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Scientists suggest insertion of nanoscience and technology into middle school physics
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The goal of this research is to provide a rich set of connections between two fields: (i) Nanoscale science
and technology (NST) and (ii) topics from a common middle school physics curriculum. NST is emerging
as one of the most promising new fields of the 21st century, which is one of the many arguments for
including NST topics in secondary science education. A specially designed guided discourse with NST
scientists was used to produce a map of connections between the two fields. During the discourse, the
scientists were presented with two sets of concepts using a visual board and were asked to find connections
between them. All suggested connections and the corresponding context offered by the scientists were
arranged and presented as a rich set of connections. For example, (i) the NST concept of characterization
methods is connected to mechanical forces and can be explained using the example of an atomic force
microscope; (ii) the NST concept of size-dependent properties was connected to 7th grade inquiry skills by
explaining the size dependence of accuracy, errors, and defects. This set of connections was validated by an
experienced middle school science teacher in an open discussion regarding teachers adopting and
implementing the resulting insertion points for the curriculum. This resulting set of connections can be used
to enrich the curriculum within the NST field. It also provides a perspective on scientists’ views regarding

insertion of contemporary NST topics into physics middle school education.
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I. INTRODUCTION

In the last decade, there has been a growing attempt to
introduce topics of modern science and technology into
secondary school science education [1]. Nanoscale science
is considered a good candidate as a contemporary topic to
be integrated into school science teaching. This is due to its
interdisciplinary nature and relevance to many curricular
topics [2]. Nanoscale science and technology is relevant to
all natural and living systems that are governed by atomic
and molecular behavior at the nanoscale [3].

The insertion of concepts, applications, and ideas of
contemporary science into a traditional secondary science
curriculum is a process that requires a deep understanding of
both fields. This research is based on work done by Sakhnini
and Blonder, who conducted a Delphi study to identify the
essential concepts of nanoscale science and technology
(NST) for secondary education [4]. The study involved
participants from two different groups: (i) scientists who are
considered experts in the field of NST and (ii) experienced
educators from different scientific disciplines. Using the

Delphi study methodology [5], the groups reached a con-
sensus on 7 NST essential concepts that are recommended
to be taught in secondary school science. The list of the
essential concepts is presented in Table L.

NST is an interdisciplinary field combining content
knowledge from chemistry, biology, physics, materials
science, medicine, and engineering [7]. This work focuses
on integrating NST with physics into secondary education,
which has proven to be a challenging task. In a previous
attempt [8], 11 middle and high-school science teachers
were asked to identify insertion points for NST essential
concepts in the middle school general science curriculum,
which consisted of 4 main disciplines: chemistry, physics
(energy), life sciences, technology systems, and products

TABLE 1. Seven essential concepts of NST for secondary
education found in the Delphi study [4]. An 8th concept identified
in this study is related to the nature of the NST field [6] and is not
a scientific concept and was therefore removed from the list.

7 Essential Concepts of Nanoscale Science and Technology
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(engineering). In Israel, often a single teacher teaches all
these different subjects in middle school. It is common to
find that these teachers have an academic degree in biology,
since teachers with a degree in chemistry and physics are
rarer at this level. The teachers that participated in this study
taught all of these topics in middle school, had a degree in
biology or chemistry, and had completed a course designed
by the researcher on the essential NST concepts. The results
indicated that only two of the NST essential concepts were
inserted into the physics topics. Namely, the teachers were
unable to find connections between the remaining NST
essential concepts and the physics part of the curriculum.
The teachers found the Chemistry part of the curriculum to
be more naturally connected to the NST essential concepts.
This finding was explained by the fact that the teachers,
though experienced in teaching the middle school multi-
disciplinary science curriculum, did not have a solid back-
ground in physics. Teaching physics, like any scientific
field, requires a strong content knowledge and academic
expertise [9]. This expertise may be essential for finding
connections between the physics curriculum and the NST
concepts. The physics curriculum is characterized as hier-
archical in nature [10], whereby the curriculum emphasizes
basic physics of the distant past. In all secondary physics
curricula surveyed for this work, NST was not formally
presented to students at any stage of their education.
Students will first encounter this subject only when they
reach advanced undergraduate courses in academic studies.

If we wish to introduce contemporary physics to our
students using the NST context in secondary education, we
need to find suitable content and insert it into the secondary
physics curriculum. There is a need for additional research
in order to find connections between the physics school
curriculum and the NST framework of essential concepts.
For educators and curriculum designers, NST provides a
rich context to introduce modern topics into the curriculum
in relation to secondary school physics.

II. RESEARCH QUESTION

The main goal of this part of the research is to build
a research-based, rational map of connections between
essential NST concepts and a common middle school
physics curriculum in Israel: “The scientific technological
provision program” [11]. Although this research refers to a
certain middle school physics curriculum termed ‘“the
scientific technological provision program,” the topics
included can be found in other standard middle school
physics programs in Israel and around the world. We
applied a positivistic paradigm in this work, which is
centered on the criteria of two fixed items: the physics
middle school curriculum and the NST essential concepts.
This perspective was designed in order to address two
questions regarding the experts’ approach and views
regarding inserting NST into middle school physics edu-
cation. These questions deal with curricular structure and

specific NST-related examples that may be used in the
classroom, according to physics experts in NST:
1. What are the suggested insertion points for NST
concepts in a middle school physics curriculum?
2. How can we present NST concepts, examples, and
contemporary research and integrate them into the
context of a middle school physics curriculum?

III. METHODS

We seek to identify the possible connections between
school science topics and contemporary science topics.
Our goal is to present this knowledge as a map of insertion
points of contemporary science topics, insert these points
into curricular topics, and provide examples of their context
for these insertions.

A. Participants

Following previous work in our group on this topic
[8,12], as described in the Sec. I, we chose to isolate the
example of a physics middle school curriculum and the
contemporary field of NST essential concepts. We inter-
viewed experts from the physics scientific community and
asked them to suggest points where NST could be inserted
into the physics curriculum. All participants had academic
degrees in physics or engineering field strongly related to
physics (e.g., mechanical engineering). These 12 academic
professionals (who are considered experts in physics)
conduct (their recent research or have in the past) research
in the NST field, which is strongly connected to physics.
Each of the scientists has a unique arsenal of explanations
and examples that can be used to create an integrative set
of insertion points of NST essential concepts for insertion
into the physics middle school curriculum. Their sugges-
tions were gathered and analyzed to construct a map of
insertion points.

The tool for collecting data is a structured exercise led by
the researcher (E. Y.) [13]. She also has had experience as a
physics teacher in middle school and high school in several
schools in Israel. The experts were presented with the
essential NST concepts and the main topics of the middle
school physics curriculum and were asked to provide points
where NST can be inserted into a traditional set of physics
topics. They were also asked to provide the rationale behind
making each of the individual connections. This process
took about 1 h for each expert.

B. Research tool: The interview board

To connect the two fields, the participants should keep in
mind a lot of specific information that they may not
originally possess. This need influenced the design of
the data collection process. The participants are experts
in the field of NST and physics but probably are not familiar
with the essential concepts of NST identified in a recent
study [4] nor with the details of the physics secondary
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school curriculum. We therefore designed an interview
board that will help them keep in mind the NST essential
concepts and the structure of the middle school physics
curriculum.

The interview was conducted as a discourse between the
researcher and the physics expert. It started by giving the
participants (physics experts) information in order to frame
the relevant physics context for the insertion process. The
information included a general view of the middle school
physics curriculum, from the interviewer’s perspective as a
teacher, in each of the grades, with emphasis on teaching
goals and key concepts. For assistance, in presenting all this
information and keeping it in mind during the discourse, a
visual representation board of the information was used
(Fig. 1). The information on the board appeared in the form
of a cognitive map [14] that preserves all the details of the
map as a context for the discourse.

After the curricular information is presented, each
NST essential concept is orally presented and an ID card
with research-based definitions and common examples
(Appendix A) is given to the researcher. These cards are
placed at the top of the board to remind the participant the
NST concept that is discussed (see Fig. 1). After presenting
an ID card, the participant is requested to insert icons
representing a certain concept into the physics middle
school curriculum. Next, the participant is asked to place
the icons of the NST concept near a curricular topic to
represent a connection. The participant is then asked to
explain the connection and to provide examples that
demonstrate the connection. Establishing the “explanatory
story” behind each connection will be useful for construct-
ing future explanations and examples [9]. Thus, the board
served as a tool to document all the indicated connections
and provided an overall picture of the participants’ point of
view, as presented in Fig. 2. This process of presenting ID
cards and making connections was repeated for each the
seven essential concepts. After discussing and making
connections for all seven essential concepts with the
physics curriculum, the interview board was documented
by a photograph, as presented in Fig. 2.

Note that the interviewer’s knowledge and experience as
a physics middle school teacher came into play during the
discourse. The scientists often asked for clarifications and
examples of how the presented physics topics were taught
in class. They also often asked about equipment and
laboratory work in school science. The interviewer took
extra care not to express an opinion regarding the suggested
insertion points and only shared additional information
regarding topics that the scientists inquired about.

C. Validation stage: Teachers’ interviews

In order to validate the suggested insertion point made by
the physics experts, the analyzed results of the interviews
with the physics experts were examined by an experienced
middle school teacher. After carrying out the set of
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FIG. 1. A schematic of the designed discourse board. In the
white area of the board, the interviewer placed the NST concept
cards during the discourse; the cards contain information about
the NST concepts.

12 interviews and summarizing the results in tables by
topics and concepts, another discourse was set up with a
middle school science teacher. The purpose of this dis-
course was to view the insertion points from the perspective
of a practicing middle school teacher, thus validating the
results. The teacher selected for this purpose was an
active middle school teacher who teaches according to
the science curriculum including the physics topics. She
has a BSc degree in chemistry (and represents many middle
school science teachers that teach physics without having a
degree in physics). However, she has an extended knowl-
edge of NST and she was involved in conducting the study
for finding insertion points by middle school teachers [8].
This background provided her with a broad perspective on
the challenges of inserting NST into the science curriculum.
The discourse was conducted by the same researcher as a
discussion between teachers on the scientists’ insertion
points, raising possible challenges and concerns regarding
specific topics and insertions.

In the first part of the discourse with the teacher, she was
introduced to the process that the scientists underwent
before they provided the insertion points (as described
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FIG. 2. The interview board at the end of the exercise. Boards of two different experts for each icon signify a connection made and
explained by the expert, presenting an overall picture of one participant’s point of view.

above regarding the interview board). In the next part, she
was presented with the tables of summarized insertion
points (presented in the results and Appendix B) and was
asked to examine the results and mark examples that she
does not agree with or has comments about. The last part of
the discourse was an open discussion about the insertion
points and the items raised for discussion.

D. Data analysis

All discourses were transcribed and explanatory stories
were extracted according to the map of connections recorded
for every individual discourse. The insertion points that were
collected in each discourse were sorted by grades, curricular
topics, and NST concepts to obtain different points of view
regarding the data. At the beginning of the data collection
process, namely, the conduction of interviews, every dis-
course added new insertion points with different explan-
ations. This collection process eventually reached a level of
saturation when the new connections added by each dis-
course were 5%—10% of all the connections given in the

discourse. Reaching this point indicated to the researchers
that the set of insertion points had been completed, thus
allowing the data collecting process to end.

IV. RESULTS

In this part we present the results of collected insertion
points from the 12 interviews conducted with NST scientists
in the framework of the middle school physics curriculum.
The data were very rich in nature and could be presented and
represented in various ways. The way data are presented here
was selected not because of esthetics but rather to convey our
systematic approach for connecting these two fields: the
physics middle school curriculum and essential NST con-
cepts. This approach will dictate how we present these
results and it will be further described in Sec. V.

A. The NST education point of view

First, we present all the suggested insertion points
(N = 130) of NST concepts according to the curricular
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FIG. 3.
12 participants).

topics in different grades (levels, Fig. 3). The research
methodology allowed us to obtain these data easily using
the photos taken at the end of each interview board by
counting the icons that represent each concept. These
results were validated by systematically examining the
audio recordings of the interviews, which led to altering
about 5% of the data, mostly because of icons that were put
in an unsuitable or unclear place.

As seen in Fig. 3, all concepts are represented in every
grade. The most frequently mentioned concepts were the
first concept, size-dependent properties, and the 4th NST
concept, characterization methods. The 5th concept, func-
tionality, is the least connected concept. Many of the
scientists struggled with this concept and then had diffi-
culties to connect it to physics. Some of the scientists asked
many questions to better understand it; others asked the
interviewer to give an actual example of inserting the
concept into the curriculum. Two of the participants gave
an example referring to a work of colleagues who were
chemists. These responses led us to discuss criticism of the
conceptual framework in the Sec. V.

B. An analysis of the suggested insertion points
according to the middle school physics curriculum

After a general presentation of the resulting insertion
points, we will present the suggested insertion points with

The sum of insertion points for each NST concept in the middle school physics curriculum according to grade (obtained from

more details and representative examples. The physics
middle school curricular concepts and topics will serve
as a basis and the different grades as an organizing theme
for the insertion points. Inserting the NST concepts was
based on the curriculum because our aim was to insert the
NST concepts into the physics curriculum and not the
other way around.

Figure 4 presents a general overview of the insertion
points for the different curricular topics. Almost all
curricular topics had connections with NST essential
concepts. There were three “hot” topics (namely, cur-
ricular topics with many insertion points): one in the 7th
grade and two in the 8th grade (Fig. 4, orange) that
together included two thirds of all insertion points. The
topics are (1) inquiry skills (7th grade), (2) electric and
magnetic forces, and (3) mechanical forces (8th grade).
Two topics from the 7th grade had almost no connec-
tions: (1) quantitative tools, and (2) representation of
data. These ‘“cold” topics (highlighted in blue, Fig. 4)
have a strong mathematical component and deal with
formulating physical phenomena and visualizing mea-
sured data, respectively.

1. 7th grade

In the 7th grade, students are formally exposed to the
physics framework of concepts and skills for the first time
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FIG. 4. “Heat map”- the number of connections made between NST concepts and specific curricular topics. A “warmer” color (more

orange) indicates more insertion points per concept and topic. Bold orange frames represent connections that were strongly supported by
the teacher during the validation process. Bold blue frames represent connections the teacher opposed. No frame means the teacher
agreed with the insertion point but did not make any comment on the connection during the validation process. *Quantitative tools:
representing physical phenomena by formula or other mathematical expressions, for example, velocity, V = Ax/At. **Qualitative
tools: representing or describing physical phenomena by using natural laws. Example: the energy conservation law and how we can use

it to predict in words the motion of a ball thrown vertically.

and become familiar with the discipline. The first curricular
topic, “inquiry skills,” deals with basic physics concepts,
measurement, and accuracy, size, and scale. This topic
received the most connections of all curricular topics,
almost 25% of all connections (Fig. 4).

As seen in Fig. 4, the hot NST concepts connected to this
topic are (3rd) “size and scale,” which is also an actual
curricular topic and (4th) “characterization methods,”
which is synonymous to measurement. Most of the
examples that were given had a similar idea of comparing
properties or characterization methods starting from bulk
size to nano size.

Other 7th grade topics had a relatively small number of
connections (Fig. 4). A strong connection that appeared
was between the topic “qualitative tools” and the (2nd)
NST concept of “innovations and applications of nano-
technology.” Scientists that suggested these connections
aimed to show how nanoscience is implemented in every-
day life by becoming a product or technology. They
referred to the topic of qualitative tools because their
explanation consisted of cause and effect, which provided
a sense of the nature of the science behind every imple-
mentation without using numbers or a formula (see an
example in Table IV in Appendix B, 2nd column).

2. 8th grade

The 8th grade was the most connected, compared with
the other grades, with the two hot topics of “mechanical
forces” and ‘‘electric and magnetic forces” that when
combined comprised almost 42% of all connections
(Fig. 4). Both topics were connected to all the NST
concepts, thus proving to be suitable for integrating NST
into middle school physics. Within the insertion points of
these two topics, we found a variety of suggestions
regarding how to actually conduct the insertion in class,
e.g., thinking schemes, class demonstrations, and hands-on
experiments. There were also examples that compared the
nanoscale to bulk, but they were mostly limited to concepts
that are connected to this kind of example, e.g., (1st) “size-
dependent properties.” The concept (4th) “characterization
methods” is a hot concept for both topics. With the
curricular topic of mechanical forces, all 6 connections
referred to the atomic force microscope (AFM) as a suitable
method for use with students at this stage. For electric and
magnetic forces there were several suggestions for methods
such as magnetic force microscope (MFM), electric force
microscope (EFM), and scanning probe microscope (SPM).
Scientists claimed that all these identification methods
could be qualitatively explained based on students’
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knowledge of forces. Moreover, the scientists emphasized
that both the topics “different forces” and “interactions” are
the main principle behind characterization methods.

For the curricular topic “fluids and gasses” the scientists
suggested connections (Appendix B) suitable for the small
part it plays in the curriculum. Most of the examples refer to
different behaviors of nanoparticles in fluids, mostly water.

3. 9th grade

The 9th grade topics deal with energy. In presenting
this topic to scientists, we used two main topics: conversion
and conservation of energy (Fig. 2, Appendix B,
Tables VIII-IX), which are how the topic of energy is
taught in the 9th grade [15]. Many scientists faced
difficulties relating the connections they made to one of
the two topics of energy and just indicated that their
explanatory story relates to energy as a general term. We
therefore decided to add a third energy topic, which is
neither conversion nor conservation (Appendix B, Table X)
and stands on its own. Surprisingly, this topic received
many examples (18 out of a total of 33 examples related to
energy), many of which were about discrete properties or
discrete behavior of energy at the nanoscale. Most of the
scientists avoided mentioning quantum mechanics explic-
itly but did refer to some of its features in relation to the
topic of energy. The NST concept (1st) “size-dependent
properties” had a naturally strong connection here due to
the appearance of the energy-related quantum phenomena
starting from the nanoscale and below.

The topic of energy conservation received a very small
number of connections (3), mostly relating to the 7th NST
concept of “fabrication approaches” and ‘‘self-assembly
to thermodynamics.” The topic of energy conversion was
found to be more relevant and 12 insertion points were
suggested, mostly on heat-related issues. Note that the more
interesting and complete examples for insertion points were
not connected to these two (curricular) topics of energy.

C. “The voice of the teacher”: Openly discussing
the results with a middle school science teacher
during the validation stage

After presenting the teacher with the methodology of
the discourse with the scientists and the obtained tables of
insertion points, she began to mark the insertion points and
to present her comments and concerns. Some of the
scientists’ suggestions triggered intense discussions on
possible challenges about actually implementing them in
middle school science teaching (Fig. 4, blue frame). Other
connections were received with support and even enthu-
siasm (Fig. 4, orange frames). Examination of Fig. 4 shows
that the blue frames (teachers’ negative comments on
scientists’ connections) do not appear on any of the hot
topics and mostly refer to connections that the scientists
considered weak. Many of the hot topics received positive
comments from the teacher (Fig. 4, orange frame). These

positive comments were mostly about connections and
examples being interesting, important, and motivating for
students.

The negative comments received by the teacher are
centered around three main themes:

1. The example or connection is too difficult for middle
school level—Yes you can mention the laser but
not really teach how it works. This is too much for
students at this level. Maybe as an enrichment topic
for advanced students” (on connecting 9th grade
energy conservation topics to using a laser for
characterization).

2. The example or connection is not really related to
the curriculum.—*1 can’t really see the connection
between this example and the curricular topics” (on
connecting 8th grade topics on gasses and fluids
to the innovations and applications concept by the
example of nanoparticles’ antibacterial properties).

3. The example or connection contains a mixture of
several NST concepts, or it can be more suitable
for a different NST concept.—This example could
work here but I think it is more suitable for size-
dependent properties.” (on connecting the 7th grade
mechanical forces topic to the innovations and
applications concept by the example of nanoparticle-
based lubricants).

The teacher raised additional general concerns about
inserting NST into the curriculum in the last reflective part
of the discourse. The main concerns are related to science
teachers’ perspective towards contemporary science and a
gap that they may have in content knowledge and also
regarding their motivation to update their knowledge and
teaching methods. She offered to approach this by estab-
lishing context-based learning communities and open
courses for teachers to address these needs.

V. DISCUSSION

In discussing these results, we first looked back to the
initial research questions: What are the suggested insertion
points for NST concepts in a middle school physics
curriculum? We can see that from the perspective of the
physics middle school topics, the participating scientists
were able to provide connections (N = 130) for all con-
cepts and grades. This was not without difficulties with
certain topics, but approaching scientists with this question
instead of middle school teachers provided a richer set
of connections, which includes all NST concepts [8,12].
This success emphasizes the need for strong contemporary
content knowledge and a deep understanding of basic
physics to perform the task of connecting these two
different conceptual fields. Scientists’ statements, presented
in the Results section, indicate doubt and later reflection
regarding the scientists’ own ability to make connections
between a contemporary science topic and a middle school
science curriculum. This gap between their initial
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perception and the final result sheds a different light on this
exercise. This points to a process of training for making
connections between contemporary science concepts and
curricular concepts as a tool to promote scientists’ com-
munication of science, which is analyzed and described by
a different study [16].

A. Criticism of the conceptual framework

During the stage of suggesting insertion points in the
interview, scientists often commented on specific NST
concepts or the entire list. Their comments often criticized
the connection of a certain NST concept to the physics
discipline or even questioned the coherency of the list of the
seven NST essential concepts. For example, the difficulty
caused by the 5th concept (functionality), as mentioned in
Sec. IV, triggered a comment that related to the entire list:
“Somehow this list is hard for me to use because it is a
chemists’ list.” (scientist A). Another comment by a
different scientist, which was triggered by this concept,
referred to the nature of the concept itself “..functionality is
where chemistry has a real distinction from other scientific
disciplines. I don’t see how physics belongs there..”
(scientist B). These comments, which were echoed in other
interviews as well, attributed this list and specific concepts
to the chemistry discipline, by claiming physicists “don’t
speak this way.” Another example, referred to the first
concept (size-dependent properties) “..as a physicist |
wouldn’t say ‘size-dependent properties’ but instead,
'size-dependent phenomena.’ Physicists are not interested
in properties” (scientist C). Another type of criticism
targeted the internal coherency of the list; for example,
“I’'m not sure I agree with these seven concepts, it’s like
mixing apples and oranges, it’s not the same thing.
Innovations and applications are not the same as the
scientific concepts you want to teach” (scientist A).
Scientists were informed that the list of seven concepts
was formulated by a multidisciplinary group but still they
had criticism and negative comments. Apparently, the list
did not relate to many of them as physicists.

Another point of criticism regarding the framework was
not as explicit—it resembled a lack of confidence that
experts displayed in working with the curricular topics. For
example, at the beginning of a discourse, scientists were
often pessimistic about finding connections, claiming that
NST or contemporary science is too complicated to be
explained in a middle school context. After the curriculum
was presented, along with guidance in understanding the
NST concepts and the task of connecting, scientists were
often surprised about their own ability to make and
rationalize connections: “I thought I had nothing to say
to middle school students or teachers, but now I see that
I can...”(scientist C).

The other criticism received from the experts regarding
the structure of the list of essential concepts from the
physics point of view raises some more questions regarding

the multidisciplinary approach of the list. Using a multi-
disciplinary list in a discussion that is restricted to the
physics curriculum is presently our only option [4]. It may
be appropriate to derive from the list different versions that
use the language of specific disciplines such as physics,
chemistry, or earth sciences. This may support us in finding
more and deeper connections between NST and a specific
discipline [17].

Three additional points for discussion refer to results
related to specific concepts from NST and specific topics
of middle school physics. These results are related to the
research question that refers to the nature of the connections:

(1) The curricular topics quantitative methods and
representation of data received 0 and 1 connections,
respectively, out of 130 that were suggested by the
scientists. Scientists often referred in the discourse
to these quantitative subjects as essential for under-
standing contemporary science. This position is also
supported by physics education studies [18,19] that
was centered on modeling of nature and the use of
mathematical and pictorial representations. In the
Israeli educational system, teachers often view
proficiency in high-level mathematics as a necessary
condition for physics studies at a high-school level.
Nevertheless, we found that out of the 130 con-
nections raised by experts, there was no reference to
specific formula and almost no reference to other
quantitative representations of science.

(2) The curricular topics of energy in the 9th grade
are traditionally divided into conversion and
conservation [15]. These topics were moderately
referred to by the scientists, making 12 and 3
connections, respectively. However, 18 other con-
nections did not belong in one of these two catego-
ries and referred to other aspects related to energy.
This result is supported by recent work done on the
concept of energy and the differences between the
way it is being taught in secondary school and
the way scientists and the popular science press use
it [20]. This raises a question regarding the way we
traditionally teach the concept of energy in secon-
dary school physics and whether it supports an
understanding of energy related to popular and
contemporary science topics.

(3) Two of the NST essential concepts dominated the
130 connections, receiving 25 connections each:
(1st) size-dependent properties and (4th) characteri-
zation methods (Fig. 3). Characterization methods as
a concept was also mostly used by scientists as a
main theme to describe their personal research, as
was shown in a science communication analysis of
these talks [16]. In addition, in a course for in-
service chemistry teachers, which was based on the
7 NST concepts, it was shown that characterization
methods was most frequently used by teachers in
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FIG. 5. A qualitative description of the NST context that was connected to a curricular topic by a concept with representative
examples. Classification for “weak,” “mid,” and “strong” connections was made relative to the overall number of connections found for
each topic (the numbers are presented in Fig. 4). For example, 31 connections were given for “8 electric and magnetic forces.” There was
an average of 4.42 connections per NST concept. If a concept received 4 or 5 connections (around the average), it was classified as
“mid”. If it received less than 4, it was classified as “weak,” more than 5, as a “strong” connection.
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5. Functionality
(9%)

7. Fabrication
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(12%) of nanomaterials
(11.5%)

Theoretical 6. Classification Z.an‘l)i\é:::g:z& Experimantal
side of nanomaterials PP side
of nanotechnology

(14%) (14.5%)

1. Size-dependent properties 4. Characterization methods

(19.5%) (19.5%)

(a)

Embedded (1) Size-dependent
concepts properties methods level concepts

(5) Functionality

(7) Fabrication
approaches
of nanomaterials

(6) Classification
of nanomaterials

(8) The making Third
(IHELETG UGG level concepts

(4) Characterization Second

(2) Innovations
& appliactions
of nanotechnology

(3) Size Basic first
and scale level concepts

(b)

FIG. 6. Comparison of the study results to previous studies according to the hierarchical structures of the 7 NST essential concepts.
(A) Constructed by the percent of connections given by the experts in this study (the percent in brackets). It is divided into two sides
according to the theoretical, experimental nature of the context given by experts for the connections. (B) Constructed according to a
review of NST secondary education literature [22]; this scheme includes an 8th concept that is not used in the current study (the making

of nanotechnology).

their online assignments [21]. From all these
different perspectives, the 4th concept characteriza-
tion methods stands out from the list. Taking these
results one step further, this concept might serve
as a bridge between scientists, teachers, and the

secondary science curriculum and may promote
discussions of NST and maybe other contemporary
science topics. We still lack the students’ perspective
regarding this concept in this context, but in other
cases it has been shown that working with AFM and

TABLE II. Connections between middle school physics curricular topics (left) and NST essential concepts (top)
that were found to be “strong” by a group of scientists and validated as suitable by a middle school teacher.
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Oth: Energy conservation

Oth: Energy conversion

9th: Energy X
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SEM was received well by students and promoted
their interest and motivation to learn science [22].

The validation stage, carried out with a middle school
teacher on the obtained connections, may shed light on
which of these connections are practical for middle school
teachers. It may also shed light on differences in perception
between scientists and teachers regarding contemporary
topics suitable for physics education in middle school. One
must take into consideration that scientists are experts
on the subject matter, on what is new and exciting in
science today. However, teachers are experts on the reality
of teaching science in school.

Another piece of evidence supporting the existence of a
gap regarding scientists’ and science educators’ opinions is
presented in Fig. 6. Figure 6 (left) shows a hierarchical
structure that can be constructed based on the number of
connections given by the scientists in this study. We believe
that this structure represents the ability of the concept to
result in contexts that refer to middle school physics topics.
In a review by Blonder and Yonai [22] regarding studies of
NST activities and projects related to secondary education,
a similar type of hierarchy was constructed (Fig. 6, right).
The placing of each concept in the structure was based on
its appearance as a primary or secondary topic in secondary
education activities.

These two structures disagree regarding the placement
of concepts, meaning the concepts scientists had the
most success with in connecting to the curriculum are
not necessarily the ones that are used as a theme in NST
secondary school-related activities. This gap should raise
questions regarding selection of topics for secondary
activities in a way that reflects the authentic point of view
of expert scientists in the field. To bridge this gap, we
suggest that future research and pedagogical work on
insertion of NST topics into secondary physics education
should focus on the hot topics that were positively validated
by the teacher in this study (Table II).

VI. CONCLUSIONS

In this study, we produced a rich set of connections
between two scientific topics obtained by a process involv-
ing 12 experts in relevant scientific fields. The main points
emerging from the analysis of these connections are pre-
sented in Sec. V. They can be used when program designers
are planning NST-themed projects for secondary education
as well as by other researchers that study NST education. In
addition, the richness of the set is also reflected in the details
of the explanatory stories (Appendix B, Tables I1I-X). These
stories provided rationale for the connections and can be
considered as a possible context for teachers in designing
NST-inspired lesson plans or activities.

However, teachers still have to undergo a long process
before they will be able to apply the results in their
classrooms. The goal to enrich the traditional physics
curriculum with contemporary topics by creating a road

map that connects the existing material with new science
topics has not yet been achieved. This research is a first step
in its construction and implementation. Teachers should be
supported and encouraged to follow this road map in their
classes and lead their students accordingly. These results
may serve as a contextual basis for designing an academic
course or a professional development program for teachers to
update their contemporary science knowledge in a way that
will help them connect this knowledge to their practice. We
also suggest that an integral part of such a course or program
would be the development of a pedagogy suitable for using
these materials with the teachers. This may contribute to
teachers’ motivation to bring these materials into their
classrooms [23]. For extended support, we suggest that a
NST context-based community of practice be formed in
which teachers that engage with these topics can work
together in developing teaching methods, reflecting on the
teaching process, and facing the challenges of teaching
contemporary science together. These suggestions for imple-
menting the results should be accompanied by academic
research that examines the effectiveness of the suggested
approach for science teaching and science teachers.

Finally, the main goal established here was to promote
contemporary science contexts in secondary physics educa-
tion. This work may contribute to those that share this goal by
large- or small-scale interventions in practice or research. The
goal of eventually connecting novel contemporary science and
technology to secondary science topics can provide students
with a more authentic view of the science field and can open
the door for students to eventually participate more effectively
and knowledgeably in the science community.

APPENDIX A: ID CARD OF 7 ESSENTIAL NST
CONCEPTS

1st concept: Size-dependent properties:

ID card definition: The changing properties of material
as a function of size: the SA/V ratio, defects, quantum and
optical properties.

Frontal comments: What is so special about the nano-
sized world? The uniqueness of nanotechnology.

2nd concept: Innovations and applications of NST:

ID card definition: Implementation of nanoscience for
everyday use: ethical issues and benefits.

Frontal comments: Current and future applications
Mustrate the real, unmet need for multidisciplinary
approaches. Connections to “real life” subjects are believed
to be important for students’ motivation.

3rd concept: Size and scale:

ID card definition: Introducing the nanometer size, the
need for miniaturization and its benefits.

Frontal comments: Students do not always understand
the nano size and scale with a ratio in relation to the scales
they are familiar with. This is something that is very clear
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and natural to scientists and teachers but very confusing for
young students.

4th concept: Characterization methods:

ID card definition: Tools for studying, imaging, and
manipulating the nanomaterials’ size and their properties.

Frontal comments: SPM, STM, AFM, TEM, SEM, and
other initials. After we understand the scale, it is important
for children to understand the process that makes us “see”
such small scales. Otherwise it is just a “black box full
of magic.

5th concept: functionality:

ID card definition: A property that is provided for a
material or a specific area in it. It transforms nanomaterials
to be part of technology.

Frontal comments: The way we use or manipulate the
properties of nanomaterials to our technological advantage.

6th concept: Classification of nanomaterials:

ID card definition: Categorization by different charac-
teristics: type, conductivity, origin, and dimensionality.

Frontal comments: To understand that in nanotechnol-
ogy the properties are determined not only by the substance
and molecules that are used to fabricate the material but
also by the dimensions of the particles that determine the
electronic properties.

7th concept: Fabrication approaches:

ID card definition: The variety of options available for
fabricating nanomaterials including self-assembly.

Frontal comments: Specifying in what ways we can
build something whose size is a few hundred atoms, what is
the difference between the bottom-up and top-down
approaches? What is the physics of self-assembly? Why
do atoms self-assemble?
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