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Visualizations within physics education are critical for learning physics and can be
realized in a classroom with experiments, demonstrations, digital tools, mathemat-
ical analysis, or other representations, all with different levels of abstraction. This
project aimed to determine whether the concept of field (i.e. electrical, acoustic, or
optical fields) can be demonstrated, visualized, and applied in various experiments.

In the first Paper, an experimental setup for visualizing charge particles’ motion
in an electrical field was built. Designed learning activities were performed, and
the effects on Swedish upper secondary school students’ conceptual understand-
ing were tested. This work shows that students’ understanding of the interaction
of charged particles with electrical fields increases more than without if a lecture
includes an experiment that visualizes the phenomenon, either live or videotaped.

In Paper II a remotely operable optical trap was realized and used to levitate and
investigate charged droplets remotely from a classroom. Visualizing and measur-
ing many fundamental physical processes are described. The motion of charged
particles in electric fields and the photon pressure of light is described as well as
how it can be safely demonstrated for a class.

In Paper III, an optical trap is used to visualize the electron´s quantization. In this
work, it was shown that the effect of a single electron addition can be magnified
and observed by the naked eye and measured with a ruler analogous to Millikan’s
experiment. The droplet is optically trapped and uncharged in an alternate electric
field by an alpha radiation source. A strong electrical field was applied and as the
uncharged droplet gained charges from the ionized air it jumped a well-defined
step depending on how many electrons were added. The smallest jump corre-
sponds to the addition of one electron, i.e. one elementary charge, and longer
jumps are multiples of this.

Finally, in Paper IV, a new type of experimental method to determine the volume
of microliter-sized droplets in acoustic fields is described. By using a simulation
of the acoustic field to assist in setting the cavity length a fast and self-calibrated
method is presented.



Visualiseringar inom fysikundervisning är kritiskt för inlärning i fysik och kan ut-
göras av experiment, demonstrationer, digitala verktyg, matematisk analys och an-
dra representationer som alla har olika abstraktionsnivå. Denna avhandling syftar
till att avgöra om fysikbegreppet, fält (ex. elektriska, optiska eller akustiska fält)
kan demonstreras, visualiseras och användas i olika experimentella uppställningar.

Framtagandet av en experimentell uppställning för att visualisera laddade partik-
lars rörelse i elektriska fält beskrivs i Paper I.Designade lärandeaktiviteter genom-
fördes med svenska gymnasieelever och effekterna på deras begreppsförståelse
testades. Detta arbete visar att elevers förståelse för laddade partiklars rörelse i
elektriska fält ökar mer om fenomenet under genomgången visualiseras med ett
experiment antingen live eller på film.

I Paper II beskrivs uppbyggandet och användandet av fjärrstyrning av en optisk
fälla för att fånga laddade droppar och hur detta kan styras och undersökas från
ett klassrum. Visualisering och mätning av flera fysikaliska processer infattas i
experimentet. Laddade partiklar i elektriska fält och fotontryck från ljus beskrivs
samt hur det på ett säkert sätt kan demonstreras i ett klassrum.

I Paper III visualiseras kvantiseringen av elektronens laddning i en optisk fälla. Ef-
fekten av enstaka elektroners addition till en fångad droppe förstorades och kunde
observeras med bara ögat och mätas med en linjal, analogt med Millikans exper-
iment. Den laddade droppen fångades och laddades ur, i ett växlande elektriskt
fält, genom alfastrålning. Ett starkt elektriskt fält användes och addition av elek-
troner till den oladdade droppen från den joniserade luften gav upphov till diskreta
hopp vars storlek berodde på hur många elektroner som adderades. Det minsta
hoppet motsvarade tillägget av en enda elektron, d.v.s. en elementarladdning, och
större hopp var multiplar av detta.

Slutligen beskrivs i Paper IV en ny metod att använda för att bestämma akustiskt
fångade droppars volym. Genom en simulering av det akustiska fältet kan rätt
längd på fällan ställas in och därigenom kan en självkalibrerande mätmetod pre-
senteras.
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I am a secondary school teacher in physics and mathematics at Klara gymnasium
(formerly Hermods gymnasium in Gothenburg) since 2013. In 2017, I was ac-
cepted to the interdisciplinary research school Center for Educational Science and
Teacher Research (CUL), a research school for already working teachers. Since
then, I haveworked about half-time at eachworkplace and about a year of parental
leave. I am grateful for this arrangement as it provides, me, with a perfect balance
between professional development, theoretical input, and practical work. CUL
aims to develop us, students, into independent and analytical researchers with the
ability to plan, implement and present scientific projects that investigate the fields
of knowledge development, teaching, and education. In addition, we will develop
expertise in scientific methods in science and education and an awareness of their
respective theoretical frameworks. CUL is also a community of graduate students
who meet, truly interdisciplinary, at gatherings, conferences, and in the compul-
sory courses.

This thesis is therefore an interdisciplinary work, in which I have tried to give my
subjective theoretical position as a researcher in pedagogy and the scientific objec-
tive language in science. Experimental setups for visualization of phenomena in
physics as a research subject have provided excellent and interdisciplinary collab-
oration with researchers from many different fields. However, due to Covid-19,
classroom studies have been out of the scope in recent years, and my research dur-
ing this time has been weighted in favor of more classical experimental physics.
It’s my goal in the second half of my research to bring the experiments into the
classroom and investigate how they can contribute to and improve learning and
teaching. Enjoy your reading!

Regards, Andreas
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Much focus within physics education research (PER) directs toward investigations
of how to teach conceptual understanding of physics withmethods that allow repli-
cation [1]. Successful interventions to enhance students’ development of concep-
tual understanding combine PER results with cognitive psychology and knowledge
about the brain [1–6].

In the physical world, many things are too small to be seen by the human eye.
Visualizations are needed for them to be well understood. Observation of physical
phenomena has together with other visualizations been found critical for learning
physics and learning to do physics [6, 7]. Visualizations are helpful to understand
particle-field interactions and small-scale phenomena such as quantization.

The idea of quantization is central to our understanding of themicroscopicworld.
Some examples exist of visualized quantized phenomena, including quantized vor-
tices [8], collisions of ultracold ground-statemolecules [9], and the quantumground
state [10], but still more experiments to visualize quantization and other quantum
phenomena are needed.

Visualizations can be realized with digital tools and mathematical analysis but
at the cost of introducing a higher level of abstraction than direct observation. Ex-
amples within PER include Phet simulations used for active learning [4] and ex-
perimental setups or videos thereof [11]. The visualizations could also be made by
observing and experimenting with an analog macroscopic object that behaves sim-
ilarly to the object of study or by enhancing themicroscopic effects onmacroscopic
objects. Experimental setups with electrical fields, optical fields, or acoustic fields
in the presence of gravitational fields offer opportunities to visualize and study
many concepts from the core content of the Swedish upper secondary physics cur-
riculum [12] enlisted in Tab. 1.1. The motion of particles in electric fields is part of
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Core content in the subject of physics in Swedish upper secondary school [12].

Equilibrium and linear motion in homogeneous
gravitational fields and electrical fields

Two-dimensional motion in gravitational fields and electrical fields.
Work, force, potential energy and kinetic energy to describe different
forms of energy: mechanical, thermal, electrical and chemical energy,

and also radiation and nuclear energy.
Electrical energy: Electrical charging, field strength, potential, voltage,

current and resistance.
Reflection, refraction and interference of light, sound and other wave motion.

Harmonic oscillation and resonance with applications in everyday
life and technology.

Orientation to electromagnetic radiation and the particle properties of light
Wave and particle descriptions of electromagnetic radiation.

Orientation to propagation of electromagnetic waves.
Photoelectric effects and the concept of photons.

the curriculum, but few experiments straightforwardly visualize the phenomenon.
For charged particles, there is a classical experiment based on electrons acceler-
ated in a cathode ray tube into an approximately homogeneousmagnetic field, pro-
duced by Helmholtz coils. The magnetic field exerts a magnetic force on electrons
moving into the field of the cathode ray tube filled with noble gas at low pressure.
When electrons collide with the noble gas, fluorescence is produced in the visible
spectrum. The experiment was first used by J.J Thompson when the electron (cor-
puscles) was discovered, in 1897, and is often used in physics education to measure
the specific charge of electrons ( ) [13, 14]. Other demonstrations than cathode
ray tubes to visualize charged particle interaction with electrical fields are lacking.

The use of a laser to move and trap macroscopic objects, due to the fact that
light (photons) carries momentum, was first reported by Nobel laureateA. Ashkin
and J. M. Dziedzic in 1971 [15]. Many of the mentioned physical phenomena can
be studied using optically levitated droplets, since they can be optically trapped
and controlled, making experiments using optical levitation interesting for school
applications. However, many schools and institutions cannot afford the required
equipment and since there are specific risks in the hands-on operation of the pow-
erful lasers and high-voltage supplies needed, it is inappropriate to handle in a
classroom.

Acoustic traps use the interference of sound waves to produce pressure differ-
ences in a media that give rise to acoustic forces strong enough to counteract grav-
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ity and keep a small object such as a droplet stable. Droplets have a dynamic shape
that changes with differences in the surrounding pressure and these droplet defor-
mations and positions can be used to gain information on the acoustic field as well
as droplet sample properties [16]. This fact enables the study of droplet resonances
driven by the acoustic field [17]. Vice versa, a known acoustic field can also be used
to gain information about the shape of droplets.

Measurements of droplet volume in an acoustic trap are often performed using
diffraction patterns from an external laser or via image analysis calibrated by a
precision-produced spherical bead but few or none use a known acoustic field to
measure droplet volumes which could get rid of the limiting need to re-calibrate
if equipment positions are altered. Versatile measurements of droplet shape di-
mensions could be useful for various student labs as well as for research within
chemical microanalysis, spectroscopy studies, and evaporation studies [18, 19].
Acoustic traps can nowadays be 3D-printed and assembled locally at a school

and driven using ordinary school lab equipment, piezo-disks or Arduino equip-
ment [20, 21]. Videos of experiments for demonstration of physical phenomena
during learning activities are used within PER as another way to easily make ob-
servations possible in the classroom [6]. Comparisons of live and video demonstra-
tions of physical phenomena and the effects of learning are lacking in the literature
with some exceptions [22, 23].
Remote laboratories have since the advent of the Internet in the 90s offered on-

line remote access to real laboratory equipment. These laboratories offer exper-
imental activities without exposing users to the risks of operating the equipment
manually [24]. Students get training in operating computer-controlled systems,
important to participate in research, development, and industry. Remote labora-
tories offer a solution to both the financial and safety issues that traditional labs
present and can provide many interesting experimental opportunities otherwise
out of reach for schools [24].
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This thesis aims to develop research equipment visualizing particle-field interac-
tion and their applicability as teaching tools. To investigate this aim, my licentiate
thesis revolves around the following specific objectives:

1. Are students’ conceptual knowledge increased as the teacher uses an ex-
perimental setup to visualize particle movement in electrical fields directly
or via a movie clip, compared to a classical lesson without any experiment
available?

2. How can experiments to visualize important physical phenomena, but with
expensive or inappropriate equipment, be made available to use in a class-
room?

3. Can the quantization of the elementary charge be visualized directly to the
students?

4. Can self-calibration of volume measurements of acoustically trapped liquid
droplets be realized using low cost equipment?
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In this chapter, variation theory is described with key concepts. Then, the con-
ditions necessary for students to develop conceptual understanding and some of
the mechanisms in the brain that contribute to this are described. This leads to a
model for thinking about how pupils develop their conceptual understanding. Fi-
nally, this synthetic model is contrasted with an established teaching framework as
a motivation for lessons with experimental setups that can contribute to the devel-
opment of students’ conceptual understanding concerning the observed physical
phenomena.

What if, you had no previous experience with whiteboard pens or any similar
objects? You simply lacked any previous experience to draw upon, to construct
guesses about what might be important about these things occupying your field of
view.

Unidentified objects with unknown attributes.
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Then the question of what the objects in Fig. 2.1 are, and the description of them,
would be rather poor.

To notice important attributes of objects we can make comparisons, where one
attribute is varied at a time. As we do this, we change the way we see objects. In
Fig. 2.2 such a comparison is made possible. Our description of the objects can
now be a little richer.

We now know the thing on the left (top) can change color because the contrast
made us able to discern it.

Contrast of the two objects’ attributes makes the left (top) of the unidentified
object discernible.

In Variation theory learning has happened, when students have changed their
way of seeing something [25]. In the case of thewhiteboardmarkers, it was possible
to discern that there can be a variation in the colors of the caps. The property cap
color, can via further examination be linked to the markers’ writing color and be
discovered to be an important attribute. This example is chosen to demonstrate
contrast (described more below), a central principle within variation theory.

Variation theory was developed by FerenceMarton, building on ideas from phe-
nomenography [26, 27]. The framework has been widely used in Learning studies,
a combination of the two educational research methodologies Lesson study and
Design Based Research (DBR) [28]. In variation theory, the focus is on the what
question. What should the student learn, to reach the objectives of the course?
This ”what” is called the object of learning [25]. Any phenomenon has its distin-
guishing and defining attributes, that need to be discerned to understand it in a
certain way. Different learners can often already discern some of these attributes,
but not all. Trivial phenomena such as triangles can easily be defined by their an-
gles and sides, whereas their translation or rotation does not matter.

To understand the object of learning, its critical aspects need to come into our
awareness at the same time. Then, we can perceive (discern and attend) the whole
and all its parts at once [25, 28, 29]. This is achieved through the process of fusion
when variation in all critical aspects is experienced simultaneously. First, however,
two other processes need to take place; the already mentioned contrast and then
what’s called generalization (explained below). These processes are subjective in
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the sense that they happen between the learner and the object of learning [28], and
thus how the critical aspects are made visible for each student have to be investi-
gated. Indications of what the critical aspects are can also be found via literature
reviews [30]. Research on previously shown learning difficulties concerning the
object of learning can inform the initial investigation of its critical aspects [30].

When a feature (blue cap on whiteboard pen) is contrasted with one or more
other objects or events, where only this feature is varied, it is possible to discern
that feature [25, 28]. A dimension of variation has then opened up (if the feature
values are variations within a critical aspect) and this is argued to be essential to
make the learner aware of aspects (cap color indicates marker color) of the object
of learning. Via the principle of contrast, the experience of seeing critical aspects
one after the other can make us aware of their existence. However, this is not
enough, but also generalization is needed.

Generalization means refining the boundaries of the object of learning, such as
contrasting whiteboardmarkers with permanentmarkers. They will, as experience
taught many teachers, look the same, but the effort to erase their marks differ a
lot! Generalization means also paying attention to those aspects, that has been
invariant through all observations. To do this, they must first be discernible for the
student. Even the non-critical aspects must then, first be visualized through con-
trast [28]. If we would compare even more whiteboard pens from different man-
ufacturers, for example, this would be possible, as we would find out that shape,
manufacturer, information text color, and other attributes might be non-critical to
understand how to use them. Then, as all these other variations occur it is possible
to experience what is critical and what is not, and separate the object of learning
from its environment in our awareness [25].
Using a pattern of variation and invariance, as students observe physical phe-

nomena, the critical aspects can be made visible through the principles of contrast
(separating critical aspects of the object of learning), generalization (separating
critical aspects from non-critical aspects and the object from its surroundings) and
fusion (experiencing the whole and its’ parts simultaneously).

The differences in learning outcomes observed in most classes are according to
variation theory, due to students’ ability or habits to contrast their observations
with their current understanding. Thus, to improve the overall understanding in
the class, it is up to the teacher to explicitly show the contrasting examples needed
to make the critical aspects, of the object of learning, discernible for the students
[25]. Lo emphasizes, that even this is not enough as “teaching is an integrative
act and not simply the application of patterns of variation, and thus whether the
intended effects of patterns of variation are brought about also depends on the
choice of appropriate teaching strategies and teaching approaches” [25].
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To analyze a lesson or a sequence of lessons, using variation theory, one focuses on
how the object of learning was handled with respect to the student group before,
under, and after an intervention [31]. The ability students should develop and the
relevant conceptual knowledge needed, as well as the variation patterns needed
to bring these about are altogether considered as the intended object of learning.
The pattern of variation and invariance, realized by the teachers’ and students’
activities during the lesson is called the enacted object of learning [31]. The learn-
ing outcome after the lesson can be gauged e.g. by students’ answers to pre- and
post-test questions, and is called the lived object of learning [31]. Student answers
on the pre-test questions can contribute to the intended object of learning, as it
gives insight into student pre-knowledge and can thus be considered in the design
of the lessons’ pattern of variation and invariance [31]. If the pre-test instead is
conducted during the lesson it will be part of the enacted object of learning as it
will not inform the planning but rather the lessons enacted pattern of variation and
invariance.

Understanding how concepts form in memory and how they are used to
reason provide useful insights in devising instructional interventions to
help students adopt and use scientific concepts [5].

The mental work of constructing conceptual understanding and abstractions is
carried out in the front cortex (see Fig. 2.3) by the executive functions and pri-
mary the working memory [32–35]. The function and effectiveness of the working
memory and other executive functions of the front cortex are regulated by neuro-
transmitters. Dopamine is the key regulator for this type of learning [36, 37].
Dopamine is released from the ventral tegmental area in response to our percep-

tion of our ability to perform rewarding in the current situation [38, 39], triggering
goal-directed behavior guided by our conceptual understanding in simulating ac-
tion effects and making decisions [40]. But this release is impaired as we perceive
too much stress or pressure. Then the amygdala activates other memory mecha-
nisms connected to punishment [41]. Memories from such situations will not con-
tribute to conceptual understanding but instead, introduce feelings of familiarity in
similar situations and cause averse behavior [39]. In such situations, the dopamine
needed to activate neurogenesis (production of new neurons) in the hippocampus
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�U�J�W�F �B�O�E �B�U�U�S�B�D�U�F�E �C�Z �U�I�F �S�J�H�I�U �O�F�H�B�U�J�W�F �F�M�F�D�U�S�P�E�F �P�G �U�I�F �D�B�Q�B�D�J�U�P�S��

���� ��������




	Preface
	Introduction
	Aim and specific objectives

	Theoretical framework in education research
	Variation theory
	Intended, enacted and lived object of learning

	Context and construction of conceptual understanding
	Visual information, declarative memory and variation theory

	A model for learning and teaching
	Another learning and teaching framework
	Developing experiments for educational purposes

	Theory
	Electrical fields
	Particle traps
	Optical traps
	Acoustic traps


	Method 
	Experimental setups
	Electrical field (Paper I) 
	Optical trap (Paper II and Paper III) 
	Acoustic trap (Paper IV)

	Method Paper I 
	Educational data collection and analysis

	Method Paper II
	Method Paper III
	Method Paper IV

	Results and Discussions
	Experiments increases understanding of particles in electric fields (Paper I) 
	Optical trapping and investigation of a particle remotely from a school (Paper II) 
	marmolejo2021title (Paper III)
	Zoom-independent volume measurements calibrated by acoustic field (Paper IV) 

	Conclusion and Outlook
	Bibliography
	Appended Papers
	johansson2018title
	galan2019safetitle
	marmolejo2021title
	johansson2023title

