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Developing an Interactive Virtual Environment for Engendering Public 
Understanding about Nanotechnology: From Concept to Construction 

Konrad J. Schönborn, Karljohan E. Lundin Palmerius, Gunnar E. Höst, & Jennifer Flint 

Department of Science and Technology, Linköping University, 601 74 Norrköping, Sweden 

Abstract 
Infusion of nanotechnology applications into modern life is in progress. Nanoscale 
innovation comes with the ever-pressing need to provide citizens and learners with 
scientific knowledge for informing perceptions and attitudes surrounding the societal 
impact of nanotechnology. In rising to the challenge, this paper reports the first 
developmental phase of a broader research agenda concerned with building and 
investigating virtual environments for communicating nano-ideas. Methods involved 
elucidating core nano-principles upon which two purposefully contrasting nanotechnology 
“risk” and “benefit” scenario tasks were designed for incorporation into an intended 
virtual environment. The result was construction of a 3D immersive virtual architecture 
where users’ multisensory interactive experiences of conducting the two tasks are 
anticipated as a gateway for engendering nano-related understanding underpinning 
perceived hopes and fears. In this revised paper, post-acceptance for presentation, initial 
results from a pilot study are also presented attained from exploring learners’ and citizens’ 
interaction with the constructed virtual environment. 

1. Perspective and Rationale 
Many scholars would subscribe to the notion that we are in the midst of a nano-

revolution (e.g. Teo & Sun, 2006). From a scientific point-of-view, it is difficult to argue 
against the prediction that advances in nanotechnology will have a significant influence on 
the future of the human race. Consequently, the advent of nanotechnology carries with it 
a natural societal impact that conjures up perceptions of fear and paranoia on one hand, 
and sheer wonder and excitement on the other. Role-players in the nanoscience era have 
an inherent duty to empower public citizens with the conceptual tools that can serve as a 
scientifically-grounded basis for informing judgments about the hopes and fears of 
nanotechnology (e.g. Hingant and Albe, 2010). 

Technological progress at manipulating the nanoworld is swiftly underway (e.g. Teo 
& Sun, 2006). It is astounding to imagine that human intervention has a say in the 
arrangement of matter one-millionth the size of a grain of salt, culminating in the 
foreseeable production of nanomaterials, nanodevices, and nanobiopharmaceuticals. Given 
this rapid development, there is a huge demand on education-providers to deliver 
specialized “nano-competencies”, whereupon since 2001, the U.S. government has 
invested $6.5 billion into nanotechnology initiatives (Dyehouse et al., 2008). In parallel, 
much is being heralded about the opportunity for nanoscience to reform STEM education at 
both the secondary (Schank et al., 2007) and undergraduate (Shabani et al., 2011) levels. 

However, while nanofever persists, Laherto (2012) and Lin et al. (2012) highlight 
the urgent need for a nanoscience education that not only caters to accruing academically 
nano-competent workers, but also considers public dimensions in evoking the societal 
implications of nanoscience. Such an education agenda must address citizens’ reasoning, 
perceptions, understanding, decisions and judgments surrounding nanotechnology. Such an 
emphasis is captured succinctly in Laherto's (2010) assertion that, “all citizens will soon 
need some kind of “nano-literacy” in order to navigate important science-based issues 
related to their everyday lives and society” (p. 161). Consequently, a research mission 
naturally unfolds into seeking meaningful ways for effectively communicating to citizens 
the implications of nanoscience for society, and to provide the knowledge tools to make 
scientifically-based judgments about the advantages and disadvantages of nanotechnology 
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(e.g. Cobb and Macoubrie, 2004). Recent literature (e.g. Besley, 2010) has also highlighted 
the unique opportunity that a nanotechnology context offers for explorations into how 
citizens evaluate risk with little or no nanoscientific knowledge grounding. A research 
pursuit in this spirit would also seek empirically-validated data-collection instruments to 
generate citizens’ attitudes to nanotechnology before and after exposure to any intended 
learning intervention (e.g. Dyehouse et al., 2008). 

In rising to the articulated research problem, this project has been granted funding 
from the Swedish Research Council (Vetenskapsrådet) with the objective to design and 
investigate virtual nanotechnology environments for learning. The larger research program 
comprises the following main phases: 

 Phase 1: To conceptualize and develop an interactive virtual reality architecture 
for communicating nano-related knowledge to citizens and learners. 

 Phase 2: To explore citizens’ and learners’ interaction with features of the virtual 
environment in building and applying nanoscientific knowledge. 

 Phase 3: To investigate the implementation of components of the virtual reality 
architecture in real science classrooms and public contexts for teaching. 

The broader project is concerned with both school learning and public learning 
dimensions. Upon original submission, the current paper focused on presenting aspects of 
the delivered research outcomes concerned with Phase 1. However, following subsequent 
acceptance of the paper, we have since performed initial pilot testing on the constructed 
system. Thus, this revised version of the manuscript also presents some aspects pertinent 
to Phase 2 of the defined research agenda. 

2. Purpose and Research Questions 
In view of the overall research agenda, one central challenge associated with 

communicating nanoscientific knowledge is the comprehension of the scale and symbolism 
of nano-phenomena (Batt et al., 2008). Another obstacle is being able to comprehend the 
unusual, and often counter-intuitive, properties that objects exhibit at the nanoscale. One 
solution for providing “natural” access to this knowledge is to construct an immersive 
environment that exploits a user’s multisensory and active interaction with virtually 
rendered nano-objects. Our hypothesis is that performing multimodal (e.g. visual, tactile, 
and auditory) sensoriperceptual interactions in such a virtual world can unlock an 
understanding of nanoscale phenomena that otherwise remains aperceptual. 

With respect to the public understanding dimension of Phase 1, one main purpose 
of conceptualizing and constructing a virtual environment is to provide citizens with 
scientific knowledge that can be employed to help inform decisions and attitudes 
surrounding the hopes and fears of nanotechnology. In response, this paper raises three 
research questions, as well as a fourth question related to Phase 2, as motivated above:  

 What fundamental nano-principles can serve as a meaningful knowledge base from 
which to interpret “risk” and “benefit” scenarios of nanotechnology for society? 

 How can the scenarios be applied in the design and construction of an interactive 
virtual reality environment that affords communication of these core nano-ideas? 

 What instruments can be deployed to measure citizens’ attitudes to nanotechnology 
before, and after, an immersive interaction with the designed virtual environment? 

 What does initial piloting of learners’ and citizens’ exposure to the virtual 
environment reveal about interaction and understanding afforded by the system? 

3. Methods of Inquiry and Development 

3.1. Defining core nano-principles and formulating the applied nanotechnology “risk” 
and “benefit” scenarios 
A content analysis of literature in this domain was conducted in three steps. Firstly, 

we identified well-cited articles that explicitly aimed to define nanoscale ideas for 
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understanding (e.g. Hingant & Albe, 2010; Stevens et al., 2009; Wansom et al., 2009; 
Tretter et al., 2006). Secondly, the textual descriptions of nanoscientific content 
knowledge were analyzed iteratively (e.g. Prieto et al., 1992) to develop common 
categories of nano-properties, which were then subsumed into umbrella nano-principles. 
Thirdly, emergent nano-principles were then extrapolated into the formulation of two 
contrasting nanotechnology scenarios, one that could be interpreted as a clear “benefit”, 
and another as a clear “risk”. Creating this distinctly opposing risk-benefit continuum was 
purposeful since one pivotal intention of Phase 2 of the overall project is to actively induce 
citizens’ judgment of potential nanotechnological perspectives. 

3.2. Application of the nano-principles and task scenarios in the technical construction 
of the virtual architecture 
Subsequent to conceptualizing the nano-scenarios, we focused on brainstorming 

their design in the form of feasible interactive tasks. With this vision, a multisensory 
interactive virtual environment was constructed to communicate the intended nano-
phenomena. It was built with immersive 3D capability in mind that utilizes 3D TV and 
Kinect-based tracking to detect user actions while they interact with visually-rendered 
nano-objects through various hand gestures. As a further software and hardware capability 
in the future, the architecture shall also exhibit force feedback which would allow for 
haptic perception of force dynamics between different nano-objects. 

3.3. Identifying candidate measurement items to obtain data on citizens’ attitudes to 
nanotechnology 
Subsequent to implementing the task scenarios in construction of the virtual 

environment, we prospected the literature to distill any existing valid and reliable 
attitudinal instruments that could be used to measure citizens’ attitudes to 
nanotechnology, and any changes in their exposed attitudes, following performing of the 
tasks integrated into the virtual environment. Discovered items were collated, pooled and 
then selected for adaptation into Likert-scale construct statements (cf. Rubba, 1978). 

4. Resulting Conceptualizations and Evidence of Development 

4.1. Emergence of nano-principles and accompanying “risk” and “benefit” interactive 
tasks for intended application in the virtual environment 
The emergent “risk” scenario was labeled nano-toxicity and is founded on the 

following core nanoscientific concepts and principles (Table 1): Nanotubes (often 1nm in 
diameter but thousands of times longer) tend to aggregate into “bundles” due to “sticky” 
forces of adhesion arising from their extraordinary high length-to-diameter ratios. In a 
similar fashion to harmful asbestos toxicity effects on the human respiratory tract (e.g. 
lungs), the designed nano-toxicity context acts as a “risk” scenario for evaluating a 
potential nanotechnology hazard (cf. Siegrist et al., 2007). 

The emergent “benefit” scenario was labeled nano-therapy and is founded on the 
following core nanoscientific concepts and principles (Table 1): Nanotubes can be 
artificially modified with a ‘coat’ of markers that allows them to bind with high specificity 
to cancer cells. Since nano-objects are in continuous random motion, if introduced into the 
body, the coated nanotubes will eventually bind and adhere to targeted cancer tissue. 
Once bound, the nanotubes can act as “antennas” that absorb a particular transmitted 
infrared frequency, which heats the tube and destroys the cancerous tissue without 
harming the rest of the body. This designed nano-therapy context represents a “benefit” 
scenario for evaluating advantages of nanotechnology. 

As mentioned, we purposefully developed the tasks at opposite ends of a risk-
benefit continuum so that the nanotechnology scenarios can be actively contrasted by 
users. As described in Table 1 below, user engagement with these scenarios is in the form 
of performing the two interactive tasks while immersed in the virtual environment. 
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Table 1. Scientific concept examples and inferred nano-principles that informed the 
conceptualization of the nano-toxicity (“risk”) and nano-therapy (“benefit”) interactive task 
scenarios for application in the virtual reality environment. Also shown are images which 
communicate the underlying implications of the nanoscale scenarios at more familiar scale levels. 
 

Scientific 
concepts 

Nano-principles 
at the nanoscale 

“Risk” & 
“Benefit” 
Scenarios 

Interactive tasks and intended 
knowledge acquisition 

“Scaling-up” of each task 
scenario from nanoscale 
to micro- and macroscale 

Inter-
molecular 
forces 
 
Length to 
Diameter 
ratio 
 
Relative size 
of objects 

Nano-objects 
display 
unexpected 
behaviors 
 
Nanotubes tend 
to “stick” 
together to form 
bundles 
 

Nano-
toxicity 

“Grab two nanotubes. Try and 
pull them apart” 
 
“Pulling” the nanotubes apart 
and viewing them aggregate or 
“stick together” again is the 
basis for communicating 
knowledge about the 
implications of such adhesion 
for potential nano-toxicity at 
the macro level. 

 
Brownian 
motion 
 
Inter-
molecular 
collisions 
 
Binding 
specificity 

Nano-objects are 
in constant 
random motion 
 
Adhesive forces 
between nano-
objects are 
dominant over 
other forces 
important at the 
macroscale. 

Nano-
therapy 

“Place the ligands [the 
markers that will bind to the 
cancer cell] on the nanotube” 
[…] 
“Your coated nanotubes are 
now introduced into the body”  
 
[The user views nanotubes 
moving randomly, binding to 
the target cancer cell] 
 
“You can also grab and move 
nanotubes into positions for 
specific binding to the target 
cell, and activate the 
infrared.” 
 
Random and specific binding of 
nanotubes to the cancer cell 
surface is the basis for 
communicating knowledge 
about the implications of drug-
delivery for nanotherapy at the 
cellular and tissue level. 
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4.2. Constructed and implemented features of the multisensory virtual environment 
for engendering public understanding about nanotechnology 
Application of the nanoscientific concepts, principles and task scenarios (Table 1) 

resulted in the construction of a first version of the virtual architecture. As captured in 
Figure 1, the virtual environment conceptualized as per Table 1 is operationalized in terms 
of the indispensable union between four primary components: core nano-concepts, the 
“risk” and “benefit” task nano-scenarios, the nature and dimensions of users’ interaction 
afforded by the virtual environment, and the implemented design features. Reflecting 
upon implementation of the environment as an educational tool in the context of this 
paper relies on appreciating the interplay of all four elements as a synergistic collective. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Representation of the union between four indispensable elements that underpinned the 
conceptualization and resulting construction of the immersive virtual reality architecture. 

 
The hardware and software capabilities of the developed virtual architecture 

consist of 3D immersive and multisensory features that allow users the opportunity to 
interact with simulated nano-objects. Aspects of the current status of the features for 
fulfilling Phase 1 of the described research agenda are depicted in Figure 2 below. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Images representing various implemented features of the current interactive virtual 
environment. A: Prototype visual renderings of nanotubes that are examples of the 3D virtual nano-
objects that a user can interact with. B: A Kinect depth image obtained from a downward facing 
Kinect mounted on the ceiling that processes a “grabbing” hand gesture (circular shape arising from 
thumb and forefinger contact) that a user performs to grab, make contact, and then pull a virtual 
nano-object (e.g. grabbing of one of the nanotubes depicted in A with the left hand and grabbing 
another with the right hand, and then “pulling” the nanotubes apart to perform the nano-toxicity 
task (see Table 1)). The Kinect tracks the position of the user’s head to calibrate the system in real-
time. C: Other multisensory attributes of the architecture are demonstrated by the computer-

A B C 
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programmer of the environment (co-author K.L.P) shown here engaging in a bimodal (visual and 
haptic) interaction with the electric field associated with a nano-object, where force feedback is 
delivered to the two hand-held haptic devices. In all the currently developed features, nano-objects 
are perceived in stereo 3D as positioned in front of the user, while the user reaches into the scene. 
 

The intended public learning from exploiting the environment is grounded in the 
user’s interactive experience while performing the “risk” and “benefit” tasks defined in 
Table 1 and currently implemented in the virtual architecture (Figure 2). It is our 
hypothesis that the specific multisensory behavioral experience of conducting the two 
tasks is the pivotal vehicle for engendering scientific knowledge underlying users’ 
perception of the “risk” and “benefit” scenarios. In this manner, the interactive 
multisensory experience offered by the virtual environment provides conceptual insight for 
reasoning around potential toxic and therapeutic implications of nanotechnology. 

4.3. Adaptation of candidate instruments to measure citizens’ attitudes before and 
after interaction with the virtual nanotechnology environment 
As the research program traverses into Phase 2, identified attitudinal items shall be 

adapted into 5-point Likert-scale instruments (ranging from “I completely disagree” to “I 
completely agree”), or visual analogue scale (VAS) items (e.g. Mattheous et al., 2005), 
where a response to a statement is marked with an “X” on a 10-centimeter line that 
correspondingly ranges from 0 (“Disagree”) to 10 (“Agree”). Our adaptation of candidate 
items will also consider citizens’ and learners’ attitudes across multiple dimensions, of 
which five examples are presented in Table 2. 
 
Table 2. Five example item-candidates of attitudinal constructs across five dimensions that have 
been adapted for deployment in a component of Phase 2 data-collection 
 

Dimension Attitude measurement statement Adapted original source 
 

Interest/Disinterest I am interested in reading, hearing and learning 
about nanotechnology. 

Dyehouse et al. (2008, 
p. 509) 

Importance/Non-
importance 

Nanoscience is important for us to understand 
the world, and for society and the economy. 

Lan (2012, p. 1210) 

Benefit/Risk Human beings will benefit from nanotechnology 
to produce new materials and medicines. 

Bainbridge (2002, p. 
563) 

Skill orientated /Non-
skill orientated 

The world needs workers that have knowledge 
and skills related to nanotechnology. 

Shabani et al. (2011, p. 
206) 

Hopeful/Worried I feel hopeful about the impact of 
nanotechnology on the world and society. 

Cobb & Macoubrie 
(2004, p. 399) 

 
Upon execution in Phase 2, some of the items will be presented with a further tier 

where respondents shall be requested to motivate their Likert selection or VAS marking to 
generate qualitative data with which to elicit more of the “why” behind citizens’ and 
learners’ reasoning. 

5. Initial Piloting of the Virtual Environment with Students and Public Citizens 
Since acceptance of our original paper submission for the current conference, we 

have performed an initial pilot study to investigate users’ interaction with the constructed 
virtual environment. Pilot data was generated from two sources, namely school pupils’ 
exposure to the system, and public citizens’ interaction with the system. The pilot data 
was collected while the constructed virtual environment (presently) exists as a public 
exhibit at the Visualization Center C in Norrköping, Sweden. 
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5.1. Pilot results from students’ interaction with the virtual environment 
Data were gathered from three students (two females and one male, aged 19-20) 

who had just completed chemistry at the high-school level in Sweden. The students first 
responded to a written pre-test that contained a mixture of open-ended and fixed items 
measuring knowledge and attitudinal constructs related to nanoscience and 
nanotechnology (e.g. Table 2). Following this, the students were videotaped and 
audiotaped while they individually interacted with the virtual system as part of a semi-
structured think-aloud session. Lastly, the students responded to a written post-test 
composed of the same items as in the pre-test. 

The video footage was analyzed iteratively, and coding categories pertaining to 
students’ utterances and complementary interactions with the system were derived from 
the data (e.g. Derry et al., 2010; Powell et al., 2003). Salient themes delivered from 
deducing the most frequently emergent keyword categories per total oral episode time 
showed that students’ verbal data were associated mostly with attractive force dimensions 
between the rendered nano-objects. These included force strength (38.3%), nature of the 
bonds (34.1%), and discussing ‘repulsive’ or ‘attractive’ forces (49.4%). Overall, the data 
revealed that students interacted with the system in two distinct ways; either in a self-
initiated and exploratory manner, or in a tentative manner that required continuous 
prompting from the interviewer. In this regard, one compelling observation was that the 
student who entered the pilot study with the lowest chemistry grade (as measured from 
traditional assessment), engaged with the system the most intensely. In fact, upon 
interaction, the same student expressed more chemistry-related knowledge than the other 
two participants, and actively explored the environment to test his assertions. This is 
portrayed in the following example of a verbatim excerpt from this participant, together 
with a screenshot representing the student’s interaction with the virtual environment: 
 

“…I've just got to mention something. That actually now I just discovered that uh... they 
[nanotubes] are pulling one another, like here for example [manipulates away one 
nanotube from a bundle in the middle of the screen] I put it there [removes one nanotube 
from the bundle and then places it close to a bundle slightly above the former]. I put them 
together like one higher than the others, and as time goes on, there, it comes down until 
it’s at the, I don't know how to really call the point, but it keeps on moving until the… at 
the point that now they only wobble together…”  [0:27:46 - 0:28:54] 
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Figure 3. Screenshot obtained during the think-aloud interview session showing a student deploying 
the required interactive gesture to “grab” a virtual nanotube of interest, and then move it within 
the virtual environment. 
 

Students’ written responses to the piloted attitudinal items also showed shifts in 
some of the measured attitudinal constructs, before and after interacting with the system. 
For example, after initially responding neutrally (5.5 on the VAS scale) to the item, 
“Nanotechnology would not harm our health” (Lin et al., 2012), one of the students 
heavily disagreed (0.4) with the same item after interacting with the system. Similarly, the 
same student shifted from “Beneficial” (4.1) to “Risky” (8.4) in response to the item, 
“How beneficial (risky) do you consider the industrial manufacturing of nanotubes to be 
for Swedish society as a whole?” (cf. Siegrist et al. 2007). Based on this pilot data, an 
upcoming study will be conducted on a larger sample of school participants’ interaction 
with the environment in an effort to crystalize what aspects of interacting with the system 
could potentially be extrapolated to real science classroom environments. 

5.2. Pilot results from public citizens’ interaction with the virtual environment 
Since inception of the described virtual environment in the Center, we have 

deployed an in-built logging functionality to track features of public visitors’ real-time 
interaction with the system. Up to this point in time, we have sought this data mainly as 
confirmatory evidence that users are in fact successfully deploying the required gestural 
interactions in order to interact with the virtual objects, and that they are indeed 
traversing through the various ‘steps’ of the system as we anticipate. Table 4 presents a 
selection of interactive variables that we have logged from the period 2012-11-30 to 2013-
02-22 obtained with a total of 826 visitors who have actively used the virtual system. 
 
Table 4. Examples of logged data capturing selected dimensions of citizens’ interaction with the 
virtual reality system in each of the nano-toxicity (“risk”) and nano-therapy (“benefit”) scenarios 
 

Logged Variable Nano-toxicity (“risk”) 
interactive scenario 

Nano-therapy (“benefit”) 
interactive scenario  

Number of users going through 
the virtual scenarios 

569 311 

Average time spent immersed 
in scenario 

55.4 sec. 51.5 sec. 

Average interactive “grab” 
time while in scenario 

50.2 sec. 48.3 sec. 

 
The average time of interaction with the system (including both scenarios, Table 1) 

for all users that have traversed completely through the virtual environment (from ‘start’ 
screen to ‘end’ screen) is 3.2 minutes. The logged interactive data (Table 4) suggests that 
not only are users able to successfully traverse through the system, but they are able to 
deploy the “grabbing” hand gesture (Figure 2B) required to interact with virtual nanotubes 
of interest.  Herein, what is also encouraging from an interactive point-of-view is that 
users, when immersed in each of the scenarios (Table 4), spend almost all of their time 
interacting with the rendered virtual objects (i.e. evidenced in “grab” time). On this note, 
one component of a forthcoming main study in the project will be to explore any 
relationships between citizens’ responses to the designed attitude instrument (e.g. Table 
2) with logged variables of interest (e.g. Table 4). Through such analysis, we hope to 
uncover if (and how) any particular patterns of interactive behaviors within the system are 
specifically related to observed changes in users’ attitudinal and knowledge measures 
following the immersive interactive experience (e.g. Schönborn et al., 2011). 



 9

6. Significance and Implications 
Results from the development Phase 1 reported in this paper are crucial to paving 

the way for Phase 2 of the project. This latter step will focus on obtaining users’ data on 
their interactions upon performing the designed tasks in an exploration of how the 
interactive experiences can provide a scientific foundation for perceiving the “pros” and 
“cons” of nanotechnology, as well as how interactive immersion can act as a vehicle for 
engendering an understanding of core nanoscientific concepts. As is evidenced in this 
revised paper, we have also communicated aspects of results obtained from initial pilot 
data generated from pupils’ responses to pilot attitudinal and knowledge items, as well as 
logging users’ citizens’ interaction with the environment, which serves as the 
commencement of the Phase 2 research vision. Overall, succeeding in this project 
endeavor could contribute to establishing what conceptual, interactive and design artifacts 
of the virtual system can be applied in real science classroom contexts for portraying 
fundamental scientific concepts related to nanophenomena (e.g. Höst et al., 2013). A 
parallel goal is to also exploit the virtual architecture as a basis for scaffolding citizens’ 
“nano-literacy” and scientific literacy at large. 

References 
Bainbridge, W. S. (2002). Public attitudes toward nanotechnology. Journal of Nanoparticle 

Research, 4, 561-570. 
Batt, C., Waldron, A. M., & Broadwater, N. (2008). Numbers, scale and symbols: The public 

understanding of nanotechnology. Journal of Nanoparticle Research, 10, 1141-1148. 
Besley, J. (2010). Current research on public perceptions of nanotechnology. Emerging Health 

Threats Journal, 3(8), doi: 10.3134/ehtj.10.008. 
Cobb, M. D., & Macoubrie, J. (2004). Public Perceptions about nanotechnology: Risks, benefits and 

trust. Journal of Nanoparticle Research, 6, 395-405. 
Derry, S. J., Pea, R. D., Barron, B., Engle, R. A., Erickson, F., Goldman, R., & Sherin, B. L. (2010). 

Conducting video research in the learning sciences: Guidance on selection, analysis, technology, 
and ethics. The Journal of the Learning Sciences, 19, 3-53. 

Dyehouse, M., Diefes-Dux, H., Bennett, D., & Imbrie, P. K. (2008) Development of an instrument to 
measure undergraduates’ nanotechnology awareness, exposure, motivation, and knowledge. 
Journal of Science Education and Technology, 17, 500-510. 

Hingant, B., & Albe, V. (2010). Nanosciences and nanotechnologies learning and teaching in 
secondary education: A review of literature. Studies in Science Education, 46, 121-152. 

Höst, G. E., Schönborn, K. J., & Lundin Palmerius, K. E. (2013). A case-based study of students' 
visuohaptic experiences of electric fields around molecules: Shaping the development of virtual 
nanoscience learning environments. Education Research International, vol. 2013, Article ID 
194363, 11 pages, doi:10.1155/2013/194363. 

Laherto, A. (2012). Nanoscience education for scientific literacy: Opportunities and challenges in 
secondary school and in out-of-school settings. Report Series in Physics HU-P-D194, Helsinki: 
Helsinki University Print. 

Laherto, A. (2010). An analysis of the educational significance of nanoscience and nanotechnology in 
scientific and technological literacy. Science Education International, 21, 160-175. 

Lan, Y.-L. (2012). Development of an attitude scale to assess K-12 teachers’ attitudes toward 
nanotechnology. International Journal of Science Education, 34, 1189-1210. 

Lin, S. F., Lin, H. S., & Wu, Y. Y. (2012). Validation and exploration of instruments for assessing 
public knowledge of and attitudes toward nanotechnology. Journal of Science Education and 
Technology, doi: 10.1007/s10956-012-9413-9. 

Mattheos, N., Schittek, M. J., Nattestad, A., Shanley, D., & Attström, R. (2005). A comparative 
evaluation of computer literacy amongst dental educators and students. European Journal of 
Dental Education, 9, 32-36. 

Osborne, J., Simon, S., & Collins, S. (2003). Attitudes towards science: A review of the literature 
and its implications. International Journal of Science Education, 25, 1049–1079. 

Powell, A. B., Francisco, J. M., & Maher, C. A. (2003). An analytical model for studying the 
development of learners’ mathematical ideas and reasoning using videotape data. The Journal of 
Mathematical Behavior, 22, 405-435. 

Prieto, T., Watson, R., & Dillon, J. (1992). Pupils’ understanding of combustion. Research in Science 
Education, 22, 331-340. 



 10

Rubba, P., & Andersen, H. (1978). Development of an instrument to assess secondary students’ 
understanding of the nature of scientific knowledge. Science Education, 62, 449-458. 

Schank, P., Krajcik, J., & Yunker, M. (2007). Can nanoscience be a catalyst for education reform? 
In: F. Allhoff, P. Lin, J. Moor, & J. Weckert (Eds.), Nanoethics: The ethical and social 
implications of nanotechnology (pp. 277-289). Hobeken, NJ: Wiley Publishing. 

Schönborn, K. J., Bivall, P., & Tibell, L. A. (2011). Exploring relationships between students’ 
interaction and learning with a haptic virtual biomolecular model. Computers & Education, 57, 
2095-2105. 

Shabani, R., Massi, L., Zhai, L., Seal, S., & Cho, H. J. (2011): Classroom modules for nanotechnology 
undergraduate education: Development, implementation and evaluation. European Journal of 
Engineering Education, 36, 199-210. 

Siegrist, M., Keller, C., Kastenholz, H., Frey, S., & Weick, A. (2007). Laypeople’s and experts’ 
perception of nanotechnology hazards. Risk Analysis, 27, 59-69. 

Stevens, S. Y., Sutherland, L. M., & Krajcik, J. S. (2009). The big ideas of nanoscale science and 
engineering: A guidebook for secondary teachers. Arlington, VA: NSTA Press. 

Teo, B. K., & Sun, X. H. (2006). From top-down to bottom-up to hybrid nanotechnologies: Road to 
nanodevices. Journal of Cluster Science, 17, 529-540. 

Tretter, T., Jones, M. G., Andre, T., Negishi, A., & Minogue, J. (2006). Conceptual boundaries and 
distances: Students’ and experts’ concepts of the scale of scientific phenomena. Journal of 
Research in Science Teaching, 43, 282-319. 

Wansom, S., Mason, T. O., Hersam, M. C., Drane, D., Light, G.., Cormia, R., Stevens, S., & Bodner, 
G. (2009). A rubric for post-secondary degree programs in nanoscience and nanotechnology. 
International Journal of Engineering Education, 25, 615-627. 

 




