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Lecture demonstrations can be a significant aid to learning, when coupled with appropriate teaching methods and
conceptual knowledge. However, in-class experimental demonstrations of core concepts in nanotechnology, such as self-
assembly of molecular systems, is exceptionally challenging under poorly controlled classroom conditions. In this work, I
demonstrate the use of soap bubbles as easily visualized, accessible and relatively robust examples of molecular systems,
that are already familiar to students, yet can be used to illustrate complex principles of self-assembly. Utilizing dynamic
soap bubble sculptures, this work illustrates a simplified framework within which to teach molecular self-assembly in
nanoeducation outreach programs at the secondary school level. Student learning and interest in nanoscience was assessed
via an ad hoc survey to determine the suitability and effectiveness of soap bubbles as learning tools for this target audience.
The results demonstrate that even academically strong students at the secondary level had largely not considered the link
between molecules and soap bubbles, but described a high level of intrinsic interest in the subject material. Self-assessed
levels of concept comprehension were high, and students described an increased interest in pursuing studies in the physical
sciences and specifically within nanotechnology.
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1. Introduction

The projected need for scientists and engineers
working at the nanoscale [1, 2], in combination
with perceived declines in science literacy and inter-
est worldwide [3] has prompted the development of
nanoscience-based education modules designed to
spark interest in the physical sciences [4] and train
the next generation of nanotechnologists. Educa-
tion and outreach activities at the pre-undergradu-
ate level are crucial first steps in encouraging
students to pursue nano-related studies, for several
reasons. First, current generations of students are
increasingly exposed to mnanoscience advances
through the media, but are not provided with a
systematic framework to understand this approach
to engineering [5]. The feeling that a subject is far
beyond comprehension can significantly discourage
pursuit of such fields of study. Second, nanoeduca-
tion provides a framework to integrate traditionally
separate physical sciences, as disciplines are barely
distinguishable at the molecular level [4]. Studies
have demonstrated that ‘breadth-first’ interdisci-
plinary approaches can help students appreciate
the relevance of science outside the classroom [6,
7]. Third, as nanoscience is perceived as having great
potential to improve the human condition, pre-
undergraduate educational modules will likely be
viewed as important and practically useful,
encouraging a positive attitude towards science in
general [8]. Finally, because the phenomena, prop-
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erties and dominant forces at the nanoscale are so
different from the macroscale, students will be
forced to rethink their preconceptions about how
the world works, leading to the development of
better thinking and problem solving skills [4].

Though some excellent resources exist with which
to teach such subjects [7, 9-11], bringing core
nanoscale phenomena into the classroom remains
challenging. Incorporating interactive and physical
lecture demonstrations has been well-established to
improve student learning and retention [12—-15], but
the complexities associated with conducting robust
and real-time demonstrations of self-assembling
molecular systems makes this a difficult strategy to
enact. Though computer simulations and macro-
scale analogs could arguably be used to demon-
strate such phenomena [16, 17], such approaches
rarely leverage student’s prior knowledge of the
subject, a factor clearly shown to improve student
learning and retention [18]. Moreover, few experi-
mental demonstrations have been designed to pre-
sent a broader systematic approach or conceptual
framework for nanoscience and engineering.

In this work, I demonstrate the use of soap
bubbles to provide an in-class experience of mole-
cular interactions and emergence in complex sys-
tems. Soap bubbles have previously been suggested
as classroom demonstrations of various mathema-
tical and scientific phenomena, including topogra-
phy, density, interference colours, static electricity
and even as a representation of galactic structures,
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in which galaxies exist on the ‘wall’ of a large,
expanding void [19]. Bubbles are well-suited for
classroom demonstrations, as most students have
some prior knowledge and experience in playing
with them, and the scale of the structure can be
easily observed via visible light wave interference
patterns. Here, inspired by vaudeville soap bubble
artists [20], I utilize soap bubble ‘tricks’ and sculp-
tures to develop and illustrate an easily accessible,
simplified framework to discuss molecular self-
assembly. By revisiting a physical system familiar
to most students, and reconstructing that system in
unexpected and often delightful ways, I provide an
accessible, ‘real’ example of molecules interacting
synergistically to produce emergent behaviour, and
suggest that such an approach can lead to increased
interest in pursuing nano-related studies.

2. Materials

Tools to blow soap bubbles are easily accessible in
most parts of the world. In the described demon-
strations, I make use of commercially available
circular plastic bubble wands, plastic straws, and
some containers to hold the bubble solutions.
Bubble solutions can be more complicated, and
the effectiveness of each formulation is known to
be dependent on humidity, temperature and dust
particle count. In most cases, being indoors can
address these issues, and liberal use of a water
spray bottle before bubble demonstrations signifi-
cantly reduces dust particles in the air. Commercial
bubble solution concentrate was purchased (Bang-
wool Land Co., Ltd.; Korea), and diluted as direc-
ted by the manufacturers. Other commercial
alternatives are reported to work just as well, and
recipes for home-brewed solutions are readily avail-
able on the internet. In order to make certain
bubbles clearly visible in a classroom, a device to
fill the bubbles with fog was built. The ‘Wizard
Stick’ (Zero Toys; Concord, MA, USA) is a hand-
held, battery-operated propylene glycol-based
device that produces fog on demand. The fog can
be stored in a chamber fitted around the toy nozzle.
A pair of straws connected to the chamber can then
be used to blow a fog-filled bubble.

3. Methods: lecture outline and framework

The simplified framework for molecular self-assem-
bly that can be extracted from soap bubble demon-
strations is based upon the following three key
points:

(1) Systems are stable at energy minima

(i) Multiple stable local minima exist

(iii) Interactions or external forces can drive system
energy towards distinct local minima.

These key points are broadly applicable to any self-
assembling system, and leads towards a discussion
and understanding of how synergistic interactions
between different molecular species results in emer-
gent complex behaviour of a system; a discussion
which can then be extended to any self-assembling
system. Soap bubbles provide a simple molecular
system demonstrating each of these key features.

After drawing attention to the iridescent colour
patterns on soap bubble films, a brief discussion and
explanation concludes that the films range in thick-
ness from 4 nanometers to 100s of nanometers, as
evidenced by observed constructive and destructive
interference of light [21].

Once soap bubbles are identified as nanostruc-
tured children’s toys, fog-filled bubbles are popped
(Fig. 1) to demonstrate that the film is under
mechanical tension. When the bubbles are popped
via the wand opening (Fig. 1C, D), the soap bubble
contracts to force the fog out of the bubble, forming
a plume of fog. The link between the tension in the
film and the shape of the bubble is then drawn: when
the bubble film is under tension, the spherical shape
is the smallest amount of material (and hence, the
smallest amount of energy) required to encapsulate
a given volume at a slightly elevated pressure inside
the bubble. Thus, systems are stable at energy
minima (point (i)). While this is intuitively simple
for a sphere, determining structures that minimize
materials usage given other constraints can be quite
challenging, and are known as Plateau problems.
These are introduced by framing the problems as
highway-planning challenges [22]. Given a number
of cities (or nodes) in specified locations, how may
they all be connected using the least amount of
road? Minimal material structures for three and
four regular spaced nodes are shown in Fig. 2A
and B, and the triple point structure (120° angles)
frequently observed in nature (turtle shells and mud
cracks, for example) is then explained as a key
feature of geometric minimization in two dimen-
sions. Soap films can then be used to demonstrate
the formation of these triple points, by placing pegs
between two Plexiglass plates to represent the
nodes, and dipping the resulting sandwich structure
into soap solution [23]. The resulting film structure
settles into a minimal energy state, reproducing the
triple point junctions. However, the non-uniform
arrangement of nodes demonstrated in Fig. 2C
demonstrates that not all energy minima are
equal. Both structures in Fig. 2C (and all three
structures in Fig. 2D) can be achieved by soap
films, depending on the angle and rotation with
which the sandwich plate is removed from the
solution. Thus, multiple stable local minima can
exist (point (ii)). Furthermore, blowing on the
bubble films can cause the structures to reform in
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Fig. 1. Soap bubble films are under continuous tension. A fog-filled soap bubble is popped from (A, B) the side, and (C, D) the top, to
demonstrate that tension in the film creates a driving pressure, forcing the fog through the bubble wand ring.
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Fig. 2. Plateau problems determine minimal material solutions in
connecting nodes spaced in varying configurations. (A) A triple
junction most efficiently connects three equidistant nodes, while
(B) a pair of triple junctions best connects nodes placed in a
square pattern. (C) Fourirregularly spaced nodes have non-equal
minimal material solutions, despite both using triple point
structures. (D) Six regularly spaced nodes have three distinct
solutions, each of which utilizes equivalent amounts of material.

another stable state, demonstrating that external
forces can be applied to change local minima (point
(iii)).

To reinforce these key conceptual points, a pre-
dict/observe/explain teaching sequence [24] is then

used for more complex bubble demonstrations.
Energy minimization is demonstrated beyond two-
dimensional structures by constructing a caterpillar
bubble (Fig 3A). The angles between the planar
interface and the bubble walls form triple point
junctions, which would not occur in unstable struc-
tures (Fig 3B). Tetrahedral angles, the three-dimen-
sional analog for two-dimensional triple junctions
(Fig 3C) are then introduced via the bubble cube
(Fig 3D), a bubble blown within six connected
bubbles of equal size. More complex structures
such as those in Fig. 3E can also be demonstrated,
and many of these structures can be replicated by
dipping wireframe models into bubble solutions
[19].

Finally, the dynamic building and collapse of a
soap bubble structure (Fig. 4) is used to demonstrate
the existence of multiple local energy minima and
the ability to transition between them within the
same system. Two distinct soap bubbles are con-
nected (Fig 4A-C) by driving them against
each other (Fig 4B). The resulting stable bubble
pair (Fig 4C, D) is then disrupted by sliding a wet
straw into the bubble and disrupting the interface by
applying a brief suction (Fig 4E). The bubble
collapses into the lowest stable energy state (Fig
4F), thereby demonstrating how externally applied
forces can drive systems out of their local energy
minima and into a different minimal energy config-
uration.
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Fig. 3. Demonstrating the connection between energy / material minimization between two-dimensional and three-dimensional structures.
(A) A soap bubble caterpillar structure consists of (B) triple points between the flat surface between bubbles and the bubble walls. More
material is used when the spacing’s between the bubbles dictates an angle greater or less than 120°. In three-dimensional interactions, a (C)
tetrahedral angle represents the geometric structure of minimal energy, demonstrated with (D) a bubble cube or (E) a more complex

polygon.
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Fig. 4. A soap bubble system is used to demonstrate how stable states exist within local energy minima, and that the system can settle in
alternative states when these stable states are disrupted. (A) A clear and fog-filled bubble are (B) provided sufficient kinetic energy to (C, D)
merge, forming a stable system. Mechanical energy is then introduced by (E) inserting a straw and disrupting the interface. (F) The system
then collapses to the next lowest stable energy state, evidenced by the combined contents of the two bubbles.

The lecture is completed with an explanation and
analysis of how the interactions between soap
molecules and water molecules create stable equili-
brium structures, and concludes by using the devel-
oped framework to discuss examples of current
natural and engineered self-assembled structures,
such as in biological cells and in the development of
organisms. Throughout the lecture, the interdisci-
plinary nature of nanotechnology is made clear
through the use of supporting examples, thereby
drawing connections between materials science,
biology, mathematics, physics, and chemistry.

4. Methods: Assessment of learning

This lecture has been delivered to approximately
400 students attending the Shad Valley program
(http://www.shad.ca) at Queen’s University and the
University of Waterloo over 5 years. Shad Valley is
a four-week Canadian summer enrichment pro-
gram, in which approximately 500 students in
grades 10-12 are selected from an international
pool of applicants to spend a month at one of ten
host university campuses across the country. Appli-
cants are selected based on academic and extracur-
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ricular excellence, demonstrated creativity and lea-
dership potential. At each host campus, the ‘Shads’
are immersed in a university level learning commu-
nity, and exposed to a variety of subjects. This
lecture has formed a part of the engineering and
science curriculum at the Queen’s and Waterloo
campuses, and feedback was solicited from the 48
students attending the Shad Valley Waterloo 2011
program. In the absence of a validated measure to
specifically assess learning of principles underlying
molecular self-assembly, feedback for this pilot
study was solicited via an anonymous, ad hoc
survey questionnaire. A 7-point Likert scale was
selected to assess (1) suitability of the lecture content
for the target audience, (2) appreciation of the
underlying principles of the subject, and (3) interest
generated in nanotechnology and the physical
sciences.

5. Results and discussion

The survey results (Fig. 5) and comments collected
reveal that despite students’ previous childhood
experiences with soap bubbles, less than 17% had
previously considered the link between soap bub-
bles and molecules. Despite this relatively low level
of prior knowledge and consideration, 98% of the
group agreed that the lecture material was intrinsi-
cally interesting, with 75% strongly agreeing with

Strongly
Disagree

Lecture content 1

this statement. Comments suggested that the sense
of wonder found in observing familiar systems
behave in extraordinary fashions, led to this intrin-
sic interest. These results demonstrate that the
audience, despite being academically strong in the
Canadian secondary education system, still had
something to learn from the demonstrations.

Determining the effectiveness of the soap bubble
demonstration in teaching the specific concept of
‘self-assembly’ is quite challenging, as the student
class size is not permissive to creating control
groups who have been taught the concepts without
demonstrations. Furthermore, the Shad Valley phi-
losophy is for students to set their own standards of
learning, and hence no exams or tests are adminis-
tered. This is advantageous in building a scholarly
community and encouraging life-long learning, but
requires instructors to resort to alternative assess-
ment methods to determine if student learning has
occurred. Based on informal discussions during and
after class, and the quality of questions received, it
became quite clear that students had a better grasp
of the core concepts being taught.

Although validated measurements to assess stu-
dent learning exist, these measurements have not
been tested for validity and reliability in the field of
nanoscience education. Since the primary purpose
of this work is to demonstrate an approach to
provide accessible demonstrations of molecular

Strongly

Neutral Agree

2 3 4 5 6 7

Prior to the lecture, | had considered the
link between soap bubbles and molecules

The lecture material was intrinsically interesting
Presentation of the lecture material was

in an organized, understandable fashion

Comprehension

Prior to the lecture, | had a thorough
understanding of self-assembly

This lecture has led me to a better
understanding of self-assembled systems

Generation of interest

This lecture has made me more curious
about the physical sciences

This lecture has prompted me to find out more
about programs of study in the physical sciences
This lecture has made me more curious

about molecular systems and nanotechnology

This lecture has prompted me to find out more
about nanotechnology-oriented programs of study

Fig. 5. Summary of student feedback collected from a voluntary and anonymous post-class survey. Error bars represent means =+ standard

deviations for 48 student responses per statement.
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self-assembly in the classroom, and not to accu-
rately and reliably assess student learning of the
material, a simple ad hoc survey was used to
formalize anecdotal evidence of student learning.
This approach is limited in that it has not been
assessed for reliability or validity, and hence cannot
be generalized. While future work in this area will
require rigorous, reliable and validated measures of
student learning, the results of this small-scale pilot
assessment demonstrates the potential of this lec-
ture material in the classroom.

The ad hoc survey indicates that less than 15% of
the class agreed that they had a thorough under-
standing of self-assembly prior to the lecture, while
94% agreed that observing soap bubbles has led
them to a better understanding of self-assembled
systems, demonstrating significant learning.
Further studies are required to determine degree
of comprehension, as well as the effectiveness of the
demonstrations over traditional techniques.

To determine whether this outreach activity pro-
vided increased interest in considering a nano-
related field, survey questions were designed to
gauge how observing soap bubble phenomena
increased curiosity about the physical sciences,
and specifically molecular and nanotechnology sys-
tems, and whether this lecture has prompted stu-
dents to find out more about future programs of
study in these areas. Between 85 and 95% of
respondents expressed increased interest in both
the physical sciences and in nanotechnology and
molecular systems as future areas of study, as a
result of the bubble demonstrations and lecture.
Although the questionnaire was designed to be
clearly specific to the bubble demonstrations, it
must be acknowledged that this will not eliminate
any potential bias introduced during the Shad
Valley application screening process, which may
select for students predisposed towards Science,
Technology, Engineering and Mathematics
(STEM)-related fields. However, survey comments
indicated that the broadly applicable framework
unifying different disciplines of study was a strongly
appealing approach through which to continue
further studies, suggesting that the lecture and
demonstrations did generate additional interest in
pursuing STEM-related studies.

In addition to pre-college students, this soap
bubble demonstration has also been delivered to
junior and sophomore undergraduates from var-
ious universities at the Undergraduate Nanotech-
nology Conference (held in Toronto, Canada; 8"
March, 2008). Though no formal survey was con-
ducted, informal assessment and discussion showed
similar trends as to student engagement, interest
and learning. A common theme repeatedly raised by
students and colleagues is the sense of wonder

achieved when closely revisiting a system that is
supposedly familiar and commonplace, while pro-
viding a sufficiently advanced conceptual frame-
work within which to understand it. While the
effectiveness of classroom demonstrations in stu-
dent learning has often been questioned [25, 26],
providing clear take-away concepts and repeated
opportunities for prediction and observation
appears to have ameliorated these concerns.

6. Conclusions

Implementing in-class demonstrations of core con-
cepts in nanotechnology such as self-assembly of
molecular systems is challenging due to the lack of a
robust experimental system that is simple enough to
understand at the pre-undergraduate level, yet com-
plex enough to demonstrate important underlying
principles. Soap bubbles provide an easily accessible
demonstration familiar to most students, yet able to
illustrate surprisingly complex behaviours. Demon-
strating a simplified framework for self-assembly of
molecular systems via soap bubble ‘tricks’ was
shown to be a promising approach in bringing
nanotechnology into the classroom, to generate
interest and an improved understanding of
nanoscience and technology.
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