Lessons learned from the pilot implementation were incorporated
appropriately to expose roughly 1450 freshmen to nanotechnology basics in fall 2008. The module was further refined in
spring 2009 when pre- and post-tests were administered to assess the learning outcomes. Based on the prior knowledge data
from about 1800 freshmen, we found that they had misconceptions about nanoscience fundamentals, e.g., regarding the (1)
role of gravity at the nanoscale, and (2) behavior of intermolecular forces. Exit surveys revealed that approximately 18% of
students had an interest in pursuing a nanotechnology option and approximately 65% believed that nanotechnology was
relevant in their intended engineering majors. The LabVIEW provided an appropriate environment to implement the
hands-on analysis of nanotechnology concepts, but we caution that such hands-on exercises should place greater emphasis
on nanotechnology concepts than on LabVIEW skills.
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1. Introduction

One of the largest engineering programs in the
United States is offered by Virginia Tech. A Depart-
ment of Engineering Education (EngE; www.en-
ge.vt.edu) was created within its College of
Engineering (CoE) in early 2004 to improve engi-
neering pedagogy and initiate engineering educa-
tion research activities. EngE offers a common one-
year General Engineering (GE) program for the
initial preparation of approximately 1500 incoming
engineering freshmen. Students transfer into four-
teen ABET-accredited engineering majors after suc-
cessfully completing the GE program. The EngE
Faculty collaborates with other engineering depart-
ments and the School of Education to pursue en-
gineering education research and curriculum
development activities. A National Science Foun-
dation (NSF) grant funded through its department
level reform (DLR) program has been instrumental
in introducing a spiral curriculum approach (briefly
described in the following section), to reformulate
the engineering curricula of bioprocess engineering
and GE programs in the CoE [1].

* Accepted 5 December 2010.

Experiences in our DLR project were extended in
2008 to develop a nanotechnology option within the
CoE Department of Engineering Science and Me-
chanics (ESM; www.esm.vt.edu) using this spiral
curriculum approach. The effort is coordinated by
nanotechnology and engineering education experts
and is funded through the NSF Nanotechnology in
Undergraduate Education (NUE) in Engineering
program. The project makes use of the Nanoscale
Characterization and Fabrication Laboratory
(NCFL; www.ncfl.ictas.vt.edu) of the Institute for
Critical Technology and Applied Science (ICTAS;
www.ictas.vt.edu) at Virginia Tech.

The intent of this paper is to illustrate the im-
plementation of a nanotechnology module for en-
gineering freshmen in the context of a spiral
curriculum, and assess the scope of teaching funda-
mentals of nanotechnology to a heterogeneous po-
pulation of students in the freshman engineering
class of Virginia Tech. We discuss the learning
modules that are being implemented to establish
the spiral theory-based nanotechnology option.
Specifically, we provide implementation details of
a freshman module that initiates the spiral frame-
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work. This module was successfully implemented in
a freshman engineering course (Engineering Ex-
ploration EngE1024) in successive stages to roughly
180 students in the 2008 spring semester, 1450
students in the fall semester that year, and 180
students in the 2009 spring semester. An analysis
of the assessment data to discuss the effectiveness of
the module is also presented. We also discuss our
plans for implementing the remaining components
of the nanotechnology spiral.

1.1 Department-Level Reform (DLR) project
(2004-2009)

This project is the first major curriculum reform and
engineering education research project at Virginia
Tech’s College of Engineering and is funded by the
US National Science Foundation. The twentieth-
century psychologist, Jerome Bruner, proposed the
concept of the spiral curriculum in his classic work
The Process of Education [2] and The Culture of
Education [3]. Bruner advocates that a curriculum as
it develops should revisit basic ideas repeatedly,
building upon them until the student has grasped
the full formal apparatus that goes with them. This
approach was adopted in a five-year (2004-2009)
grant under a Department-Level Reform (DLR)
program of the NSF (hereafter referred to as DLR
project). In this project, a number of EngE faculty
members collaborated with faculty from the Biolo-
gical Systems Engineering (BSE) and the School of
Education to reformulate the freshman engineering
(also called general engineering) program within the
EngE and the bioprocess program within the BSE
department using a theme-based spiral curriculum
approach [2-3].
Two major outcomes of this project were:

(1) spiral curriculum reformulation of bioprocess
engineering within the BSE department;
(2) enhanced freshman engineering program.

The spiral reform process in bioprocess engineering
included a seven-step process [4-5]. The DLR pro-
ject investigators have conducted workshops within
and outside the United States to share the details of
the spiral curriculum development process [4]. Also,
a number of hands-on activities have been imple-
mented in EngE1024 to make it learner-friendly,
contemporary and research-driven [6-7]. Some ex-
amples include:

(1) use of a clicker-based classroom response sys-
tem to obtain student feedback [8];

(2) introduction to sustainability [9-10];

(3) ethics skits that enable engineering ethics learn-
ing [11];

(4) introduction of international research and edu-
cation activities [12—-13];

(5) use of the electronic portfolio (e-portfolio) for
instruction [14-15];

(6) multi-disciplinary design based on mechatro-
nics [16-17].

Tablet PC-based instruction was introduced in this
course in 2006 [18—19]. A number of formative and
summative assessment activities have been imple-
mented in EngE 1024 as part of the DLR project to
evaluate the learning experiences of freshmen [20-
23]. Additional details are available in references [4,
24].

1.2 Literature review

Bruner’s spiral curriculum theory has been adopted
to reformulate diverse academic curricula. For ex-
ample, Wark and Kohen [25] describe a spiral
curriculum approach to redesign an hypnosis train-
ing program at University of Minnesota. Elizondo
et al. [26] discuss the use of the approach in the
horizontal and longitudinal integration of basic and
clinical sciences to enable medical school curricular
reform in Mexico. A core curriculum for medical
education in the UK presented by Harden and
Davis [27] uses the spiral approach as one of its
underlying philosophies. Cowan et al. [28] advocate
the use of the programming language Zeno in a
spiral curriculum to facilitate problem-solving in-
struction in schools in Britain. The results of suc-
cessful project-based spiral chemical engineering
curriculum design, implementation, and evaluation
at Worcester Polytechnic Institute are presented in a
series of papers by Clark et al. [29], Dixon et al. [30],
and DiBiasio et al. [31]. The authors claim that
spiral-taught students displayed equal or better
understanding of basic chemical engineering prin-
ciples, performed better in upper level courses, and
had higher satisfaction levels with their academic
experience as compared to students who were
taught traditionally through a compartmentalized
sequence of courses. Gupta et al. [32] discussed an
approach for transforming the educational experi-
ences of transfer students in chemical engineering by
developing and implementing a multidimensional
spiral curriculum. Lohani et al. [33] have discussed
the application of the spiral approach to reformu-
late the bioprocess engineering program in Virginia
Tech.

A general approach to a bottom-up curriculum
that retains the interdisciplinary nature of nano-
technology is to bring together faculty members
from various departments who are able to incorpo-
rate the essential aspects of their different disciplines
[34]. Bickle et al. [35] describe the implementation of
a nanotechnology curriculum at University of Cin-
cinnati through which second and third year stu-
dents were exposed to the fundamental scientific
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concepts at the nanoscale, the related ethical issues,
and hands-on laboratory experiences in nanoscale
characterization and nanoparticle synthesis. Uni-
versities in Taiwan have provided opportunities to
students from different majors in different years of
their undergraduate education to learn through a
common nanotechnology curriculum [36]. Another
approach is to design the curriculum around appli-
cations [37]. Specifically designed courses have been
developed to teach sophomores the fundamentals of
nanotechnology and its potential to develop micro-
arrays, micro-fluidics, and nanostructures [38].
Florida Tech implemented a freshmen fundamen-
tals of nanotechnology course by teaching them
about ferrofluid synthesis, quantum dots, and car-
bon nanotubes followed by hands-on experience of
laboratory equipment, such as a Scanning Tunnel-
ing Microscope (STM) and an Atomic Force Mi-
croscope (AFM) [39]. Similar laboratory- based
approaches with an emphasis on synthesis and
characterization have been implemented elsewhere
for engineering and science students [40-41]. Learn-
ing modules have been developed to integrate na-
notechnology research into the undergraduate
curriculum that help students understand the im-
pact of sustainable engineering solutions in a global
context [42]. Other examples include online nano-
technology programs [43] that rely on web-based
distance learning, e.g., through the use of the Lab-
VIEW software environment to understand a na-
noscale experiment on a piezoelectric actuator [44].
Engaging freshman students to learn about nano-
technology has exposed them early on to a nano-
technology option [45-46]. Another approach has
been to develop a nanotechnology concentration or
major that does not require freshmen student ex-
posure to nanotechnology [47]. The University of
Wisconsin-Stout has developed a concentration
available to Applied Science and Engineering Tech-
nology majors [48]. Nanotechnology is also taught
from a humanities perspective through a discussion-
based module that teaches students to understand
the societal implications of the technology [49]. The
possibility and utility of “sociotechnical integra-
tion” during nanoscale engineering research in an
academic setting is reported in [50].

We have chosen to expose all engineering fresh-
men at Virginia Tech to some fundamental nano-
technology  concepts through our spiral
methodology to address student misconceptions,
e.g. about the predominant intermolecular forces
[51]. Students interested in pursuing a nanotechnol-
ogy option are then provided with hands-on learn-
ing and advanced coursework in the experimental
and computational aspects of nanotechnology, as
well as relevant undergraduate research experi-
ences.

1.3 Spiral curriculum approach

The concept of the spiral curriculum proposed by
Bruner in The Process of Education [2] and The
Culture of Education [3], was that learners—even
beginners—could engage successfully with the cen-
tral problems and questions inherent in any disci-
pline if those key questions could be represented in a
manner that invites real experimentation and in-
quiry at the appropriate level. One key to this idea is
that the learning curriculum could be arranged so
that the central questions, or themes in a discipline,
would be returned to again and again as learners
advance in their knowledge and intellectual capa-
city. The learning trajectory is thus represented as a
spiral rather than the linear pathway that is char-
acteristic of traditional schooling. As learners par-
ticipate in increasingly complex investigations,
organized carefully around the major themes of
choice, they acquire in a more natural way the
knowledge they need because it is connected to
problems of real import and interest, and they
acquire also the full intellectual apparatus asso-
ciated with being the scientist, historian, or engineer
rather than just learning about their chosen disci-
pline. This approach was adopted to reformulate
the bioprocess engineering curriculum within the
Biological Systems Engineering (BSE) Department
at Virginia Tech. Three spiraling themes, namely,
design, systems, and ethics are considered in the
spiral reformulation [4-5, 52].

We extended our experiences of implementing
spiral theory based curriculum reformulation for
structuring the nanotechnology option discussed in
this paper. Nanotechnology is the scientific under-
standing of physical processes at the smallest scale
of length and time that engineers can integrate into
their systems. While both top-down and bottom-up
approaches exist, the latter begins from the funda-
mentals of atoms and molecules, gradually inserting
the complexities of nanostructures and nanoscale
interfaces, and then moving on to understand how
they contribute to microscale and macroscale sys-
tems. Considering the interdisciplinary nature of
nanoscale science and engineering, and noting that
new phenomena arise at the nanoscale, we believe
that the spiral approach is the most effective way to
impart and reinforce the basic concepts of nano-
technology. Implementation of nanotechnology
education using an established learning theory
model like the spiral approach has not been at-
tempted to the best of our knowledge. While the
bottom-up approach described by Lee et. al [34]
considers the expertise of researchers from different
disciplines, it does not provide a model for the actual
curriculum. Other approaches are traditional lec-
ture-workshop-demonstration schemes which fol-
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low the regular course structures, and not any
theoretical model. The various learning experiences
the students will undergo in pursuing our spiral
theory based nanotechnology option are discussed
in the next section.

1.4 Spiral experiences at different learning levels of
the nanotechnology option

The implementation of the nanotechnology option
includes learning modules designed to impart
knowledge at four learning levels (i.e. Level 1
through Level 4). These modules are not necessa-
rily courses that students must take during the
freshman, sophomore, junior and senior years of
their undergraduate engineering curriculum.
Rather, the learning levels essentially imply the
different stages of knowledge that students will
gain through the spiral curriculum, with the con-
tent and complicacy of the learning experience
gradually increasing from Level 1 through Level
4. Figure 1(a) shows the key concepts at the

various learning levels of the nanotechnology op-
tion. For example, the knowledge students acquire
about the role of intermolecular forces during the
freshman nanotechnology module (Level 1) recurs
when they learn about the computational techni-
ques in molecular mechanics (Level 3). Likewise,
the brief description of common experimental in-
struments used for nanoscale characterization pro-
vided during Level 1 is repeated in depth in Level 2,
with hands-on experiences with the fabrication and
experimental procedures. These learning experi-
ences are revisited during the undergraduate re-
search experience at Level 4 where, not only are the
computational and experimental skills of the stu-
dents acquired from the previous levels put to test,
but the potential applications and ethical issues
highlighted during the freshman nanotechnology
module are also explored with greater emphasis.
Details of the various learning objectives at the
different levels of the nanotechnology option are
listed in Table 1.

Table 1. Learning objectives of the spiral curriculum for the nanotechnology option

Level Course/Experience

Learning Objectives

1 Nanotechnology module for freshmen
(Implemented)

I. Differentiate between macro and nano, and demarcate the domain of
nanotechnology amongst different length scales

II. Describe the fundamental (intermolecular) forces significant at the

nanoscale
I11. Identify existing and potential engineering applications of nanotechnology

1V. Cite typical computational techniques and experimental instruments used
in nanoscale research

2 Introduction to Nanoscale
Characterization and Fabrication
(Implemented)

I. Describe common methods for imaging nanometer-size features

II. Describe common methods for manipulating features on this size scale
II1. Describe common spectroscopy methods

IV. Explain the operating principle behind a nanotechnology instrument
V. Identify an appropriate tool to solve a nanotechnology problem

3 Introduction to Computational
Molecular Mechanics
(Being Developed)

1. Describe the role of different intermolecular forces at the nanoscale

II. Explain the physics and mathematics behind molecular dynamics
simulation technique

II1. Construct simple molecular geometries of nanoscale systems and devices
IV. Conduct basic numerical experiments using pre-existing computational
codes

V. Conduct literature review to be aware of the present scenario on a chosen
research topic in nanotechnology

VI. Prepare a report summarizing important conclusions of the project
undertaken during the course

4 Undergraduate Research
(Implemented)

1. Conduct a literature review on a current research topic

11. Work in conjunction with a faculty advisor to develop an independent
research plan for the topic

III. Explain the importance of ethical research conduct

IV. Demonstrate proper practices in research documentation and data
collection

V. Conduct atomistic simulations of the nanoscale system specific to the
research

VI. Fabricate the experimental sample and characterize the same using
appropriate techniques

VII. Prepare a report and/or presentation appropriate to the project
summarizing important conclusions
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The key learning activities at various learning
levels in the nanotechnology option are presented
in Figure 1(b). As an example, the Level 1 hands-on
exercises involving the determination of diameter of
carbon nanotubes and plotting the nature of inter-
molecular forces provide students with fundamen-
tal notions about nanostructures, which recur at the
higher learning levels. Students watch videos of
nanotechnology experimental instruments such as
an Atomic Force Microscope and a Scanning Elec-
tron Microscope, during Level 1 and then use this
equipment to participate in hands-on exercises for
nanoscale characterization at Level 2. Similarly, the
generic ideas obtained from the Level 1 plotting
exercise of intermolecular forces is discussed in
greater detail at Level 3 when students acquire
further knowledge about molecular forces and their
influence on properties at the nanoscale, and famil-
iarize themselves with computational codes that
include the potential models necessary to simulate
the systems. These learning experiences again spiral
into Level 4, when students take up independent
research projects that involve both the experimental
skills and simulation expertise imparted during the
previous levels of the curriculum.

In order to further highlight the spiral theory
concepts, a visual representation of the key learning
experiences of the students at the four distinct
learning levels of the nanotechnology option is
shown in Figure 1(c). Level 1 indicates the funda-
mental ideas about the realm of nanotechnology to

increase students’ awareness and acquaintance to
nanoscale systems and their potential applications.
In Level 2, details about experimental characteriza-
tion of nanoscale devices with hands-on sessions are
provided to increase their skills with instruments
like a Scanning Electron Microscope (shown in the
figure), an Atomic Force Microscope, a Transmis-
sion Electron Microscope, etc., which the students
can employ for specific research problems. Level 3
includes modeling of nanoscale physical phenom-
ena through atomistic simulations where the origin
of intermolecular forces and their influence on
system behavior are analyzed with the aid of mole-
cular dynamics simulations. Students’ spiraling ex-
periences conclude with an undergraduate research
project on a current research area in nanotechnol-
ogy at Level 4 of the learning spiral. An example
research project is to determine effects of chirality
on the thermal conductance of carbon nanotubes.
While students learn what carbon nanotubes are in
Level 1, the characterization skill acquired in Level
2 enables them to visualize the chirality of carbon
nanotubes in a sample. The computational ability
obtained from Level 3 equips them to investigate the
influence of chirality on the thermal conductance of
carbon nanotubes.

At the time of writing, the activities at Level 1 are
included as a learning module in a freshman course,
details of which are discussed in the following
sections. The Level 2 activity is implemented in the
form of a complete course that was offered for the

Level 4: Undergraduate Research
« Literature review
+ Currentresearch topic
« Ethicalresearch conduct
» MD simulations
« Data collection
* Research documentation

( Level 3: Introduction to
Computational Molecular Levol 2 Introducton to\
Mechanics R it
" e ECELr s EnC Characterization and
potential models
+ Molecular Dynamics simulations Fabrication
« Literature review + Imaging methods
» Report summarizing important 5 + Manipulation techniques
\ conclusions « Fabricationrecipes
« SEM. TEM. AFM etc. J

Level 1: Nanotechnology module for freshmen
« Fundamental (intermolecular) forces
+ Potential engineering applications of nanotechnology
« Computational techniques and experimental instruments

Fig. 1 (a). Nanotechnology option developed using the spiral curriculum approach.



338

G. Balasubramanian et al.

Level 1: Nanotechnology module for

freshmen

i.  Determine typical dimensions of
carbon nanotubes (CNTs)
ii.  Plot the nature of intermolecular
forces necessary to model CNTs
iii.  Learn about the experimental tools
used to characterize nanotubes

Level 2: Introduction to Nanoscale

Characterization and Fabrication

i.  Understand fabrication recipes for
CNTs
ii.  Prepare a sample of CNTs
iii.  Operate SEM, TEM, AFM, ESEM
iv.  Characterize a CNT to determine
its chirality using appropriate
instrument

Level 3: Introduction to Computational

Molecular Mechanics

i.  Learn the basics of Molecular
Dynamics (MD) simulations
ii.  Choose potential models for CNTs
iii. ~ Conduct simulations using
LAMMPS, GROMACS codes
iv.  Interpret the physics behind the
observed behavior

Level 4: Undergraduate Research

Computing effect of chirality on
interfacial thermal conductance of
carbon nanotubes (CNTs)

i.  Fabricate CNTs
ii.  Analyze using SEM, TEM
iii.  Simulate CNTs using MD
iv.  Theoretically model the physics
v.  Summarize and present the
results through a proper
research documentation

/\_/

Fig. 1(b). Knowledge areas including examples of hands-on activities and their relevance in the

spiral theory-based nanotechnology option.

first time in spring 2010. The Level 3 activity will be
part of a course that is under development. Students
have participated in nanotechnology related under-
graduate research activities under the mentorship of
faculty and senior graduate students in the ESM
department. However, the recruitment of students
to participate in the proposed nanotechnology op-
tion is ongoing at this time.

1.5 Nanotechnology option within the ESM
department

ESM has 25 faculty members and about 130 under-
graduate students from the sophomore to senior
levels. The relatively small undergraduate program
size makes it an excellent site to examine the effec-
tiveness of instructional approaches, such as the
nanotechnology option described in this paper. As
shown in Figure 1(a), all engineering freshmen are
introduced to basic nanotechnology fundamentals
regardless of their final major through our approach
to initiate the spiral curriculum. In addition to
repeating basic nanotechnology concepts in the
ESM nanotechnology option, their learning experi-

ences will focus on nanoscale material characteriza-
tion and computational molecular mechanics.
Students will also be expected to conduct a nano-
technology-related research project mentored by
CoE faculty members and the graduate students
under their supervision. Table 2 provides details of
the various courses and their contents.

1.6 Freshman engineering nanotechnology module

All Virginia Tech engineering freshmen are required
to take a two-credit Engineering Exploration (EngE
1024) course during their first semester of enroll-
ment in the GE program, which is the only common
engineering course that all undergraduates take.
The course focuses primarily on developing pro-
blem solving, critical thinking, and engineering de-
sign skills. The delivery format includes a fifty
minute lecture followed by a ninety minute hands-
on workshop every week.

The DLR project investigators have collected
demographic data to describe the participants who
have participated in various activities implemented
as part of DLR project [23]. Majority of students
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Domain of Nanotechnology

Level 1: Basics of nanotechnology Level 2: Nanoscale characterization
experiment with SEM

Level 4: Investigation of thermal conductance of carbon nanotubes using molecular

simulations (left) and the corresponding experimental characterization (right) using SEM

Fig. 1 (c). Visual representation of the different levels of the spiral curriculum.

Table 2. Summary of the various learning modules of the spiral curriculum approach

Course/Experience Proposed contents Implementation plan

Nanotechnology module for Prior knowledge survey; pre-test, nanotechnology lecture and Implemented in Spring *08, Fall

freshmen video presentation; nanotechnology experiment video; hands-on  ’08, and Spring "09 in EngE
activity using LabVIEW-based analysis; post-test

Introduction to Nanoscale Describe common methods for imaging and manipulating Implemented using NCFL

Characterization and nanometer-size features; common spectroscopy methods; explain  equipment and ICTAS

Fabrication operating principle of nanotechnology instruments; identify instructors in Spring *10

appropriate tool to solve a nanotechnology problem

Introduction to computational  Introduction to statistical mechanics and statistical

molecular mechanics thermodynamics; Newtonian dynamics for particle systems; soft
and hard sphere models; stochastic and deterministic methods;
parallel computing and algorithms

Undergraduate research Nanotechnology-based experimental, theoretical and
computational research experiences

Being developed

Implemented in ESM and
ICTAS
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who participated in this study are engineering fresh-
man at Virginia Tech’s College of Engineering.
Based on analysis of data of two engineering classes
(i.e., class of 2008 and 2009) it is observed that the
majority of the freshman engineering class is male
(85%) and white (80%). In regards to prior back-
ground experiences, approximately 50% of the class
has an engineer in the family and also has prior
programming experience. In addition, the majority
of students (75%) did not take any pre-engineering
courses in high school. A survey was designed to ask
students to indicate all of the engineering majors
they were interested in, and students selected me-
chanical engineering (53%), followed by aerospace
and ocean engineering (40%), electrical or computer
engineering (37%) and civil or environmental en-
gineering (33%). It may be noted that students were
allowed to select multiple possible majors in this
survey [23].

One of the learning objectives of EngE1024 is
that students will be able to demonstrate a basic
awareness of contemporary global issues and emer-
ging technologies, and their impact on engineering
practice after successful completion of the course.
The nanotechnology module discussed in this paper
meets this objective. The nanotechnology learning
module was piloted in EngE 1024 in the 2008 spring
semester for approximately 180 students [55]. Stu-
dent feedback was used to enhance the module that
was again implemented in the entire freshman class
of about 1450 in the 2008 fall semester, and with
further revisions in the 2009 spring semester to
about 180 students. Therefore, approximately
1800 students have participated in learning basic
nanotechnology concepts using this module. The
following sections discuss the development, imple-
mentation, and assessment of the module, and in-
clude assessment questions and web links to
instructional videos that will enable interested edu-
cators to learn from it and also implement it.

2. Development of freshman level
nanotechnology learning module

2.1 Spring 2008 pilot

Approximately 180 students enrolled in EngE 1024
in the 2008 spring semester. The nanotechnology
module was piloted for the first time in this course. It
included four components:

(1) prior knowledge survey;

(2) in-class presentation;

(3) hands-on nanotechnology activities;
(4) post-module survey.

2.1.1 Prior knowledge survey

In order to assess students’ prior knowledge of

nanotechnology, we developed a short survey of
ten questions that are listed in Appendix A (ques-
tion numbers 1-10). The survey was implemented
two weeks before the classroom instruction and
hands-on activities took place. Figure 2 presents
student responses to select survey questions. About
73% knew the definition of a nanometer but roughly
43% thought that the gravitational force played a
dominant role at the nanoscale. Most students did
not understand the behavior of intermolecular at-
traction as molecules move apart, and the repulsive
forces when they move closer to each other. Most
freshmen were incorrect by an order of magnitude
when asked to identify the size of an atom. A
majority thought that the most important applica-
tion of nanotechnology was in the medical sciences.
Although only 5% students reported prior exposure
to basic nanotechnology concepts, 60% expressed
an interest in learning about nanotechnology. These
results were used to design an in-class-presentation
followed by a set of hands-on activities.

2.1.2 In-class presentation

A nanotechnology expert (the third author) devel-
oped this presentation in consultation with the other
authors in two formats, i.e., as presentation slides
and an online video. Figure 3 presents some of the
slides for the sake of illustration. The topics covered
in the presentation are summarized in Table 4 of
Section 3. These topics included, a background of
nanotechnology development, the interdisciplinary
nature of the subject involving physics, chemistry,
biology and engineering disciplines, a comparison
of the dominant forces at the macro- and nanoscales
to help students to clear their misconceptions about
the behavior of intermolecular and gravitational
forces, nanostructures observed in nature, areas of
applications with examples varying from novel
electronic and semiconductor devices to nanoparti-
cles present in everyday applications like paints, and
finally the societal and ethical issues associated with
the technology. We have provided online links to
this freshman module in Section 3 to enable access
for the interested reader.

We took advantage of the classroom technology
(i.e., Tablet PCs and DyKnow software) available
to educators within the College of Engineering for
developing interactive in-class presentations. Engi-
neering freshmen at Virginia Tech are required to
have a Tablet PC. The second author has developed
and implemented technology enhanced classroom
pedagogy using TabletPC and DyKnow technolo-
gies [19, 53, 55]. These technologies were used
during the nanotechnology presentation to develop
an interactive learning environment. For example,
in order to explain significance of various forces
acting at the nanoscale, students were first asked to
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Fig. 2. Student responses to some questions in the prior knowledge survey (Spring 08, N=99; Fall 08, N=868; Spring 09, N=149).
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airplane’s passage through .. '
it

The weight is due to the

mass of the plane and

aravity.

Nanostructures in Nature

+ Small hexagonal bumps on a
moth’s eye are =100nm tall and
apart and are smaller than visible
wavelengths (350-800nm). Hence,
the eye surface has a low
reflectance for visible light sothe
nanostructures absorb light
efficiently and a moth’s eye can
absorb more light than humans in
dim or dark conditions

Tul

Lab-on-a-chip device
with nanoparticle sensors

Advanced
composite
materials

ning nanopore chemistry for sensors

Fig. 3. Slides from the in-class presentation.
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Nanotechnology presentation in EngE1024
Sketch various forces acting on an airplane.

Vg /7 y
<€— Students’ sketches -
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* The weight is due to the
mass of the plane and
aravity,

Macro: Forces on an Airplane

™ Instructor’s
slide

Fig. 4. Example of feedback-based classroom instruction.

think about the dominant forces acting at the
macroscale. They were assigned a short in-class
exercise that involved sketching the various forces
acting on an airplane (see Figure 4). Student
sketches were collected anonymously using the Ta-
bletPC and DyKnow technologies. As shown in the
figure, student ‘A’ was able to describe the different
forces while student ‘B’ only considered gravity.
Anonymously retrieved student sketches were dis-
played to the class shortly after they were retrieved
to illustrate deficiencies. Thereafter, the instructor’s
slide that depicted the correct macroscale forces,
also shown in Figure 4, was discussed.

2.1.3 Hands-on activity workshop

Students learn LabVIEW programming in EngE
1024 [56]; thus we decided to use LabVIEW environ-
ment to introduce nanotechnology concepts. Keep-
ing in mind the student misconceptions observed
from the prior knowledge survey and academic
preparation of students, three nanotechnology

5 e - Io]
fe Edt Yew Poec Cpedte Tock Widow Hep g

2ol Al
Initial Image

hands-on exercises were developed in a LabVIEW
environment:

(1) measurements of the typical dimensions of
carbon nanotubes;

(2) introduction to the Lennard-Jones potential
function and its graphical analysis;

(3) analysis of the gravitational force between two
molecular masses.

Students were provided with carbon nanotube
images and used the LabVIEW VISION toolkit to
measure their dimensions as illustrated in Fig. 5(a).
In a second exercise, students were introduced to the
Lennard-Jones potential function which is used to
model intermolecular interactions. The students
plotted the force derived from this function and
analyzed the interaction forces between two mole-
cules. These showed that increasing separation en-
hances intermolecular attraction while repulsive
forces are strengthened as the two molecules come
closer, as shown in Fig. 5(b). Finally, students
plotted the gravitational force as a function of

i NemdeedRodus Jo:
m-m‘-lnh.swm 5|n 01

M—.

Fig. 5. Hands-on analysis using the LabVIEW environment. (a) Determination of diameter of a carbon nanotube, and (b) plots of the

Lennard-Jones potential and the force between two atoms.
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Fig. 5. (c) Gravitational force of attraction (in Newton) between two atoms separated by a certain
distance (in meters) shows that not only is the force monotonicin nature but also that the magnitude of
the attraction is negligible in comparison to the molecular forces present between atoms.

separation distance between two molecular masses.
This exercise emphasized that gravitational forces
are insignificant at the nanoscale due to the negli-
gibly small molecular masses (see Fig. 5(c)).

2.1.4 Post-module survey

As part of the assessment activities for EngE 1024, a
student exit survey has been implemented since the
2004 fall semester [22]. Additional questions related
to nanotechnology learning experiences were added
to this survey, as follows:

(1) Please recall (instructor’s name)’s video presen-
tation and workshop activities on nanotechnol-
ogy this semester. These activities motivated me
to pursue a nanotechnology minor/option;
Strongly Agree/Agree/No Opinion/Disagree/
Strongly Disagree;

(2) Do you see the relevance of nanotechnology in
your intended major of engineering?

Yes/No/I have not decided a major yet;

(3) Please comment on your overall experiences of
learning about nanotechnology and provide
suggestions for future improvement. (Free re-
sponse).

Student responses were collected at the end of 2008
spring and fall, and 2009 spring semesters for which
the results are discussed in Section 4.

2.2 Fall 2008 implementation

In the 2008 fall semester, approximately 1450 fresh-
men enrolled in EngE 1024. They were divided into
eight large lecture sections that were further divided
into 49 hands-on workshop sections. The lecture

sections were taught by faculty members while
graduate teaching assistants (GTAs) taught the
workshop sections. All GTAs underwent two-
week training on the basics of nanotechnology.
This training covered fundamental principles of
molecular interactions, the forces involved, and
description of a simple potential model, Lennard-
Jones potential, the relevance of the attractive and
the repulsive terms, the insignificance of gravita-
tional force at the nanoscale, discussion on the
increase in surface area to volume ratio, and its
effects on material properties. The experiences
gained during the 2008 spring semester were incor-
porated to implement changes into the nanotech-
nology learning module when it was taught in the
2008 fall semester. The module included:

(1) prior knowledge survey;

(2) forty minute nanotechnology video assigned as
a homework assignment,

(3) in-class question and answer session facilitated
by the Tablet PC and DyKnow technologies;

(4) hands-on activities;

(5) video presentation on a nanotechnology experi-
ment;

(6) homework assignments on nanotechnology
concepts;

(7) post-module survey.

2.2.1 Prior knowledge survey

The 2008 spring semester prior knowledge survey
(question numbers 1-10 in Appendix A) was again
implemented in the entire freshman class on a
voluntary basis and more than 50% students re-
sponded (Fig. 2). Student responses again revealed
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the same misconceptions as during the 2008 spring
semester pilot.

2.2.2 Nanotechnology video presentation

Students were again provided with an introduction
to nanotechnology concepts through an online vi-
deo and a slide presentation. It consisted of the same
key topics discussed during the 2008 spring semester
implementation of the module. Students were al-
lowed one week to review a forty minute nanotech-
nology video developed by the nanotechnology
expert and were instructed to come prepared to class
to answer and ask questions on the various concepts
presented in this video. For details and online links
to the video, please see Section 3.

2.2.3 In-class question and answer sessions

Three Ph.D. students from ESM with nanotechnol-
ogy research expertise assisted the EngE 1024 fa-
culty instructors during in-class question and
answer sessions on the nanotechnology concepts
discussed in the video. Tablet PC and DyKnow
technologies were used to obtain student responses
to the following three questions:

(1) List the forces that dominate intermolecular
interactions.

(2) List two engineering applications of nanotech-
nology discussed in this presentation. Can you
also share example of an application that was
not discussed in this presentation?

(3) Suppose you are invited to your high school to
give a short talk on your first year experiences at
this university and you decided to say one thing
about nanotechnology in this talk. What will
you say?

Students were given about two minutes to provide
written responses that were retrieved by instructors
anonymously using TabletPC and DyKnow tech-
nologies. The ESM graduate students reacted to
student feedback. Figure 6 lists some responses
from students. That gravity is not a significant force
at the nanoscale was explained to them. In response
to the second question, students listed applications
related to bio-nanotechnology, space elevators and
microchips. Most students considered nanotechnol-
ogy to be a significant emerging area for scientific
research and predicted major development in the
medical sciences. Some provided critical opinions

List the forces that do minate
the interaction between atom s
atthe nanoscale

Listtwo engineering
ap plications of nanotech nology
discussed in this presentation.
Can you also share examp ke of
an application that wasn’t
discussed in thispresentation?

Suppose you are invited to your
high schoolto give a short talk
on your first year experien ces at
¥Tand you decided to sayone
thing about nanotechnologyin
this talk. What will you say?

Manotechnology Module

+ List the forces that domenate ntersction
betwesn atoms at the nanoscale
i Sl ix

B0

L

Nanotechnology Module
« List tevo engineering applications of
nanctechnology discussed in D, Puri's
presantation. Can you also share axample
of an apphcation that wasn't discussed in
this presentation?

(g Pom  Vemabaiots,

Lad ™ & chap P LA P
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Fig. 6. Examples of student responses during in-class question and answer session.
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Table 3. Comparison of surface area to volume ratio between a nanotube and a PVC

pipe

Dimension Carbon Nanotube PVC Pipe
Diameter 24.39 nm = 24.39 x 10’ m 5%102m
Surface area 7.66 x 1073 m? 1.57 m?
Volume 4.67x10 ' m? 1.96 x 103 m?
Surface area/Volume 1.64x10°m™! 8x10°m!

about the negative aspects of such powerful tech-
nologies, with their imaginations suggesting the
birth of “nano-babies” using DNA-mediated inter-
actions, to producing “nano-weapons” and using
destructive novel high energy physics applications.

2.2.4 Hands-on activities

The LabVIEW environment was again used to
repeat the hands-on analysis activities of the 2008
spring semester pilot. However, in order to provide
further insight into the dimensions of carbon nano-
tubes, a new exercise was developed that compared
surface area to volume ratio of a nanotube with that
of a large PVC plumbing pipe. Students were asked
to measure the diameter and length of a typical
nanotube using the VISION Toolkit in LabVIEW
and to calculate the ratio. They were also provided
with the dimensions of a typical PVC plumbing pipe
and asked to compare its ratio with that of the
nanotube. Table 3 summarizes the typical values
that students obtained. This exercise demonstrated
the significant increase in the surface area to volume
ratio at the nanoscale that can be favorable for
biochemical, and heat and mass transfer applica-
tions. The exercise complemented the discussion of
this topic in the video presentation and emphasized
nanotechnology concepts more than the LabVIEW
concepts.

2.2.5 Nanotechnology experiment video

In response to student feedback during the 2008
spring semester pilot, a video demonstrating a basic
nanotechnology experiment was developed at the
NCFL. Students were assigned to watch which this
seven minute video demonstrated a nanotechnology
experiment using a Scanning Electron Microscopy
(SEM) to capture high resolution magnified images
of a human hair and of carbon nanotubes. An SEM
expert briefly explained the techniques involved in
the preparation of the samples and the salient
features and capabilities of the instrument. The
large size of our freshman engineering class and
high cost of nanotechnology experiment equipment
were the main reasons we decided to use an experi-
mental video instead of asking students to partici-
pate in the experiment. Please see Section 3 for more
details and online links.

2.2.6 Post-module survey

Questions added to the EngE 1024 exit survey in the
2008 spring semester pilot were asked of all fresh-
men at the end of the 2008 fall semester. About 314
students responded. These responses are summar-
ized in Fig. 8(a) and 8(b). Students felt that the video
presentation was too long and incorporated a vari-
ety of complex nanotechnology concepts. They
indicated their preference for a shorter video that
covered a few major fundamental concepts but
contained greater discussion of applications.
Many students, especially those who did not plan
to further study nanotechnology as part of their
curriculum, found the detailed discussion of the
concepts covered in the video to be difficult to
understand. Most students still thought that the
hands-on analysis placed greater emphasis on Lab-
VIEW skills rather than a real-time demonstration
of nanoscale activity.

2.3 Spring 2009 module

The 2008 fall semester module was modified further
to address student concerns. A revised module was
implemented in EngE 1024 for about 180 freshmen
during the 2009 spring semester. Instead of the prior
knowledge and post-module surveys, the students
were asked to voluntarily participate in a pre- and a
post-test. The prior knowledge survey implemented
during the previous two semesters was modified
appropriately to develop the test questions. A shor-
tened twenty minute version of the video presenta-
tion was created. The 2009 spring semester
implementation included:

(1) pre-test;

(2) nanotechnology videos and slides assigned as a
homework assignment;

(3) nanotechnology experiment video as a home-
work assignment;

(4) in-class question and answer session assisted by
Tablet PC and DyKnow technologies;

(5) hands-on analysis activities;

(6) post-test.

2.4 Pre-test

Over 80% of students voluntarily participated in the
pre-test which contained twelve questions (Appen-
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Fig. 7. LabVIEW activities developed for hands-on exercises involving plotting of Lennard-Jones interatomic force. (a) represents the
LabVIEW block diagram and (b) shows the front panel showing the attractive (negative) and repulsive (positive) natures of the interaction
force between two atoms with respect to the separation distance between them; (c) and (d) represent the exercise using LabVIEW VISION
toolkit used by students to calculate the dimension (diameter, length) of a carbon nanotube.

dix A), i.e., all questions that were asked of the
students through the prior knowledge survey in the
2008 spring and fall semesters (numbers 1-10 in
Appendix A) with two additional questions (num-
bers 11-12 in Appendix A). Again, the pre-test
results indicated that students were unclear about
the role of gravity at the nanoscale (as shown in
Section 4, Fig. 9).

2.4.1 Nanotechnology video presentation

Students were allowed a week to review a twenty
minute nanotechnology video and the correspond-
ing slides. The link to the longer version of the
nanotechnology video, developed for the 2008 fall
semester was provided as an optional activity.

2.4.2 Post-test

After completion of all nanotechnology instruc-
tion, students were asked to complete a post-test
survey. There was significant improvement in the

previously noted student misconceptions (shown
in Section 4, Fig. 9). However, notably, after the
completion of the module about 18% of the stu-
dents still believed that gravity was dominant at the
nanoscale.

3. Nanotechnology module for freshman
engineering students

In this section, we provide details of the components
of the freshman nanotechnology learning module
that should enable an educator to implement the
module.

3.1 Pre-and post-test questions

This multiple choice test is presented in Appendix A.
An online link to this test was created and students
were requested to complete it on a voluntary basis
before the instruction occurred. We made it very
clear that student scores on this test would not
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Table 4. Key concepts discussed in the nanotechnology presentation

Key topics included in the presentation on nanotechnology

Brief history of the subject

Domain of nanotechnology amongst different length scales

Interdisciplinary aspects

Comparison of macroscale and molecular forces

Material behavior at the nanoscale

[ ]

L[]

[ ]

L[]

e Molecular mechanics
[ ]

e Nanostructures in nature
L[]
[ ]

Applications: Everyday uses, electronics, nano-biotechnology etc.

Ethical issues

Table 5. Salient features of nanoscale characterization experiment using SEM

Key topics demonstrated in the nanotechnology experiment

e Facilities at the NCFL, ICTAS, Virginia Tech
e Capabilities and uses of Scanning Electron Microscopy (SEM)
e Applications of different nanoscale materials
L]
[ ]

Sample preparation and mounting

Image analysis and appropriate magnification for carbon nanotubes and human

hair test samples
e Measurement of typical dimensions

e Phase determination using EDS spectra for other samples

influence their course grades. The same test was
administered as a post-test once all instructional
activities were completed.

3.2 Nanotechnology video presentation and slides

Table 4 summarizes the key topics included in the
nanotechnology video and slides.

The video and slides can be viewed at http://www.
vbs.vt.edu/content/adhoc/fall2008/Puri_Nanotech/

Students accessed above instruction materials
from Blackboard sites. While the authors have not
recorded data on frequency of students’ accessing
these materials, another study of one of the authors,
indicates that use of classroom technology (such as
Blackboard, TabletPCs, and DyKnow) have been
effective in developing a feedback-based learning
environment in the classroom [53].

3.3 Nanotechnology experiment video

A nanotechnology characterization experiment on
carbon nanotube and human hair samples was
analyzed with an SEM at the NCFL. The salient
points of this video are presented in Table 5.

The video is available at http//light.vbs.vt.edu/
adhoc/fall2008/ICTAS08.mov

It may be mentioned that the videos discussed
above were professionally done with the support of
the Virginia Tech Video/Broadcast Services (VBS).

3.4 Hands-on workshop activities

The LabVIEW environment was used to develop
and implement hands-on activities for the nano-
technology module. Figures 7(a)-7(d) show images
of the LabVIEW Virtual Instruments (VIs) created

to plot the attractive and repulsive forces due to the
Lennard-Jones potential between two interacting
molecules, and measurements of typical carbon
nanotube dimensions using the VISION toolkit of
LabVIEW.

The basic concepts involved in the LabVIEW VIs
are applications of different data types, use of built-
in functions like add, multiply, subtract and power,
incorporating a while loop structure and the knowl-
edge of shift registers. Before implementing the
nanotechnology module, students learned these
LabVIEW concepts as part of programming in-
struction in EngE 1024. Instructions for implement-
ing this hands-on exercise are:

e Cover the fundamentals of LabVIEW program-
ming (i.e., data types, control structures, and
plotting concepts).

e Have students install the VISION toolkit which is
an add-on to the LabVIEW.

e Provide students with carbon nanotube image
files and the supporting LabVIEW VIs for image
analysis and plotting. The files can be accessed
at https:/filebox.vt.edu/users/bganesh/NUE:%
20Spiral%20Approach/ Username: filebox.nue,
password: lohani

e Explain the Lennard Jones (L-J) potential and
force expressions, the role played by the material
parameters, and discuss the attractive and the
repulsive terms.

e In-class work (Total time of sixty minutes dis-
tributed equally to three different activities):

(a) Determination of size (20 minutes): Calculate
the length and diameter of a typical carbon
nanotube. The exercise involves a briefing of
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Fig. 8. Student responses to post-module survey (Spring 08, N=49; Fall ’08, N=314; Spring 09, N=66).

the concepts of pixel calibration in order to
convert the measured dimension from pixels
to corresponding length units, e.g., in micro-
meters or nanometers.

(b) Plot the L-J force function (20 minutes):
Using the basics of LabVIEW programming
to graph the L-J force expression with the
values for material parameters provided to
the students by the instructor. The exercise
involves locating the value for the inter-
atomic separation distance for which this
force becomes zero, positive, and negative.

(c) Calculate the surface area to volume ratio of a
typical carbon nanotube and compare it with
that for a standard PVC pipe (20 minutes):
The dimensions for the PVC pipe and the
formulae for obtaining the surface area to
volume ratio are provided to students before-
hand, while carbon nanotube diameter
and length are computed by students using
LabVIEW and a given image. The purpose of
this activity is to show the marked difference
in geometric characteristics that arises from
the large surface areas of the nanostructures
in comparison to their macroscale counter-
parts. Also, this activity laid more emphasis
on nanotechnology concepts (e.g., high sur-
face area to volume ratio) as opposed to
LabVIEW concepts.

4. Assessment

We now summarize student responses to the exit
survey, and pre- and post-test questions on a seme-
ster-wise basis. Two key instruction-related inputs
from students in 2008 spring semester were:

(1) hands-on activities should emphasize nano-
technology concepts over LabVIEW concepts;
(2) students expressed their desire to observe an
actual nanotechnology experiment in order to

develop a better understanding and apprecia-
tion for this emerging technology.

Regarding the in-class presentation, many students
felt that too much fundamental material was cov-
ered in a single lecture and suggested that nanotech-
nology applications be equally emphasized. A
majority thought that nanotechnology was relevant
to their majors with about 18% showing interest in
pursuing a minor or option in nanotechnology.

Students taking the class during its 2008 fall
semester implementation felt that the video presen-
tation on nanotechnology was too long and also
suggested that a shorter presentation be prepared
that focused more on nanotechnology applications.
Asin the previous semester, students wanted greater
emphasis placed on nanotechnology concepts dur-
ing the hands-on activities with lower stress placed
on LabVIEW programming skills.

Figure 8 provides a summary of student re-
sponses in the course exit survey for all three seme-
sters. On average, about 18% of students expressed
an interest in pursuing a nanotechnology minor or
option. About 55% saw nanotechnology education
relevant to their intended engineering major.

The results of the pre-and post-tests administered
in the 2009 spring semester presented in Fig. 9
showed significant improvement in the student mis-
conceptions that were also observed during the
previous semesters. Compared to 48% students in
the pre-test, about 85% appeared to have developed
an awareness of various nanotechnology applica-
tions.

Since 149 students took the pre-test and 66 parti-
cipated in the post-test, there were at least 35
students who participated in both tests. Thus at
least 53% of the students participated in both tests.
This leads us to assume that the results reflect a
significant improvement in the students’ under-
standing of nanotechnology concepts. Student re-
sponses were analyzed to observe the influence of
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self-reported gender on their nanotechnology learn-
ing experiences. As shown in Fig. 10, 55% of male
students and 20% of females expressed awareness of
nanotechnology concepts in the pre-test. We do not
have data to support either way whether this differ-
ence in prior knowledge between males and females
is a function of their high school experiences. How-
ever, the post-test results showed that 85% students
in both groups communicated knowledge of these
concepts. This represents statistically significant
increase in proportion of students, both males and
females, demonstrating awareness of nanotechnol-
ogy concepts at a significance level (alpha) of 0.001.
We acknowledge the small data samples as a limita-
tion of this study. It may be noted that students’
participation in the pre-and post-tests was on a
voluntary basis. This did affect students’ participa-
tion rate particularly on the post-test since this was
implemented toward the end of the semester when
students get busy in wrapping up various course
projects, assignments, reports, etc. Also, Tablet PC/
DyKnow based formative assessment technique
seems to have a great potential in developing a
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Fig. 10. Students’ interest in nanotechnology assessed according
to their gender.

feedback-loop in classroom and analysis of stu-
dents’ responses indicate positive learning experi-
ences as a result of these technologies [53].

5. Conclusions

We have described a collaborative project between
two engineering departments and an interdisciplin-
ary university research institute at Virginia Tech to
creating a nanotechnology option based on the well-
established spiral theory. The option includes na-
notechnology topics with increasing levels of com-
plexity. We have provided details regarding the
development of a freshman module that has been
taught to approximately 1800 students. We found
that a video presentation covering nanotechnology
fundamentals for freshmen that exceeds twenty
minutes in length is not well received by students
and that students are eager to observe an actual
nanotechnology experiment. The LabVIEW soft-
ware offers a suitable environment to develop
hands-on analysis activities for nanotechnology
concepts. However, these activities should empha-
size nanotechnology concepts more than the Lab-
VIEW concepts. While we realize the benefit of
hands-on activities in a laboratory setting to en-
hance the learning, the size of our program prevents
us from doing so. About 18% of freshmen expressed
interest in pursuing a nanotechnology option.

6. Ongoing and future work

We are currently discussing a number of issues:

(1) Are the current educational tools available to a
typical engineering educator good enough to
teach concepts associated with emerging tech-
nologies which are highly interdisciplinary in
nature?

(2) Is the hands-on learning paradigm a good and
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feasible one for all kinds of learning? How do
we teach our students the power of abstraction
especially when it comes to emerging technolo-
gies?

(3) How can we take advantage of the information
technology skills of today’s students (e.g.,
through their social networking, web browsing,
online communication, and other habits) to
facilitate the learning of emerging technology
concepts?

We continue to explore these and other questions
and welcome input and participation from our
readers. Interested readers are also encouraged to
contact the authors to obtain additional informa-
tion about our nanotechnology curriculum.
Further, this education theory-based curriculum
development work motivated authors to success-
fully pursue another grant under the ethics educa-
tion in science and engineering (EESE) program of
the NSF. A spiral approach is considered to weave
ethics instruction throughout the undergraduate
curriculum in this EESE grant and authors have
conducted workshops for faculty and graduate
students for wider dissemination of this approach.
A comprehensive survey is implemented in the
entire College of Engineering for assessing the status
of ethics instruction both in undergraduate and
graduate curricula [52].
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Appendix A

List of questions with the multiple choices (italicized) for responses asked of students in the pre-test and post-
test during the 2009 spring semester:

(1) Your intended area of engineering is:

(2) Gender (optional):

(3) Do you know what nanotechnology is?
Yes/No/Not Sure

(4) Nanotechnology involves (a) Research and technology development involving structures with at least
one dimension in approximately the 1-100 nanometer range (b) Creating and using structures, devices
and systems that have novel properties and functions because of their nanometer scale dimensions (c)
Ability to control or manipulate on the atomic scale
All the abovelOnly a and blOnly b and ¢/ Only a and c/ None of these

(5) What is a nanometer?
1072ml10"°mI10 *mI10 °m/10*mIOther

(6) Typically, what is the value of an atom’s diameter?
10 2mi10 ' mI 10 "°mI10 *ml 10 °m/10 °ml Other

(7) What influences an apple as it falls from a tree?
The fluid drag on it from the surrounding air/Gravity! Gravity and fluid drag from the surrounding airl/ The
earth’s electric fieldlThe earth’s electric field and gravity and fluid drag/Sunspots/Sunspots and the earth’s
electric field and gravity and fluid drag

(8) What important forces act on two different generic molecules as they approach each other?
Attraction between molecules when they are far apart and repulsion between them as they come closer/
Repulsion between molecules when they are far apart and attraction as they come closer/The gravitational
force and the molecular repulsion between molecules

(9) For how long do you think have scientists been formally working on nanotechnology?
Last decadellast twenty yearsllast fifty years/last centuryllast millennium

(10) Are you aware of some applications of nanotechnology?
Yes/No/Not Sure

(11) Nanotechnology can be used for the following applications: (a) Tissue Engineering (b) Water treatment/
filtration (c) Increasing energy (d) Semiconductor devices (¢) Drug targeting
All the abovelOnly a,b,c/Only a,c,d/Only b,c,elOnly a,d,e/Only a,b,d,e/None of these

(12) What are the typical test samples/materials used in nanoscale experiments? Check all that apply
Human hairl Carbon NanotubelSilicon Nanotubel/ Gold Nanoparticles/ Bacteria
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