
thesis of Licentiate degree

Visualizations of particle-field interactions
Andreas Johansson

Department of Physics

University of Gothenburg
Göteborg, Sweden 2022



Andreas Johansson

Available at: https://hdl.handle.net/2077/74186

© Andreas Johansson, 20th November, 2022

Department of Physics
University of Gothenburg
se-412 96 Göteborg, Sweden

Printed by: Stema Specialtryck AB, Borås, 2022

Typeset in X ELATEX with Times Ten and Akzidenz-Grotesk



Abstract

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.



Sammanfattning

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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Preface

Foreword

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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1
Introduction

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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Chapter 1. Introduction

Table 1.1: Core content in the subject of physics in Swedish upper secondary school [12].

Core content
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 (𝑒/𝑚) [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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Chapter 1. Introduction

1.1 Aim and specific objectives

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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2
Theoretical framework in

education research

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.

2.1 Variation theory

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.

Figure 2.1: Unidentified objects with unknown attributes.
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Chapter 2. Theoretical framework in education research

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.

Figure 2.2: 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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2.1. Variation theory

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].

7



Chapter 2. Theoretical framework in education research

2.1.1 Intended, enacted and lived object of learning

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.

2.2 Context and construction of conceptual
understanding

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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Amygdala

Ventral visual streamMedial temporal lobe

Ventral tegmental area

Dopamine

Representation Memory
distributionConcept

formation

Figure 2.3: Model of the brain and some functions important to perception, concept for-
mation, and memory formation.

and to activate the operations of the executive functions in the prefrontal cortex
is impaired [39]. The executive functions have been shown necessary both to use
algebra for scientific problem solving, to construct scientific concepts, and to use
them to construct arguments for scientific reasoning [42–45]. The ability to use
concept-dependent reasoning is a strong predictor of scientific problem-solving
ability [46], which indicates the conceptual understanding is functional and fits
with reality.

During concept formation, the hippocampus is vital as it mimics and represents
the patterns formed by the executive functions (working memory), using the new
high-plasticity neurons [39] and then distributing them to long-term (declarative)
memory during slow-wave sleep, according to the prevalentmodel of hippocampal-
neocortical memory consolidation [47]. This central function of the hippocampus
function in the formation of conceptual understanding (see Section 2.3) and stor-
ing it in long-term memory, can be further enhanced by regular aerobic exercise
[48].

In summary brain research suggests that students with positive emotions trig-
gered by the expectation of reward, due to repeated experience of rewards for
achievements, in co-operation with others will have increased probabilities of de-
veloping and improving the conceptual understanding needed to express the abil-
ities of reasoning and problem solving during educational activities. Good sleep
and exercise habits will further increase these probabilities.

9



Chapter 2. Theoretical framework in education research

”However, even if the teacher is very caring, the students are highly motivated
to learn and the environment of the classroom is very comfortable and supported
by advanced technology if students do not have the opportunity to discern the crit-
ical features of the object of learning in the classroom, then the desired learning
is still unlikely to occur” [25]. This quote by Lo beautifully introduces variation
theory and its capacity to inform teachers on what is important to let students ex-
perience during class to improve the probability of change in the way students see
the object of learning, and thus change their conceptual understanding. But what
mechanisms are at play here? How does visual information interplay with the con-
cepts and their relations that constitutes our understanding? Since variation the-
ory consists of methods for helping students focus their attention, and eventually
recognize critical aspects as cues, this question needs some elaboration.

2.2.1 Visual information, declarative memory and variation
theory

Not all critical aspects of an object of learning are discerned via inputs from sight,
but many of the important cues are visual. When we use vision to scan a phe-
nomenon, visual information gathered by the eye quickly enters several layers of
hierarchically structured neural networks (the ventral visual stream, see Fig. 2.3)
on the way up to the front cortex [49]. Here the executive functions informed by
our neuronal networks in declarativememory send predictions back down the ven-
tral visual stream to match against more gradually gathered information making
its way up the layers [49]. If a match occurs down the stream the signal from the
stimuli is attenuated (gradually damped), but if something mismatches the predic-
tion, the executive functions receive the signal with full strength [49]. However,
without attention directed at the stimuli, this won’t happen [50]. This damped sig-
nal is the effect of so-called statistical learning and tells us that our neuronal net-
works in declarative memory fit with reality by having categorized correctly, the
perceived patterns, or correctly predicted a phenomenon [32, 49, 50]. These cogni-
tive processes constitute one of the pillars the, within PER well-known, resources
framework is based on [51]. Unexpected stimuli results in pupil dilation of the
eye and more focused attention [50] letting the information pass un-attenuated to
the executive functions where the situation can be remodeled as described in Sec-
tion 2.2 and passed to declarative memory. In light of evidence it seems to be this
communication back and forth in the ventral visual stream that is disrupted dur-
ing perceived stressful situations and thus impairing the formation of declarative
memories (place learning), leaving simpler stimulus-response learning unaffected
[52].

The ability to discern critical features is then analog to using conceptual un-
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derstanding to correctly predict attended cues on their way up the ventral visual
stream. This reduces the cognitive load and more stimulus can be attended to and
handled by the executive functions at the same time. When the conceptual un-
derstanding of a phenomenon involves the critical aspects, that have previously
been discerned, they are perceived all at once. This is equivalent to the term fu-
sion in variation theory [28]. Variation patterns that focus students’ attention on
their critical aspects of a concept or phenomenon, to incorporate in their neuronal
networks of declarative memory, during low-stress situations, are thus one key to
effective teaching and learning.

Although, Lo emphasizes that ”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].

These strategies should be informed by our current knowledge about how the
brain works to design activities for the students to engage in, that will not trigger
negative emotions [32] but still make available the necessary patterns of variation
to make students learn.

2.3 A model for learning and teaching

In this section, I will use a philosophic approach and synthesize a model to think
about teaching and conceptual learning (as opposed to stimulus-response learn-
ing), the higher level of learning needed to understand and apply physics.

As discussed above, this type of learning can happen if the executive functions
of the brain are active in retrieving conceptual understanding, triggered by the
sensory impressions of the situation, to perform contrasting and creative opera-
tions on them and pass the result to the hippocampus, that then represent it and
distribute it to long-term memory during the night. In a model for teaching pur-
poses, the activities that put a demand on the learner to engage their executive
functions in this process should be incorporated, as well as methods to direct stu-
dents’ attention to their critical aspects of either physical phenomena or theoretical
concepts.

Philosophy can assist in constructing theories, that later assist us in understand-
ing. The dutch philosopher HenkW. de Regt introduces a general theory of scien-
tific understanding and argues that understanding is a pragmatic notion and that an
objective relationship between a theory T and a phenomenon P is of little use if T is
not intelligible for a subject S, even if T perfectly explains P [53]. A phenomenon is
understood, according to de Regt, through the process of model construction, and
this process is subjective and non-deductive, he argues, since approximations and
idealizations are needed to construct models. He continues to argue that a ”the-
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ory is intelligible to scientists if they can easily employ it to construct models to
explain specific phenomena” [53]. Likewise, a theory is only intelligible to learn-
ers if they can use it to explain physical phenomena, so it is important to observe
physical phenomena and try to find links between what is observed and theoretical
concepts to produce such explanations.

The proposed model for teaching and learning is inspired in its form by the
model-based view of physics [54]. I have used the term mental model, introduced
by Johnson-Laird [55]. Informed by modern brain research the meaning of the
term mental models is treated as synonymous with conceptual understanding that
consists of neuronal networks and is constructed by the executive functions in the
brain’s front cortex. A process that can possibly be enhanced by teaching based
on variation theory and bringing attention to the front as a critical way to activate
the executive functions in mental model creation during experiences of variation
in the critical aspects of the object of learning.

As the learner, during observation, experiences different dimensions of vari-
ation of the object of learning, understanding can eventually be achieved if the
learner engages their executive functions in the activity of constructing mental
models and explanations using concepts from memory and theory. The mental
models can be further developed if the learner, during activities and further ob-
servations tests them (see section 2.2 for further elaboration).
Different activities can be organized in the classroom for the students to en-

gage, create, compare and revise their mental models. Such activities could be
interacting with simulations [4] borrowed from peer-instruction [1, 56] techniques
or engaging in challenging problem-solving with frequent feedback [3].
Within PER the term mental models have been used before, by E.F Redish [2].

Many similarities between the two treatments exist, especially since they build on
a similar foundation from cognitive science, additions in the proposed model in-
clude more backing from cognitive and neuroscience and how mental models can
be informed by teaching via variation theory. In his version of mental models,
they are the resulting patterns individuals construct when organizing experiences
and observations, and he connects it to constructivism and describes learning in
terms, once developed by Piaget, of assimilation and accomodation [2, 57]. Later
attempts to link modern brain research to the vocabularies of constructivism have
been done [57]. The treatment of the term mental model here is without the vo-
cabulary of constructivist theory.

Visualizing physical phenomena via an experimental setup with capabilities to
vary physical quantities individually provides opportunities for the students to im-
prove their models as the effects and their causes become perceptible. In Fig.
2.4, I have organized learning activities where students’ mental models are con-
structed as interactions with physical phenomena (physical), mental models of
peers (social), theory (abstract), or memories and other e.g sociocultural mental

12 2022



2.3. A model for learning and teaching

models, that comes from the groups and communities we participate in [51](in-
ternal/individual). Within the proposed model for learning and teaching, student
mental models are constructed in such activities due to the spontaneous and some-
times, e.g. by peers, deliberate appearance of the needed patterns of variation and
invariance.

Theory

Physical phenomenon, 
context

Pre-
knowledge

Mental
model

Simulations, exercises, homeworks, 
reading, lectures, questions and 

teacher answers

Simulations, exercises, homeworks, 
reading, lectures, questions and 

teacher answers

Experiencing, observing, measuring, 
testing, decision making

Experiencing, observing, measuring, 
testing, decision making

Peer-
knowledge

Reflecting, 
mindmapping, 

writing

Reflecting, 
mindmapping, 

writing

Discussing, 
argumenting, 
co-operating

Discussing, 
argumenting, 
co-operating

Teaching using
variation theory

Teaching using
variation theory

Figure 2.4: Teaching and learning. The mental model in the center is constructed by
the learner when using or producing theoretical concepts to understand a physical phe-
nomenon. The model can then be subject to changes and improvements through the
learner engaging in different activities (orange) and through effective teaching via vari-
ation theory (green). The lasting changes are those reflected upon and used to form ideas
or plans [32].

Students’mentalmodels are physically represented by themany connections be-
tween neurons and the strength of these connections forms the declarative mem-
ory and is accessed by working memory to do operations on [32]. The mental
models approximate both theory and physical phenomena [32], and these approx-
imations are fundamental in mapping reality to theory and theory to reality [53].
Altering these approximations or creating new mental models for a better fit be-
tween theory and reality is one form of high-level learning, and the mental models
produced in the process are what we can use to solve problems and perform pre-
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dictions about the physical world.
Variation theory consists of language and methods for teachers to direct stu-

dents’ awareness and attention to crucial properties (students’ possible critical as-
pects) of a phenomenon necessary in the mental model to approximate theory and
physical phenomena effectively. Students have preconceptions that need to be
built upon or inhibited to construct a scientifically compatible mental model [33–
35, 58]. Assessing students’ preconceptions provide clues for the teacher about
what critical aspects the students need to attend to, in order to construct and re-
fine these mental models. To successfully do this students need to incorporate
scientific concepts as well as memories from observing cause-effect relationships
of physical phenomena into their mental models [32]. This is why experimental
setups for visualizing physical phenomena are a crucial part of successful physics
education.

When learning physics through interactionwith experimental setups as in physics
laboratories the learning is more beneficial if the teacher complement student ex-
periences with effective instruction that links what is to be learned to established
scientific knowledge [7]. Such instruction could be informed bymethods from vari-
ation theory (see section 2.1), as described in section 2.2.1 and visualized by the
green arrows in Fig. 2.4.
The proposed model has not yet been empirically tested. It is based on an ex-

tensive literature survey.

2.4 Another learning and teaching framework

I will now introduce another framework for learning and teaching, to contrast the
model described in 2.3 and highlight its domain of application.

The investigative science learning environment (ISLE) introduced by Etkina
and van Heuvelen [6] incorporates several of the previously mentioned evidence
from brain science (see Section 2.2), cognition science, as well as scientific episte-
mology and, have an overall similar theoretical stance. This means it is designed to
avoid putting negative emotions in students, by letting them retry on home works
and diagnoses and even avoid correcting students [11]. The general learning loop
for the students consists of observation, explanations using prior knowledge, de-
sign of experiments to test these explanations, and then, performing the experi-
ments.

In the ISLE framework, the students are not told about physics concepts before
observations, but rather they should construct them, by describing observations
in their own words, during the learning loop. This is, they argue, inspired by how
scientific knowledge and models are generated [6]. During the crucial observa-
tion phase a demonstration of an experiment showing a physics phenomenon, ei-
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ther physical or videotaped, is used to visualize it. The students are activated to
produce explanations using prior knowledge [6] and non-scientific wording. The
teacher’s role within the ISLE framework is to introduce an observation experi-
ment and then ”scaffold” student groups in discussions to generate explanations
by providing reasoning tools such as diagrams of different sorts and then, support
students with materials to test predictions from their explanations [11]. The con-
cept of scaffolding is borrowed from the social constructivist theory, developed by
Jerome Bruner and founded on Lev Vygotsky’s concept of Zone of Proximal De-
velopment (ZPD) [59, 60]. Scaffolding means first demonstrating, then stepping
back and offering support [60] when needed while ZPD means “ ... the distance
between the actual level of development as determined by independent problem-
solving and the level of potential development as determined through problem-
solving under adult guidance, or in collaboration with more capable peers” [61].
In general when compared to the learning model described in Fig. 2.4 in section

2.3 the ISLE approach try to introduce the upper ”loop” where the mental mod-
els are interacting with theoretical concepts at a much later point in the learning
process than suggested by the proposed model. The observations of physical phe-
nomena constitute an important role for student learning within this framework
but guiding these observations effectively with a planned pattern of variation and
invariance could make it even more powerful and maybe more fit to the everyday
reality for teachers and students in an upper secondary school context where the
lesson time is relatively short.

The hypothesis behind the proposed model (not yet tested) in Section 2.3 was to
effectively fit this type of situation and to accelerate the formation of mental mod-
els and explanations further, by explicit use of variation theory to inform teaching
during student interaction with physical phenomena, theoretical concepts and dur-
ing instruction and discussions.

2.5 Developing experiments for educational
purposes

The act of observation has a critical role in learning physics but also in doing
physics [6, 7] and since we are biologically evolved organisms, Zull argues, all
learning needs to be grounded in the physical world [32], either through obser-
vations of events and the phenomena it consists of, or indirect via metaphors. This
is howmeaning is created even for the most abstract of concepts and theories [32].
For many physical phenomena, there’s a lack of demonstration experiments that
can be used as a foundation for students to build their understanding. Therefore,
I have come to focus my research on identifying and developing experiments to
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visualize physical phenomena with a focus on different particle-field interactions.
These experiments are constructed specifically to visualize the co-variation of en-
tities necessary to demonstrate cause-effect relationships [32] involved in under-
standing the relevant particle-field interaction. Using variation theory these rela-
tionships can be thought of as some, but not all, of the necessary aspects to discern
and attend to when experiencing the phenomenon (object of learning, particle-
field interaction), and thus they provide a set of first candidates to eventually prove
to be critical aspects for a given student [29, 30]. With particle-field interaction as
the object of learning the variability features within these necessary aspects have
been included in the experimental design [25]. The experiments can be used to vi-
sualize physical phenomena either live or using video as Etkina and van Heuvelen
have done [6]. The experiments were designedwith a potential pattern of variation
and invariance in mind, for a teacher to use in a class if some of the incorporated
cause-effect relationships prove to be critical aspects after examining students’ pre-
knowledge.

A pilot study was performed to investigate the impact on student mental model
formation during a lesson where a videotaped demonstration and a live demon-
stration, of one of my developed experiments, were used as teaching tools. In this
pilot study even though a pre-test was conducted, student answers were not used
to inform the lesson plan as is ordinarily done in e.g. Learning studies [29], due
to time constraints during data collection. The pattern of variation and invari-
ance was therefore designed based on the teacher’s pedagogical content knowl-
edge (PCK), including subject knowledge and usual learner difficulties and how
to address them [62]. The designed variation pattern is described further in sec-
tion 4.2. The successful ISLE framework [11] described in section 2.4, might not be
fully applicable within for example the Swedish upper secondary school curricu-
lum where the time and materials available for implementing such methods are
too limited. Instead, instructions via variation theory can help students to discern
critical aspects of physical phenomena demonstratedwith experimental setups and
this can be of great value as a foundation for students’ mental model construction.
As students construct explanations either in non-scientific terminology, in an “idea
first and name afterwards” approach [63], as in ISLE [11] or by actively trying to
involve the scientific concepts as in the model proposed in 2.3 their mental models
are expressed. This is of great value for the teacher and the learner.
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3.1 Electrical fields

A field is generated by a source in the space around it. An electrically charged
particle generates an electrical field. Electrons and protons have electrical fields,
and within a certain distance, they attract or repel other charged particles. In a
condensator, two flat parallel conductors are connected to a voltage supply. The
excess of electrons in one conductor and the deficit in the other produce a homo-
geneous electric field between the plates. The electric force on a charged particle
in that field is obtained by

⃗𝐹𝐸 = 𝑞 ⋅ ⃗𝐸, (3.1)

where ⃗𝐹𝐸, 𝑞, and ⃗𝐸 are the electric force, droplet charge, and electric field strength
respectively. The direction of the electrical force is in the direction of the electrical
field for a positively charged particle and vice versa for a negative. The electric
field strength in a homogenous electrical field depends on the distance between
the plates (the maximal displacement of a positive particle), ⃗𝑑, and the voltage, 𝑈 ,
applied between them and can be expressed as

⃗𝐸 = 𝑈
⃗𝑑
, (3.2)

and combined with Eq. 3.1 expresses the electric force by

⃗𝐹𝐸 = 𝑞 ⋅ 𝑈
⃗𝑑

. (3.3)

Fig. 3.1 describes a small charged particle, withmass𝑚, falling into a homogeneous
electric field. It will be affected by three forces; the gravitational, ⃗𝐹𝑔, the electric,
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⃗𝐹𝐸, and the drag force, ⃗𝐹drag. Before entering the electric field, the particle is
accelerated by the gravitational acceleration, ⃗𝑔, and reaches its terminal velocity,
⃗𝑣𝑦, along the y-axis when ⃗𝐹drag,𝑦 balances ⃗𝐹𝑔.

𝑣

𝐹

𝐹

𝐹
y

x

α

U

d

Figure 3.1: A small positively charged particle falls into a homogeneous electric field (red
arrows).

Initially ⃗𝐹𝐸 > ⃗𝐹drag,𝑥 and the difference is a resulting force, ⃗𝐹R,𝑥. Newtons
second law of motion gives the acceleration, ⃗𝑎𝑥, along the x-axis by

⃗𝑎𝑥 =
⃗𝐹𝐸 − ⃗𝐹drag,𝑥

𝑚 . (3.4)

The acceleration, ⃗𝑎𝑥, will be zero when ⃗𝐹𝐸 and ⃗𝐹drag,𝑥 are equal. At this point, the
droplet will move in a straight line at an angle, 𝛼, determined by the equation

tan𝛼 =
⃗𝐹𝑔
⃗𝐹𝐸

= 𝑚 ⃗𝑔
(𝑞𝑈/ ⃗𝑑)

= 𝑚 ⃗𝑔 ⃗𝑑
𝑞𝑈 . (3.5)

The specific charge, 𝑞/𝑚, of a falling droplet in the homogeneous electric field can
be obtained by analyzing 𝛼 of its path in the field using a rewriting of Eq. 3.5 to

𝑞
𝑚 = ⃗𝑔 ⃗𝑑

𝑈 tan𝛼. (3.6)
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3.2 Particle traps

Consider a ball rolling from left to right approaching a pit in the ground, see Fig.
3.2. Imagine no friction or drag forces. Can the ball be trapped in the pit, i.e. stay
there?

ଶ

ଵ ଶ ଵ
a)

b)

Trapped!

No frictional forces

Frictional forces
ଵ

Figure 3.2: How to trap a ball using a pit in the ground. a) No frictional forces that can
leak the mechanical energy from the ball. If it has any velocity, 𝑣1, it will go in the pit but
the mechanical energy will be conserved so the ball will travel up the slope of the pit and
out of it with the same velocity, 𝑣2 = 𝑣1. b) Frictional forces apply and they do work on
the ball that will lose mechanical energy as it travels inside the pit (trap). This makes the
ball trappable and it will end up at the bottom of the pit (center of the trap).

Conservation of mechanical energy in a gravitational field will make the ball
increase in velocity until it reaches the bottom of the pit and decreases in velocity
on its way up, by the same amount as potential energy transforms into kinetic
energy and back again. If there are frictional forces, however, energy will leak
in interaction with ground and air and hence, there is a chance for the ball to be
trapped, based on its initial velocity (see Fig. 3.2). The ball is caught in a potential
well, a point in space with minimal potential energy. It can only escape if some
object does work on it. Analogously particle traps can be understood. In the case
of the ball, there is a combination of the gravitational field pulling downwards on
the object and friction that ensures the ball loses mechanical energy. A general
trap can be described as a point in space, towards which a surrounding field exerts
a distance-dependent force on an object. The trap center corresponds to the local
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minimum of potential energy. The force, ⃗𝐹 , will increase with the distance, Δ ⃗𝑟,
and be directed towards the center of the trap. The strength of the force will be
proportional to the trap stiffness (spring constant), 𝑐. (see Fig. 3.3). The relation
is described by the following equation, known as Hooke’s law,

⃗𝐹 = −𝑐Δ ⃗𝑟. (3.7)

Trap center

∆𝑟

𝐹

Figure 3.3: General trapping principle. The field interacting with the particle needs to
generate a restoring force, ⃗𝐹 , that increases with the distance, Δ ⃗𝑟, to the trap center, with
a magnitude scaled by trap stiffness, 𝑐. The relation is described in equation 3.7

.

In other fields, i.e electrical, optical, or acoustic fields, other forces give rise to a
possible particle trap.

Trapping of charged particles with electrical fields has been realized by two pairs
of electrodes that switch polarity simultaneously at a high enough frequency. Such
a trap is called a Paul Trap [64] or a quadrupole ion trap (see Fig. 3.4) invented
by Wolfgang Paul in 1990 and awarded the noble prize for its use to trap charged
particles for long times [65].

This two-dimensional version of a quadrupole trap is described by the equation,

Φ0 = 𝑈 + 𝑉 cos𝜔𝑡, (3.8)

whereΦ0 is the total applied voltage between each pair of electrodes in the quadru-
pole, 𝑈 is a DC voltage and, 𝑉 is an AC voltage with driving frequency, 𝜔 [64]. The
electric field strengths in the xy-plane, 𝐸𝑥 and 𝐸𝑦, described in Fig. 3.4, is given by
the two expressions,

𝐸𝑥 = −Φ0
𝑟2

0
𝑥, 𝐸𝑦 = Φ0

𝑟2
0

𝑦, (3.9)

where 𝑟0 is the distance to the trap center [64].
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1. 2.





Figure 3.4: A simulation of the electric field in a Paul Trap. Changing the polarity of
electrode pairs at a certain frequency introduces a varying electric field. 1) The electric
field exerts an electric force on the positively charged particle directed to the trap center.
The force changes the direction of the velocity 𝑣1. 2) The change in polarity of the electric
field still exerts a force directed to the trap center. The force will increase in strength as
the distance 𝑟0 to the trap center increase. This keeps the particle trapped.

3.2.1 Optical traps

A qualitative understanding of optical levitation can be obtained by treating laser
light as rays that hit a small transparent liquid droplet with a refractive index larger
than the surrounding. The laser light can then be reflected, refracted or absorbed.
As the light change direction, the linear momentum changes. The droplet must
then undergo an equal and opposite momentum change due to the law of conser-
vation of momentum. This results in optical forces. In an optical trap (see Fig.
3.5), a focused laser exhibits two types of forces on the levitated particles to hold
them in place. The scattering force 𝐹scatter, balances gravity and drives the particles
along the laser’s path, and the gradient force 𝐹grad provides attraction towards the
point of highest intensity (due to refracted light). For an upward-directed focused
laser beam, these two forces combine to form the optical trap and provide lift and
stability

To trap the particle, however, some air resistance or other frictional force is
needed for the object to lose energy and eventually find a stable position. This
makes it harder to trap at lower pressures. Themagnitude of the net optical restor-
ing force 𝐹 on a particle in the ray-optics regime (particles not much smaller than
the laser wavelength) in an optical trap is, for a Gaussian beam, directed to the
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𝐹

𝐹

𝐹

Figure 3.5: Optical forces on a transparent object in the optical field of green laser with
Gaussian beam profile. The upward force (black arrow, up) is the scattering force from
photons (light particles) pushing on the object when reflected. The gradient force (black
arrow, right) is produced by light being refracted out from the center of the beam, pushing
the object into the center due to the conservation of momentum. The field gradient is
symbolized by the red arrows pointing toward the highest intensity. The direction of the
gradient force is inwards if the refractive index for the trapped particle is higher than the
medium it is immersed in.

beam center and can be calculated as

𝐹 = 𝑄 (𝑛𝑚𝑃
𝑐 ) , (3.10)

where 𝑃 , 𝑐, 𝑛𝑚, and 𝑄 are the incident laser power, the speed of light in vacuum,
the refractive index of the surroundingmedium, and a dimensionless quality factor
encoding the angular contribution of 𝐹scatter, and 𝐹grad, respectively. For particles
much smaller than the wavelength, Rayleigh theory is applicable instead.

3.2.1.1 Combining optical and electrical fields

Power is defined as energy over time and a change in energy is physical work that
is described by 𝑊 = 𝐹 ⋅ Δ𝑠, where, Δ𝑠, is a displacement and, 𝐹 is the force doing
the work. Hence, power and force are related in the expression

𝑃 = Δ𝐸
Δ𝑡 = 𝐹 ⋅ Δ𝑠

(Δ𝑡)2 , (3.11)
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Figure 3.6: Using the laser power, P1, first the droplet is trapped as gravity is balanced
by the optical force, 𝐹𝑟𝑎𝑑1, As the electrical force, 𝐹𝐸, is applied (middle) the droplet is
balanced at a higher level. There the wider beam provides a lower optical force, 𝐹𝑟𝑎𝑑2,
for the same laser power, P1. The laser power is then reduced (to P2) until the droplet is
back at the original level of balance. Here the new optical force, 𝐹𝑟𝑎𝑑2, and the electric
force together balance gravity. The sum of the two forces is equal to the previous optical
force, 𝐹𝑟𝑎𝑑1. 𝑃 is the power of the laser. ”This is adapted from Galán, D., Isaksson, O.,
Enger, J., Rostedt, M., Johansson, A., Hanstorp, D., de la Torre, L. Safe Experimentation
in Optical Levitation of Charged Droplets Using Remote Labs. J. Vis. Exp. (143), e58699,
doi:10.3791/58699 (2019).”

where Δ𝐸 is the change in energy and, Δ𝑡 is the corresponding time change.
A homogeneous electric field in combination with an acoustic field can be used

to measure the charge of an object immersed in these fields using a rewriting of
Eq. 3.1 to

𝑞 = 𝐹𝐸𝑑
𝑈 , (3.12)

where the electrical force, 𝐹𝐸, is obtained from the force equilibrium, between the
three forces, 𝐹rad, 𝐹𝐸, and 𝐹𝑔, acting on a levitated object in the two force fields.
The resulting equation can, combining Eq. 3.12 with Eq. 3.11, be described in

terms of two different laser powers, P1 and, P2 using

𝐹𝐸 = 𝑚𝑔 ⋅ (𝐹𝑟𝑎𝑑1 − 𝐹𝑟𝑎𝑑2
𝐹𝑟𝑎𝑑1

) = 𝑚𝑔 ⋅ (𝑃1 − 𝑃2
𝑃1 ). (3.13)
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3.2.2 Acoustic traps

The acoustic field consists of velocity, density, and pressure differences in the
medium the object is trapped in. The acoustic field will exert gradient forces in
the direction from high pressure to low pressure (nodes). The forces need to be
strong enough to balance gravity. There is a lot of friction in the acoustic field due
to the large amounts of molecules to give energy to and the objects tend to be very
stable when trapped.

𝐹

𝑑

𝐹

Pressure
anti-node

Cavity
lentgh

Figure 3.7: Acoustic pressure force 𝐹rad (white arrow) on a small object immersed in the
acoustic field balances the gravitational force 𝐹𝑔 (brown arrow). Blue dots symbolize air
particles. Anti-nodes are represented in the back by white regions, and in the front by
high pressure (many particles). Nodes are represented in the back by black regions and
few particles (low pressure)

Particles in all forms, no matter charge or transparency can be trapped using
an acoustic trap. Limitations include the size and density of the object. Usually,
the size cannot surpass half the acoustic wavelength, even if some exceptions exist
[66–69]. Densities of up to 7.3 𝑔/𝑐𝑚3 have been rotation-locked during levitation
[69] and even lead and mercury can be levitated [70]. Altogether, this means a
lot of flexibility compared to other levitation techniques and this contributes to
the recent success of acoustic levitation in scientific research [71]. Most research
within acoustic levitation has used variants of the commercialized Langevin-type
levitator [20, 72, 73]. In recent years, low-cost 3D-printed versions utilizing small
transducers (sound emitters)mounted in arrays have brought acoustic levitation to
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a new era. The simplest version of such a trap is the single-axis acoustic levitator,
TinyLev[20]. Many spin-off designs have demonstrated impressive control of the
acoustic field using phased array levitators[73, 74]. In single-axis acoustic levitators
a standing wave can be generated by applying a phase shift of 𝜋 between the two
transducer arrays. The acoustic pressure producing the trap can be obtained by

𝑝(𝑥, 𝑦, 𝑧) = 𝑃0 ∑
𝑗

𝐽0(𝑘𝑎𝑗 sin 𝜃𝑗)
1
𝑑𝑗

𝑒𝑖𝜙𝑗, (3.14)

where 𝑃0, 𝐽0, 𝑘, 𝑎𝑗, 𝜃𝑗 and, 𝑑𝑗 respectively denote a voltage-dependent factor,
the zeroth-order Bessel function of the first kind, the wavenumber, the radius of
transducer 𝑗, the angle between the normal of transducer j and any point in space
(𝑥, 𝑦, 𝑧), and 𝑑𝑗 is the distance from transducer j to that point [69].
The most common way to calculate the acoustic radiation force on a levitated

object is by first calculatingGor’kov potential𝑈 and then obtaining the force as the
gradient. The calculations assume that a small incompressible sphere is immersed
in the acoustic field of an ideal fluid. The acoustic wavelength, 𝜆, has to be larger
than the radius, 𝑅, of the sphere [75]. The Gor’kov potential, in air, is calculated
as

𝑈 = 2𝜋𝑅3 [ 𝑓1
3𝜌0𝑐2

0
⟨𝑝2⟩ − 𝑓2𝜌0

2 ⟨𝑢2⟩] , (3.15)

where 𝑝 and, 𝑢 are the first-order incident acoustic pressure and particle velocity
respectively. 𝜌0 and, 𝑐0 is the density of, and speed of sound in air and for dense
objects like solids the two factors 𝑓1 and, 𝑓2 can be approximated to 1 [76]. The
acoustic radiation force, 𝐹rad, acting on the small sphere can now be calculated
using the Gor’kov potential by

𝐹rad = −∇𝑈. (3.16)

For situations where these approximations don’t apply more general but slower
calculations can be used [76], but the reason the gradient of the Gor’kov potential
is widely used is the simplicity and the corresponding gain in calculation speed.

3.2.2.1 Acoustically levitated droplets

Droplets levitated in single-axis acoustic levitators are deformed by the acoustic
pressure and find equilibrium shapes. For droplets in the sub-microliter tomilliliter
size, these shapes are well approximated by oblate spheroids (ellipsoids, see Fig.
3.8). On of the cross-sections of these are an ellipse with a minor-axis, 𝑟min, and a
major-axis, 𝑟maj.
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𝑟
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𝑟
𝑟

Figure 3.8: The oblate spheroid (ellipsoid) to the right is circular (brown, left) when
viewed along the dashed axis of symmetry and elliptic (blue, middle) viewed orthogo-
nal to that axis. 𝑟maj is the semi-major axis of the blue ellipse. The semi-minor axis, 𝑟min,
in red, of the ellipse is aligned with the axis of symmetry for the oblate spheroid.

The roundness of the droplets can be described by their aspect ratio, 𝐴𝑟, calcu-
lated as

𝐴𝑟 = 𝑟min

𝑟maj
. (3.17)

Depending on surface tension the same acoustic pressure will deform droplets of
different materials into different aspect ratios. Very small droplets are well ap-
proximated by spheres if the amplitude of the acoustic field is sufficiently low. El-
lipsoidal droplet volumes 𝑉ell, can be calculated using 𝑟min, and 𝑟maj with

𝑉ell = 4𝜋
3 𝑟2

maj𝑟min. (3.18)

Images of levitated droplets can then be used to calculate their volumes with

𝑉metric = 𝑉pixels × 𝑠3, (3.19)

where 𝑉metric is volume in cubic-millimeters, 𝑉pixels is the pixel-volume obtained via
Eq. 3.18 from pixels corresponding to 𝑟min and 𝑟maj in an image of the droplets, and
𝑠 is the scale factor between pixels and millimeters.
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4.1 Experimental setups

4.1.1 Electrical field (Paper I)

Anexperimental setupwas designed for teachers as a tool to help their students de-
velop mental models for the particle-field interaction of charged particles in elec-
tric fields. The setup was designed to visualize individual particles moving through
and interacting with an electric field. The design was based on the chosen object
of learning (the ability for students to predict the direction and relative magnitude
(smaller/larger) of the electric force on particles in electric fields) and the required
pattern of variation and invariance described in Sec. 4.2.

A custom-built charging unit was mounted on a piezoelectric micro-dispenser
with a curved steel capillary (GeSimA010-002) capable of automatically and con-
trollably ejecting small glycerol droplets with a size of 20 𝜇m. With the charging
unit switched off, the droplets are ejected with an undefined negative charge de-
pending on the friction in the dispenser.

The charging unit can change the charge of the droplet by passing it through
an electric field of 0-300 V. The field will rip off a number of electrons from the
droplet. To produce drops with a neutral charge, a voltage of about 100 V was
used. Voltages lower than 100 V will cause the paths of the droplets to deflect
to the right, while higher voltages will cause movement to the left (see Fig. 4.1).
Droplets with different charges can be produced with the charging device shown
in the upper right part of Fig. 4.2. The ejected droplets lose velocity after traveling
a few centimeters in the air and then fall vertically into an experimental cham-
ber. In the chamber, two parallel ITO-coated (indium-tin-oxide) glass plates (the
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electrodes of a capacitor) produce a statically homogeneous electric field when
connected to a DC voltage. Voltages in the range of 0-50 V are used to control the
falling trajectories of the charged droplets. LED light illuminates the experimen-
tal chamber through the transparent conductive ITO plates and scatters from the
falling droplets, which are made visible to the naked eye.

For further visualization and video generation, a Logitech Brio 4K webcam was
placed with the optical axis parallel to the ITO plates and collected the scattered
light from the droplets (see left in Fig. 4.2). The velocity and size of the ejected
droplets were controlled via the software accompanying the droplet dispenser con-
trol box (GeSim, multi-dos 2, A020-301).

0 V 100 V 150 V

15 V 15 V 15 V

Figure 4.1: A droplet dispenser with a charger unit was placed a distance above the ca-
pacitor electrodes. Red arrows indicate the direction of the electric field between the elec-
trodes of the capacitor. Another electric field between the dispenser tip and the charger
electrode was applied to alter the charge of ejected glycerol droplets. The ejected droplets
almost immediately after ejection reach terminal velocity and fall straight down with con-
stant speed when entering the approximately homogeneous electric field of the capaci-
tor. Arrows are force vectors indicating the strength and direction of electric- (orange),
gravitational- (yellow), and drag (blue) forces. Left: 0 V applied, the droplets are nega-
tively charged initially due to friction in the dispenser causing the electric force directed
towards the positive electrode. Middle: 100 V is applied and this neutralizes the droplet
charge, ripping off the extra electrons so the droplets fall unaffected by the electric field.
Right: 150 V is applied, ripping off even more electrons making the droplet charges posi-
tive and attracted by the right negative electrode of the capacitor.
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Figure 4.2: Left is the experimental setup: (a) experimental chamber, (b) droplet dis-
penser, (c) turbulence shielding tube, (d) LED-light source, (e) web camera connected to
PC. Upper right: (f) close up on droplet charger mounted on the dispenser. Lower right:
(g) ITO-plates connected to a voltage supply, (h) falling droplets in curved trajectories
due to particle-field interaction (electric force).

4.1.2 Optical trap (Paper II and Paper III)

The experimental setup (see Fig. 4.3) consists of a droplet dispenser, an experi-
mental chamber (glass cell) that can be vacuum pumped, a vertical laser with focus
slightly under the center of the glass cell, electrodes with holes for letting the laser
through, an alpha source (241𝐴𝑚) mounted on an electric motor translation stage.

A voltage of up to 1000 V is applied between the plates (f in Fig. 4.3) to produce
a vertical electric field. This setup in combination with a droplet ejection device
has been used to trap liquid droplets optically and investigate their properties and
their interaction with both optical and electrical fields as well as ionizing radiation
[77].
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(a)

(c)

(d)

(f)

(e)

(b)

Figure 4.3: The experimental setup consists of (a) droplet dispenser and a charger, (b)
experimental chamber, (c) a vertical and focused laser, (d) electrodes, (e) alpha source
(241𝐴𝑚) on motorized translation stage, (f) optically levitated droplet. The front and right
walls are cut to visualize the center of the experimental chamber.

4.1.3 Acoustic trap (Paper IV)

The experimental setup used tomeasure volumes of levitated droplets is shown left
figure of Fig. 4.4. Twoopposite arrays of transducers (Manorshi,MSO-P1040H07T)
are driven by the same square signal of about 40 kHz, amplified with a step mo-
tor and a DC-power supply. Trapped droplets scatter the diffused light from the
LED source, producing a shadow that is projected onto the CCD chip via an Nav-
itar Zoom 7000 macro objective mounted on a Logitech 4K Brio camera. The
droplet images are directly visualized on a computer screen connected to the ex-
periment. ACPU collects the pixel data and the thermometer readings. The trans-
ducer mounting caps are attached to motorized translation stages to controllably
vary the cavity length.

30 2022



4.2. Method Paper I

Mounting cap for transducers

CCD

Objective

Droplet
shadows

CPU

Transducer array

Diffuser

Electric
translation stage

Thermometer

Trappeddroplets

Electronics

Electric
translation stage

LED

Acousticfield

Figure 4.4: Left is the experimental setup. The traps acoustic field shown with white anti-
nodes and black nodes. Two droplets (yellow) shadow diffused LED light. The shadows
are projected via a camera objective on a CCD chip. The CPU collects the pixel data and
the thermometer readings. Right is the design of the mounting cap for the transducers.

4.2 Method Paper I

In the Swedish upper secondary physics curriculum, two-dimensional motions of
objects in electrical fields are part of the central content [12]. The experimen-
tal setup described above was developed to visualize the phenomenon and help
students develop their corresponding mental models (see Ch. 2). With variation
theory as the planned analytical and theoretical framework, the object of learning
in this pilot study was the ability for students to predict the direction and rela-
tive magnitude (smaller/larger) of the electric force on particles in electric fields.
To help students develop such mental models the experiment was designed with
possible patterns of variation and invariance in mind, ready to be realized when
needed during the lesson. The electric force acting on charged droplets immersed
in an electric field depends on the magnitude and direction of the electric field, as
well as the magnitude and polarity of the electric charge carried by the droplets.
Therefore, droplet charge and polarity in addition to the strength and direction of
the electric field were identified as some of the particle-field interactions’ neces-
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sary critical aspects. Their variability within the experiment design is imaged in the
right of Fig. 4.5 and the pattern of variation and invariance is shown in Tab. 4.1.
The electric field is varied by varying the voltage applied between the capacitor
electrodes and the droplets’ charge is varied by varying the voltage on the custom
charger mounted on the dispenser as described in section 4.1.1.

Table 4.1: Pattern of variation and invariance made possible via experiment design. Con-
trast (c, white), generalization (g, gray), and fusion (f, olive). The bending of droplet paths
can be observed, and it is the result of the droplet-field interaction (the electric force).

Electric field Charge on droplets Droplet path
[V/m] [C]

c Const. pos. vary co-vary
c Const. neg. vary co-vary
c vary const. pos. co-vary
c vary const. neg. co-vary
g vary 0 const.
g 0 vary const.
f vary vary vary/const.

To further improve the students’ mental models, relevant theoretical concepts
should be included. The concepts of electric fields and charged particles and their
representations (diagrams) were based on being central to the concepts selected
as initial critical aspects for the development of the mental model. A pattern of
variation and invariance using pictures with representations of gravitational fields
and electric fields as well as particles within these fields was designed (see Fig. 4.6).
Using the variation pattern and the principle of contrast, the possibility arises for
students to distinguish differences between homogeneous and non-homogeneous
fields. Furthermore, they can discern the field strength and direction as well as the
magnitude of forces on objects in the field, within the representations of field lines
and force vectors. The observed relationship is linked to Eq. 3.1. During a lesson,
the teacher uses the ability to contrast the effects of changes in the experimental
setup by varying one property value at a time. To connect theoretical concepts
with physical observations, students are activated to explain the observation using
the diagrams and concepts from the theory in a discussion with the teacher.

4.2.1 Educational data collection and analysis

Students from two upper secondary schools (n=50) in the Gothenburg area partic-
ipated in a pilot study. The aim was to investigate the effect on students’ learning
when the teacher had access to an experimental setup or a video of such a setup
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that could visualize physical phenomena related to the object being taught during
the lesson or no demonstration at all. For this lesson, the object of learning was
the concept of electric fields and their interaction with particles.

Figure 4.5: Example frame from a video recording. Left is a camera image of the exper-
imental chamber. The trace of three falling droplets produces a visible projectile motion
bending to the left in the electric field between the electrodes. To the right are the knobs
controlling the voltages applied to the ITO plates in the experimental chamber (left) and
the droplet charger electrodes (right). Top right is the droplet function generator giving
suitable frequency and voltage to the droplet dispenser.

Students were divided into three groups: 1) Experiment live, 2) Video experi-
ment, 3) No demonstration (only a thought experiment). Group 3 is the control
group and does not receive any teaching using the experimental setup. The same
teacher (the author) taught all three groups using the same script for the lesson
to only vary the use of the experimental setup to visualize the phenomenon. An
example slide from the script can be seen in Fig. 4.6. An example frame from the
video used in group 2 can be seen in Fig. 4.5.

The data collection method consisted of a pre-test and a post-test. Students per-
formed the pre-test immediately before the lesson and the post-test immediately
after. The test questions of both tests were identical and consisted of four ques-
tions aimed at investigating students’ mental models regarding the object of learn-
ing. The test questions are replications of some questions found in the Diagnostic
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Figure 4.6: Example slide from the script used by the teacher during the three lesson
variations.

Exam for Introductory, Undergraduate Electricity and Magnetism (DEEM) [78],
translated to Swedish (see Fig. 4.7).

1. Vilken riktning, om någon, har kraften som verkar på partikeln på 
grund av fältet om partikeln initialt (vid start) är i vila och partikeln har
positiv laddning?
De prickade pilarna representerar elektriska fältlinjer.

Det finns ingen resulterande kraft.

Figure 4.7: Example item from the pre- and post-tests (in Swedish).

Students’ responses were analyzed and compared by first calculating a possibly
improved version of the Hake gain [79], which differs in how zero or negative
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changes are handled. To calculate the average normalized change, 𝑐𝑎𝑣𝑒, [80] for
each group, first the normalized change, 𝑐, for each student was calculated by

𝑐 =
⎧{{
⎨{{⎩

post−pre
100−pre post > pre
𝑑𝑟𝑜𝑝 post = pre = 100 or 0

0 post = pre
post−pre

pre post < pre.
(4.1)

Then the standard error was calculated for each group by first calculating the stan-
dard deviation (but not assuming c-scores to be normally distributed) and then di-
viding by the square root of the number of students in the group 𝑁 [80]. Average
normalized change and the standard error can be used to measure and compare
learning outcomes from interventions in classrooms, even if 𝑁 is low since it does
not assume the distribution of the population to be normal [80]. The results can
be seen in Fig. 5.2.

4.3 Method Paper II

The experimental setup described in 4.1.2 was complemented with two video cam-
eras. One camera for a view of the droplet dispenser so users couldmonitor droplet
ejection and dispenser clogging. One camera for a view of the experimental cham-
ber where the droplets are trapped. The two cameras, the position sensitive device
(PSD), the laser, and the voltage amplitude and type were connected directly or
via a NI-DAQ card to the lab computer that enabled control and monitoring via a
LabView program.

A UniLabs moodle was designed as the user GUI (graphical user interface) to
communicate with the lab computer via the internet. End users could connect
their local computers to the internet and access the moodle via a web browser. A
Swedish upper secondary physics class was invited to test use the setup from their
classroom.

4.4 Method Paper III

Tomeasure the electron’s charge an visualize its quantization, a charged silicone oil
droplet was first trapped in a focused laser beam. The radiation pressure balances
gravity and the conservation of momentum due to the refracted light keeping it
near the center of the vertical laser beam. The droplet dispenser ejected a charged
droplet that was optically trapped and then neutralized using an alpha radiation
source as the amplitude of droplet oscillations in a varying electrical field wasmon-
itored. A magnified image of the droplet was projected onto a distant wall. As the
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droplet was neutral a voltage of a few hundred volts locally homogeneous elec-
tric field could be introduced without any impact on the droplet. The alpha source
was then introduced again to ionize air molecules in the vicinity of the droplet. The
ionized air surrounding the droplet added electrons to it during collisions, making
the droplet and its projected image ”jump”. The jumping shadow could be ana-
lyzed with a ruler on the wall and we found a smallest possible jump, and all other
jumps were multiples of this jump. These jumps are interpreted as quantization of
the charge of the electron. By measuring these smallest charge jumps, we could
confirm seeing individual electrons.

4.5 Method Paper IV

The acoustic trap is operated at a 40 kHz driving voltage. Two droplets are lev-
itated in adjacent central nodes produced by the superposition of sound waves
emitted from the transducers. The droplets shadow the light from the LED as it
passes through the trap and is imaged on a CCD chip via a camera lens.

A simulation that can predict node-to-node distances in air depending on the
specific details of transducers, trap geometry, frequency, cavity length, and tem-
perature (in the outer regions of the trap), was developed (see Fig. 4.8).

Two droplets were trapped in the neighboring most central nodes and the tem-
perature of the air in the outer region of the trapwasmeasured. Iterations between
predictions of cavity lengths that have symmetric node geometries, and live pixel
data collection of two levitated droplets using that cavity length were done to es-
tablish a match between the simulation and the real experiment.

The images and the temperature measured by the thermometer were times-
tamped, recorded, and analyzed via a custom python script based on the skimage
library. Pixel data from the sharp contour images were collected with the below
image-processing algorithm:

1. Convert to gray-scale.

2. Apply a mask, using a dilation method.

3. Binarize the image using a threshold to make objects white and the back-
ground black.

4. Label connected regions of white pixels.

5. Extract pixel values (x,y) of centroid, minor-axis length, major-axis length,
and the orientation.
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dnode

dnode

Figure 4.8: Simulation of the acoustic trap. The black area shows a simulation of the
acoustic field with relative intensity (greyscale) in the region accessible to the CCD. The
structures in red color represent the positions and orientations of the transducers. The
lower subfigure shows the relative intensity of the acoustic field along the x-axis for the
central nodes of the trap.

Fig. 4.9 shows the captured camera image (upper) and the extracted image data
(lower); the distance between droplet centroids (weighted pixel center of a labeled
region), semi-minor and semi-major axis length of each labeled region. The cen-
troid, the semi-minor axis, and the semi-major axis are used to paint a red ellipse
on the image and it can be concluded that the droplet can be well approximated as
an ellipsoid since it is circular from the perpendicular side view and elliptic viewed
from the camera.

Cavity lengths that have symmetrical central nodes were obtained by construct-
ing simulations in a loop that stops at the cavity length that predicts similar ampli-
tudes of the acoustic field in the four central anti-nodes (see Fig. 4.8). This ensured
equal pressure gradients at different levitation heights of droplets levitated in the
nodes and thus they won’t move sideways during alterations of driving voltages or
droplet volumes.

The above procedure is done once and establishes a match between the simula-
tion of the acoustic field and the acoustic field in the trap. The simulation was then
used to accurately predict node-node distance in millimeters and a scale factor 𝑠
[pixels/mm] was automatically established using the pixel information contained
in images of the two droplets (see Fig. 4.9). A spheroidal approximation of droplet
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Figure 4.9: Upper: Image of two levitated droplets. Lower: Extracted pixel data from
the upper image. The custom software finds the regions of white pixels in the upper image
and then measures the region’s major and minor axes (red lines), as well as the centroid
positions (green dot) and the horizontal distance between the centroids (blue line). The
red ellipses are painted afterward using the extracted data, only to show the quality of the
elliptic approximation.

shape was used to calculate a pixel volume by Eq. 3.18. The droplet volume was
finally calculated with Eq. 3.19 using the scale factor 𝑠.
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5.1 Experiments increases understanding of
particles in electric fields (Paper I)

Results are presented from the three interventionswhere a teacher taught the same
lecture to three similar student groups with, without, and with a video of an exper-
imental setup visualizing particles’ movement in an electrical field.

Fig. 5.1 shows a comparison of the three interventions. In the diagram, the x-
coordinate, 𝑥𝑛, for each point is obtained by 𝑥𝑛 = 𝑛 ⋅ 100/𝑁 . Where 𝑁 is the
number of students in each group. The students’ scores in percent on the pre-test
and the post-test was sorted and plotted against the list of x-coordinates (students
%). The pre-test scores show that the three groups had similar pre-knowledge. The
post-test scores reveal that more students increase their conceptual understanding,
as measured by the test if the lecture includes an experimental setup either live
or videotaped, than without an experiment. However, even if all groups had the
same amount of time, the same teacher, that also used the same script for the
lesson except for how the experiment was used. In the lesson with no experiment,
a thought experiment was used to illustrate the same conceptual critical aspects
that the pattern of variation and invariance (see Fig. 4.1) aims to. The two plots
in Fig. 5.1 show statistical floor and ceiling effects and this suggests the number of
items on the tests need to be increased for better measurements.

Fig. 5.2 shows the three interventions’ scores as normalized change against pre-
test scores in percent. This way of displaying the data indicates that a video of
the experiment and using the experiment live as a teaching tool during a lecture
increases students’ conceptual understanding more than not using an experiment
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Figure 5.1: Upper: Students pre-test scores from the three groups; video experiment
(blue), live experiment (orange), and without experiment (green). Lower: Students post-
test scores. On the horizontal axis students from a specific group are equally spaced from
0-100 (labeled students %).

during the same lecture.
The two interventions with higher average normalized change (experiment live

and video), had also lower pre-test scores on average. The pre-and post-test con-
sisted of only four questions. There is a relatively high probability that this biased
the normalized change scores in favor of the interventions that had low scores in
the pre-test. In addition, the higher average score on the pre-test means that there
is less room for improvement (floor and ceiling effects). The low number of test
questions was a clear shortcoming of the pilot study and therefore four additional
test questions were created as variants of the previous questions to address this
issue before the next round of data collection. During this first pilot study, quali-
tative data were not collected systematically or analyzed, but it was observed that
the students in all three groups were concentrated most participated in the class
discussions.
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Figure 5.2: Normalized change vs pre-test score %. The error bars are the standard errors.
Intervention with no experimental setup (red, arrow down), showed a low intermediate
impact. Interventions with the aid of the experimental setup, live (blue, dot) or on video
(magenta, arrow up) showed higher intermediate impact, as measured by the average nor-
malized change, 𝑐𝑎𝑣𝑒.

Summary

An experimental setup to visualize particle-field interaction with charged particles
falling in an electric field has been successfully developed to be used as a teaching
tool. More research is needed to confirm the results of a carried out pilot study,
which show that experiments and video experiments produced better learning out-
comes than teaching without demonstrations. To gain a better understanding, fu-
ture studies need to incorporate qualitative data collection and a number of test
items need to be added.
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5.2 Optical trapping and investigation of a
particle remotely from a school (Paper II)

A webcam and an internet connection as well as motorized equipment was con-
trolled from a PC to convert an experimental setup to a remote setup (see Fig.
5.3). For the above-described experiment, a remote laboratory activity was devel-
oped to let students investigate the field-droplet interaction in a combination of
optical and electric fields. Students connected to the experiment via the web por-
tal University Network of Interactive Laboratories (UNILabs) and controlled the
experimental setup located in Gothenburg, Sweden.

Figure 5.3: Remotely controlled experimental setup. ”This is adapted from Galán, D.,
Isaksson, O., Enger, J., Rostedt, M., Johansson, A., Hanstorp, D., de la Torre, L. Safe
Experimentation in Optical Levitation of Charged Droplets Using Remote Labs. J. Vis.
Exp. (143), e58699, doi:10.3791/58699 (2019).”

The experimental procedure, which is described fully in Paper I, enables stu-
dents to trap a droplet, and measure its’ size, charge polarity, and absolute charge.
The students monitor their operations via the digitally transferred images from the
web camera and the signal from the Position Sensitive Device (PSD). This view is
shown in Fig. 5.4 together with the respective inputs and outputs students can
control and receive from the experiment.

Extensive instruction about how to operate the experimental setup hands-on as
well as remotely to perform measurements of the levitated droplets’ size, charge
polarity, and charge is provided in Paper I. A trapped droplet can stay trapped
for over half an hour. It can take up to one minute to capture the droplet but
when it’s trapped it is stable enough for the students to perform all the described
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5.3. Visualizing the electron’s quantization with a ruler (Paper III)

Figure 5.4: Student view of the experiment. To the left: controls for the laser and the
electric field. Middle left: Control of camera view and droplet dispenser. Middle right:
PSD monitor. Right: UniLab homepage navigation. ”This is adapted from Galán, D.,
Isaksson, O., Enger, J., Rostedt, M., Johansson, A., Hanstorp, D., de la Torre, L. Safe
Experimentation in Optical Levitation of Charged Droplets Using Remote Labs. J. Vis.
Exp. (143), e58699, doi:10.3791/58699 (2019).”

measurements. This has been extensively tested, first locally, and then remotely
by students from a Swedish upper-secondary physics class.

Summary

An experimental setup was developed and connected to the Internet of Things
(IoT). The setup used high-power lasers and high-voltage electric fields but could
be safely controlled remotely. A student lab was developed for students to mea-
sure the size, charge polarity, and charge of a levitated droplet using the experi-
ment and it was tested both hands-on and by students remotely.

5.3 Visualizing the electron’s quantization with a
ruler (Paper III)

In this paper, we managed to visualize the quantization of electric charge by show-
ing single electrons’ impact on the net charge of an optically levitated droplet sur-
rounded by an electric field. The effects were magnified, to be seen with the bare
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eye, on a wall, or on a screen as a visual experience for future students to incorpo-
rate into their mental models.

The ability to visualize single quantized electron jumps has been developed. The
experimental setup is based on trapping charged liquid droplets in an optical trap.
By approaching the trapped droplet with an alpha emitter, air molecules are ion-
ized, which in turn knocks off single charges on the trapped droplet. Since the
droplet is in a homogeneous electric field, it will jump when its charge changes.
These jumps are directly proportional to the number of electrons removed from
the surface of the droplet. The smallest of the observed jumps corresponds to the
charge of a single electron. These jumps are visualized on a ruler hanging on a wall
(see Fig. 5.5). The optical trap stiffness 𝑘 = 5.00 ± 0.49 nN/m and a rewriting of
Eq. 3.12, using Hooke’s law (Eq. 3.7) and, the definition of electric field strength
in homogeneous electric fields, E = 𝑈/𝑑, where E is the electric field strength, 𝑈
is the applied voltage to the electrodes, and 𝑑 is the distance between the parallel
electrode plates, was used to calculate the corresponding charge 𝑞 for the smallest
jump as

𝑞 = 𝑘Δ𝑦
𝐸 , (5.1)

where Δ𝑦 is the distance from the particle to the trap center. The known charge
of the electron is 1.602 × 10−19 and our measurement agrees within the limits with
this number and it confirmed the visualization of quantized single electron effects.

Summary

An experimental setup to visualize the quantization of electric charge was devel-
oped. With the experiment single electron addition to a levitated droplet can be
seen with the naked eye. The experience of seeing quantum phenomena can be in-
corporated into students’ mental models to improve their conceptual understand-
ing. A video of the experiment visualizing the phenomenon is available in the
online version of the paper.
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5.4. Zoom-independent volume measurements calibrated by acoustic field (Paper
IV)
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Figure 5.5: Visualization and quantification of the quantized charge of the electron. Up-
per, a: Captured images of droplet position due to, charge additions of (a) +1e, (b) +1e, (c)
+4e, and (d) +6e. Black horizontal lines mark the displacement caused by a single electron
addition and are set to the lower bright image of the droplet. The last image to the right
shows amillimeter ruler that had been attached to the wall. Lower, b: The displacement of
the droplet (green) calculated from the video of the projected droplet image displacement
on the wall. Distance between red lines visualizes the corresponding jump of the known
charge of an electron.

5.4 Zoom-independent volume measurements
calibrated by acoustic field (Paper IV)

This paper describes a self-calibrating method for measuring the volume of levi-
tated droplets in a single-axis acoustic trap. A match between the real trap and a
simulation of the trap enabled this. Themethod showed similar performance in the
precision of volume measurements as a standard method and it was demonstrated
to function during evaporation (see the upper figure in Fig. 5.6). Lower figures
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indicate that the perceptual differences between the two methods are mainly at-
tributed to oscillations in the inter-droplet distance. Furthermore, the novelty of
zoom-independent measurements was realized. This is shown in Fig. 5.7 where
eight different zooms were used during measurements of a single droplet’s unal-
tered volume. The red line in the upper figure is droplet volume measured by the
new and zoom-independent method. The blue line shows how a standard method
performs on volumemeasurements of the same droplet during the different zooms.

The demonstrated measurements were made from images either in real-time or
from a video recording, so the volume can be monitored and timestamped. The
method can be used along with collected data from other parts of an experimen-
tal setup within fields such as trace analysis using spectroscopy, chemical micro-
analysis, and evaporation studies.

Compared to a conventional method (with d = 1 mm ± 0.02 mm spheres), the
results show that a similar precision can be achieved when measuring the volume
(±1.5%) in the range of 1.5 nl to 2 𝜇l. The self-calibrating nature gives researchers
a previously unknown ability to zoom in and out or reconfigure the experiment
without the need to re-calibrate.

Summary

Anewmethod has been developed and demonstrated that it is possible to calibrate
an acoustic trap quickly and accurately even during measurements. The strength
is that camera pixel size is against a distance in the acoustic field and becomes
zoom-independent. The method is based on simulating the selected trap and then
performing a sequential measurement of two trapped droplets. The method dif-
fers from others, such as optical diffraction patterns and standard image analysis,
which rely on fixed geometries in the experimental setup as this means that each
change requires a new calibration. The method described in this section lacks this
drawback.
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Figure 5.6: A trapped water-oil mixture droplet is evaporating for 763 seconds. Upper:
Line (a) is droplet volume calculated using the presented method. Line (b) is the droplet
volume calculated by an average from the calibration spheres. The shaded grey area (c)
is the corresponding confidence interval boundary from the calibration spheres (d = 1.00
± 0.02 mm) converted to volume. The red line and the blue line is overlapping almost
perfectly. Inset: A smaller interval corresponding to data (200 frames) between the two
vertical blue dashed lines, showing small oscillations of volume measurement using the
new method around the volume measurements of the standard method. Middle: The per-
centage difference between the two methods. The variations are of similar order during
the entire time as the droplet is losing about half of its volume. Lower: Normalized dis-
tance between the two droplets. The oscillations of the inter-droplet distance are the ma-
jor cause of the larger variations of volume measurements as compared to the standard
method, seen above.

47



Chapter 5. Results and Discussions

0.50

0.75

1.00

1.25

1.50

1.75

2.00

Vo
lu

m
e 

[
l]

(a)
(b)

0 100 200 300 400 500 600 700
Samples

0.94

0.96

Vo
lu

m
e 

[
l] (c)

(d)

Figure 5.7: The zoom-independent self-calibration is demonstrated. The effects of zoom-
ing in and out while measuring droplet volume are negligible. Upper: Oil drop volume
measurement using eight different camera zooms. Line (a) is the droplet volume calcu-
lated by the presented method. Line (b) is droplet volume as calculated using a pixel-to-
millimeter ratio from the average of several 1 mm ± 0.02 mm calibration spheres for the
first of the eight zooms. Lower: Line (c) is zoom-in on droplet volume calculated using
the presented method. Line (d) is a moving average of the last 30 frames.
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6
Conclusion and Outlook

This chapter, is dedicated to answer the research questions posed at the end of the
introduction of this thesis:

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

In Section 5.1 (Paper I), results from a pilot study measuring students’ conceptual
knowledge, in three groups (live experiment, video experiment, no experiment),
before and after an intervention lesson, is presented. A positive effect of each les-
son was recorded, but the groups taught with a demonstration experiment, either
live or on video, learned more. The effects of demonstration with live experiment
and video experiment were of similar magnitude. Floor and ceiling effects on the
tests were noted and therefore the results are preliminary and the tests need to be
extended to increase reliability.

In conclusion, indicative results present that experiments visualizing particle
movements in electrical fields, either live or videotaped, can enhance students’
conceptual learning during a lecture as compared to lectures without such visual-
izations, but more research is needed.

How can experiments to visualize important physical phenomena, but
with expensive or inappropriate equipment, be made available to use in
a classroom?

In Section 5.2 (Paper II), an optical trap experiment, with a high-power laser and a
high voltage (1kV) power supply was safely operated by students from a Swedish
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upper secondary school. It was realized by enabling remote control, and monitor-
ing of the experiment, as well as providing the teacher with a detailed protocol.
The students were through the remote visual experience able to manipulate and
make measurements of the size, mass, and charge of an optically levitated droplet.

Remote labs can, to conclude, provide opportunities to let students operate
experiments with hazardous or expensive equipment that is used to manipulate
and visualize important physical phenomena such as optical levitation of charged
droplets.

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

Section 5.3 (Paper III), presented an experiment able to visualize the quantization
of the electron’s charge as ”jumps” in the projected image of an optically levi-
tated droplet. The magnified projection could be seen with the naked eye. The
experiment also verified that single electron impacts were observed by balancing
the forces from a surrounding electric field and the optical force on the trapped
droplet.

Although observations of quantum phenomena in the macroscopic world are
rare, the presented experiment can, in conclusion, add the quantization of the el-
ementary charge to that list to be used by teachers and students.

Can self-calibration of volume measurements of acoustically trapped
liquid droplets be realized using low-cost equipment?

Standard image analysis methods levitate precision produced spherical calibration
beads in the trap, to calibrate the pixel-to-millimeter ratio (scale factor) of the
camera at a fixed distance and with a fixed zoom, to measure the size and volume
of levitated objects. In Section 5.4 (Paper IV), a simulation of the acoustic field
was matched with the real trap and used to automatically obtain a calibrated scale
factor used to determine trapped liquid droplet volumes via image analysis. Fur-
thermore, an iterative process to establish a match between the simulation and
the real trap was presented. Volume measurements with similar precision as stan-
dard image analysis and robustness during alterations in driving voltage, droplet
size, camera zoom, and camera distance were achieved. The novel method used
equipment available for many schools; a 3D-printed acoustic trap with low-cost
transducers, a function generator, a standard web camera with a zoom objective
on a 3D-printed mount, and a LED.

To conclude, self-calibrated volume measurements in acoustic levitation can in-
deed be realized with low-cost equipment.
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Outlook

With these four questions answered, I will finish this thesis by outlining the re-
maining time of my graduate studies. I will focus my efforts on PER research and
design learning activities based on students’ observation of and engagement with
the physical phenomena from the three presented experimental setups, either live,
remote, or via video. Based on the pilot study, a larger number of test questions
will be used and a larger number of participants will be involved to investigate, in a
design-based approachwith the addition of interviews and classroomobservations,
whether variation theory can make video observation and/or live observation pro-
vide similar bases for the construction of students’ mental models during learning
activities. I also want to study remote labs as a tool, with a comparative study be-
tween Swedish andMexican education. The acoustic trap is a possible experiment
to be connected online and used for learning activities in a remote classroom in
such a study.
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Titel: Charged liquid droplets in electromagnetic fields - An experiment for developing 
conceptual understanding during student activity 
 
Concepts for the students to learn in this experimental setup: 
Electric Fields, Electric Force, Electric Charge, Motion in electric fields, Newton’s laws 
 
Introduction 
What is the relative impact on learning when the abstraction in lessons changes? 
Things that are too small to be seen by the human eye need to be visualized to be well 
understood. Visualisations can be realized with digital tools but at the cost of introducing a 
higher level of abstraction. The visualizations could also be made by observing and 
experimenting with an analog macroscopic object that behaves in a similar way as the object 
of study, and  this is the main idea behind the experiment presented in this work. 
We limit our study to scientific questions, whereas social factors affecting learning in the lab 
is left for future studies.  
 
Research questions 
What can students learn about the concepts and properties of electric fields, electric charge, 
electric force, Newton's laws while building their experience on direct observations of 
charged droplets moving through electric fields? 
 
What kind of teaching, such as direct observations during experiments, pre-recorded videos 
of experiments or classical theoretical studies with literature and lectures, presents the 
subject in a way that enables the students to learn efficiently, which we interpret as students 
having obtained long-term knowledge of the subject matter.  
 
Physical experimental setup 
During the study, an experimental setup was used to teach the above mentioned concepts. 
The experimental set-up consist of: charged macroscopic liquid droplets that fall through an 
electric field that can be controlled by the observer. This  gives  the students the opportunity 
to experience ideas and concepts that otherwise only appear as particle-motion exercises in 
the Physics textbook. When illuminated by a strong light-diode the 20 microns in diameter 
droplets are made visible for the human eye. By a simple web-camera we can directly record 
and observe the motion of of the droplet as it moves a curved path in an electric field 
created.  
 
Students are able to change a number of parameters and simultaneously observe how the 
changes affects the paths of the droplets. We investigate in this study how work with this 
experimental system affects the learning of the students. 
 
Design of Study 
All students performed a pre-test. 



Three groups of students got an equal amount of teaching-time: 
Group one: Short introduction to the concepts in the lab while the teacher uses the 
experimental setup as a teaching tool. Students can interact with the setup. 
Group two: Short introduction while the teacher is showing a short video of the experiment. 
Held in ordinary classroom. 
Group three: A theoretical lecture about the concepts in an ordinary classroom.  
All three groups then received the same task: “Design an experiment where a charge droplet 
will move in a circle.” This task was conducted in groups of two or three students. 
All these lessons were recorded with video cameras. 
The post-test was given within two weeks after the lessons. 
 
We will discuss our first results and give suggestions for further studies to improve both the                
understanding of the teaching situation and the knowledge gained by the students. 
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Abstract

The work presents an experiment that allows the study of many fundamental physical processes, such as photon pressure, diffraction of light or
the motion of charged particles in electrical fields. In this experiment, a focused laser beam pointing upwards levitate liquid droplets. The droplets
are levitated by the photon pressure of the focused laser beam which balances the gravitational force. The diffraction pattern created when
illuminated with laser light can help measure the size of a trapped droplet. The charge of the trapped droplet can be determined by studying its
motion when a vertically directed electrical field is applied. There are several reasons motivating this experiment to be remotely controlled. The
investments required for the setup exceeds the amount normally available in undergraduate teaching laboratories. The experiment requires a
laser of Class 4, which is harmful to both skin and eyes and the experiment uses voltages that are harmful.

Video Link

The video component of this article can be found at https://www.jove.com/video/58699/

Introduction

The fact that light carries momentum was first suggested by Kepler when he explained why the tail of a comet always points away from the sun.
The use of a laser to move and trap macroscopic objects was first reported by A. Ashkin and J. M. Dziedzic in 1971 when they demonstrated
that it is possible to levitate micrometer sized dielectric objects1. The trapped object was exposed to an upward directed laser beam. Part of the
laser beam was reflected on the object which imposed a radiation pressure on it that was sufficient to counterbalance gravity. Most of the light,
however, was refracted through the dielectric object. The change of the direction of the light causes a recoil of the object.  The net effect of the
recoil for a particle placed in a Gaussian beam profile is that the droplet will move towards the region of highest light intensity2. Hence, a stable
trapping position is created in the center of the laser beam at a position slightly above the focal point where radiation pressure balances gravity.

Since the optical levitation method allows small objects to be trapped and controlled without being in contact with any objects, different physical
phenomena can be studied using a levitated droplet. However, the experiment presents two limitations to be reproduced and applied at schools
or universities since not all institutions can afford the required equipment and since there are certain risks in the hands-on operation of the laser.

Remote laboratories (RLs) offer online remote access to the real laboratory equipment for experimental activities. RLs first appeared at the end
of the 90s, with the advent of the Internet, and their importance and use have been growing over the years, as the technology has progressed
and some of their major concerns have been solved3. However, the core of RLs has remained the same over time: the use of an electronic
device with Internet connection to access a lab, and control and monitor an experiment.

Due to their remote nature, RLs can be used to offer experimental activities to users without exposing them to the risks that may be associated
with the realization of such experiments. These tools allow students to spend more time working with laboratory equipment, and hence develop
better laboratory skills. Other advantages of RLs are that they 1) facilitate for handicapped people to perform experimental work, 2) expand the
catalog of experiments offered to students by sharing RLs between universities and 3) increase the flexibility in scheduling laboratory work, since
it can be performed from home when a physical laboratory is closed. Finally, RLs also offer training in operating computer-controlled systems,
which nowadays are an important part of research, development and industry. Therefore, RLs cannot only offer a solution to both the financial
and safety issues that traditional labs present, but also provide more interesting experimental opportunities.

With the experimental setup used in this work, it is possible to measure the size and charge of a trapped droplet, investigate the motion of
charged particles in electric fields and analyze how a radioactive source can be used to change the charge on a droplet4.

In the experimental setup presented, a powerful laser is directed upwards and focused into the center of a glass cell4. The laser is a 2 W 532
nm diode-pumped solid-state laser (CW), where usually about 1 Watt (W) is used. The focal length of the trapping lens is 3.0 cm. Droplets are
generated with a piezo droplet dispenser and descend through the laser beam until they are trapped just above the focus of the laser. Trapping
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occurs when the force from the upward directed radiation pressure is equal to the downward directed gravitational force. There is no upper time
limit observed for trapping. The longest time a droplet has been trapped is 9 hours, thereafter, the trap was turned off. The interaction between
the droplet and the laser field produces a diffraction pattern which is used to determine the size of the droplets.

The droplets emitted from the dispenser consist of 10% glycerol and 90% water. The water part quickly evaporates, leaving a 20 to 30 µm sized
glycerol droplet in the trap. The maximum size of a droplet that can be trapped is about 40 µm. There is no evaporation observed after about
10 s. At this point, all water is expected to have evaporated. The long trapping time without any observable evaporation indicates that there
is minimal absorption and that the droplet essentially is at room temperature. The surface tension of the droplets makes them spherical. The
charge of the droplets generated by the droplet dispenser depends on the environmental conditions in the laboratory, where they most commonly
become negatively charged. The top and the bottom of the trapping cell consists of two electrodes placed 25 mm apart. They can be used to
apply a vertical electric direct current (DC) or alternating current (AC) field over the droplet. The electric field is not strong enough to create any
arcs even if 1000 volts (V) is applied over the electrodes. If a DC field is used, the droplet moves up or down in the laser beam to a new stable
equilibrium position. If an AC field is applied instead, the droplet oscillates around its equilibrium position. The magnitude of the oscillations
depends on the size and charge of the droplet, on the intensity of the electric field, and on the stiffness of the laser trap. An image of the droplet
is projected onto a position-sensitive detector (PSD), which allows users to track the vertical position of the droplet.

This work presents a successful initiative of modernizing teaching and research using Information and Communication Technologies through
an innovative RL on optical levitation of charged droplets which illustrates modern concepts in physics. Figure 1 shows the architecture of the
RL. Table 1 shows the possible injuries that lasers can cause according to their class; In this setup, a Class IV laser has been used, which
is the most dangerous one. It can operate with up to 2.0 W of visible laser radiation, so the safety provided by the remote operation is clearly
suitable for this experiment. The optical levitation of charged droplets RL was presented in the work of D. Galan et al. in 20185. In this work,
it is demonstrated how it can be used online by teachers who want to introduce their students to modern concepts of physics without having
to be concerned about the costs, the logistics or the safety issues. Students access the RL through a web portal called University Network of
Interactive Laboratories (UNILabs - https://unilabs.dia.uned.es) in which they can find all the documentation regarding the theory related to the
experiment and the use of the experimental setup by means of a web application. By using the concept of a remote laboratory, experimental
work in modern physics that requires costly and dangerous equipment can be made available to new groups of students. Furthermore, it
enhances the formal learning by providing traditional students with more laboratory time and with experiments that normally are inaccessible
outside research laboratories.

Protocol

NOTE: The laser used in this experiment is a class IV laser delivering up to 1 W of visible laser radiation. All personnel present in the laser
laboratory must have conducted adequate laser safety training.

1. Hands-On Experimental Protocol

1. Safety
1. Make sure everyone in the lab is aware that a laser will be turned on.
2. Turn on the laser warning lamp in the lab.
3. Check that no watch or metal rings are worn and put on the laser goggles.
4. Check that the four light absorbing boards, closest to the experiment, are in place.
5. Check the space between the laser and the absorbing board for obstacles. Also check that the space between the trapping cell and the

beam block is free from objects.

2. Prepare the software and the experiment.
1. Turn on the lab computer. Wait until it is ready to operate.
2. Open the Remote Startup folder from the desktop and click the icon Main1806.vi. Run the program by pressing the arrow in the top

left corner.
 

NOTE: This opens the control program (e.g., Labview) shown in Figure 2 and Figure 3 and automatically turns on both the power
supply for the laser and the electric field. All buttons referenced from now on in this section refer to those that appear in these figures.

3. Under “EJS variables”, mark the checkbox named “Laser Remote Enable2” power and set “laser current2” to 25 so that the laser
power slide to the right ends up at 25%. Observe the laser beam using alignment laser goggles to make sure that the beam ends up in
the beam dump. If not, adjust the position of the beam dump.

4. Check Drops2 and move the tip of the droplet dispenser until the droplets are falling into the laser beam. Do this by adjusting the
translation stage marked with letter A in Figure 4. For that purpose, gently turn the driving screws at the base of the translation stage
until the desired position is reached.

1. If no drops are coming, apply some pressure in the syringe until a droplet is shown in the tip of the dispenser. Wipe it off carefully
(fragile tip) using a paper with acetone. The droplets should now start coming. When this occurs, start over from point 1.2.4.

5. Raise the laser power to about 66% using the Laser Current 2 input field and trap a droplet. Uncheck Drops2 as soon as a droplet is
trapped.
 

NOTE: Figure 5 shows a droplet captured in the experimental environment. The lower green dot corresponds to the real droplet, while
the upper one is its reflection on the glass of the cell in which the droplet is located. From this moment on, it will be The trapped droplet
is now imaged onto the PSD.

3. Determine the size of a droplet.
1. Adjust the laser power until the PSD position is as close as possible to zero.

 

NOTE: As droplets can be trapped below or above previous trapping positions, depending on the laser power or the size/weight. This
step is performed to move the droplet image to the center of the PSD.
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2. Observe the diffraction pattern created on the screen (see Figure 1). Take a picture with the web camera that is positioned to observe
the screen from underneath.
 

NOTE: The pattern is caused by laser light diffracted by the trapped droplet.
3. Use the picture to determine distances from the line marked 1 to two arbitrary minima in the image. The distance is positive if it is

further from the droplet than the line marked 1, else negative. Then, add 40 cm to both distances. Call the shortest a1, and the longest
a2. Use Equation 1 to calculate the size of the droplet:
 

(1)

 

where, x is the vertical distance from the droplet to the screen (x = 23.5 cm), λ is the wavelength of the laser light (λ = 532 nm) and Δn
is the number of fringes (integer) between the two minima used in the calculation.
 

NOTE: When the droplet is imaged in the middle of the PSD, the distance (x), from the droplet to the screen is 23.5 ± 0.1 cm. A more
detailed explanation of the process can be found in the work of J. Swithenbank et al. 6.

4. Determine the polarity of the charge of the droplet.
1. Choose the tab run to the right of EJS variables and set the E-Field DC control2 to +2 V (see Figure 3). Be careful, since the voltage

on the electrode is now 200 V.
 

NOTE: The polarity of the droplet charge is determined by observing how the droplet respond to an applied vertical electric field. A
sketch of how the electric field is applied can be seen in Figure 6

5. Determine the charge of the droplet
 

NOTE: To calculate the charge of the droplet, it is necessary first to measure the size of the droplet. The weight of the droplet can then be
determined since the density of the liquid is known. Figure 7 describes the procedure schematically.

1. Set the E-field DC control2 to zero.
2. Estimate and note an average value for the position of the droplet by the PSD Normalize Position trace in the Chart Waveform.
3. Note the value of the laser power. This value will be FRad1 in Equation 2.
4. Set the E-field DC control2 between +1 and +5 Volts or -1 and -5 Volts so that the drop moves upwards. The droplet is now at a new

position. Slowly reduce the laser power until the droplet is back in its original position as noted in Step 1.5.2. Write down the new laser
power (FRad2).
 

If the droplet is lost, check Drops2 and start over from Step 1.2.4.
5. Use the following procedure to calculate the charge. First, calculate the force from the electric field:

 

(2)

6. Determine the absolute charge using the expression
 

(3)

 

Here d is the distance between the electrodes and U is the applied voltage.

2. Remote Experimentation Protocol

1. Access the remote laboratory.
1. Open UNILabs webpage on a web browser: https://unilabs.dia.uned.es/
2. Select the desired language if needed. The option is found at the first item of the menu under the header.
3. Log in with the following data:

 

Username: test
 

Password: test
 

NOTE: The login frame is under the news and introduction info of the webpage.
4. In the course area, next to the login area, left click on the logo of the University of Gothenburg (GU).
5. Click on Optical Levitation to access the material of this experiment.
6. Access the remote laboratory by clicking on Remote Laboratory of Optical Levitation. After that, ensure that the main frame of the

webpage show the user interface of the remote laboratory, as shown in Figure 8.

2. Connect to the Optical Levitation laboratory.
 

NOTE: All the instructions here refer to Figure 8.
1. Click on the Connect button. If the connection is successful, the button text will change to Connected.

 

NOTE: When a user connects to the remote laboratory, it emits an acoustic signal that warns other people in the surrounding area that
someone will power on and manipulate the laser remotely.

2. Click on Tracking droplets and check that the PSD data is being received.
 

NOTE: As there are no droplets captured at this point, the value obtained is not relevant.
3. Click on General view to identify all elements of the setup: the laser, the droplet dispenser, the trapping cell and the PSD.

3. Trap a droplet.
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NOTE: All the instructions here refer to Figure 8.
1. Once the remote laboratory is connected, click on the Trapping droplets button to visualize the pipette and the droplet dispenser

nozzle.
2. Click on the Turn on laser button to establish the connection to the laser.

 

NOTE: The laser is started manually and independently of the rest of the instruments because it can damage the environment if it is not
correctly aligned.

3. Set the laser power around the first quarter of the control strip, which is situated under the Turn on laser button. Wait until the green
light is visible.

4. Check the laser alignment.
 

NOTE: If the laser is correctly aligned, a thin green light beam will be seen. Otherwise, a scattered green spot will be perceived. In
case of incorrect alignment, shut down the system, and contact the lab maintenance services. To contact the maintenance services,
click on the icon that represents a speech bubble, located in the upper left corner of UNILabs webpage. Then click on the Admin user
message, write down the message at the bottom describing the problem and press Send. This usually does not happen, since all the
optics are fixed.

5. Increase the laser power to 3/4 of the bar.
 

NOTE: A power of 60% (550 mW) is enough to capture and keep a droplet levitated.
6. Press the Start drops button to turn on the droplet dispenser.
7. Watch the webcam image and wait until a flash is produced. At that moment, a droplet has been captured. Check the webcam

image again and verify that a droplet is levitating in the center of the trapping cell. Press the Stop drops button to turn off the droplet
dispenser.
 

NOTE: Optionally, it is possible to obtain a larger droplet by catching several of them and waiting for them to merge with the one
already captured. It is necessary to bear in mind that if several are caught, the droplet mass increases so that the laser power may not
be enough to keep it levitated.

4. Determine the size of a droplet.
 

NOTE: All instructions here refer to Figure 9.
1. Press the Sizing droplets button to observe the diffraction pattern formed by the trapped droplet.
2. Follow the same procedure as in the hands-on experimentation protocol (Step 1.3) to determine the size of the droplet by means of the

diffraction pattern.

5. Determining the droplet charge polarity.
 

NOTE: All instructions here refer to Figure 10.
1. Click on the Tracking droplets button to view the PSD graph and the webcam view of the pipette.
2. Click on the Electric Field tab at the bottom left of the user interface.
3. Set the DC voltage to 100 V. To do this, click on the numeric field to the right of the DC (V) label and enter the value 100.
4. Check the PSD graph showing the position of the droplet and observe whether the droplet moves upwards or downwards when the

electrical field is applied.
 

NOTE: The polarity of the plates is arranged so that if a positive voltage is applied, a negatively charged droplet will move downwards
and a positively charged droplet will move upwards.

5. Now change the value of the electric field and check that the droplet moves in the opposite direction; for this purpose, enter -100 in the
DC (V) numeric field.

6. Determine the charge of the droplet.
 

NOTE: All instructions here refer to Figure 10.
1. Having a droplet trapped, click on the Tracking droplets view.
2. Select the Electric Field menu.
3. Set the DC electric field to zero with the DC (V) numeric field.
4. Estimate and note an average value of the droplet position given by the chart and note the laser power.
5. Set the DC electric field to a value between +500 V and -500 V to make the droplet change its position.
6. Reduce or increase the laser power with the slider until the droplet is back in its original position and write down the new value of the

laser power.
7. Follow the procedure described in Step 1.5.5 to calculate the droplet charge.

Representative Results

When the laser beam is well aligned, and the bottom plate is clean, the drops are almost immediately trapped. When a droplet is trapped it
can stay in the trap for several hours, giving plenty of time for investigations. The radius r of the droplets is in the range of 25 ≤ r ≤ 35 µm and
the charge has been measured between 1.1x10-17 ±1.1x10-18 C and 5.5x10-16 ±5.5x10-17 C. The size of the droplets stays, according to our
measurements, constant over time, but the charge will slowly diffuse away, giving smaller and smaller reactions from the position of the droplet
when applying an electric field. This gives the user a chance to measure different charges on the same droplet if he or she is patient enough.

The remote laboratory has been developed using Easy Java/JavaScript Simulations7 and is accessible via the UNILabs website8. As for the local
control software of the laboratory, it has been developed using the control software program. The connection of the remote and local software
has been developed following the, widely tested, work of D. Chaos et al.9. The idea of creating a remote laboratory for optical droplet levitation is
based on two pillars: 1) to allow researchers from other parts of the world who do not have this setup to work with it and 2) to make this type of
experiment available to Physics students.
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The environment has been extensively tested both locally and remotely to support the researchers work. It has been shown that droplet capture
can take between 2 seconds and 1 minute. This variation is due to pipette cleaning and laser alignment. For this reason, a small amount
of maintenance is carried out every day to enable the laboratory to function correctly. Once the droplet has been captured, it can withstand
levitating for long periods of time, reaching more than half an hour, a period sufficient to perform all the tasks that the system provides. The
fact that several drops can collapse and be trapped, enables users to quickly check the correction of the protocols relating to the calculation of
mass and electrical charge, as the difference in the results between two drops collapsed, and a single drop is more significant than if they only
compare two unique droplets caught at different moments. In addition, given the stability and reconfigurability of the environment, it serves as a
basis for adding new instrumentation and thus enabling new functionality. An example of this fact is an analysis, being carried out nowadays at
the University of Gothenburg, to study the influence of radioactive samples on the phenomenon of optical levitation.

The only effective way to allow many students to access this type of experience is through a remote laboratory, mainly for security reasons.
Also, research such as that of Lundgren et al. shows that students' experience of working with a remote laboratory is as useful as that of a
traditional laboratory10. The environment allows younger students to discover the concept of optical levitation by observing how the laser beam
can effectively levitate matter. The teacher can also introduce electric charge to the students by studying the polarity of the droplets. For more
advanced students, the calculation of the droplet mass and charge can be included in the work protocol.

This laboratory has been used in a physics class in Halmstad, Sweden, with students from the International Baccalaureate (IB) Diploma Program
(www.ibo.org). The teacher followed the remote protocol described in Step 2. After the experience, the students were interviewed by asking
them questions about the environment, the measurements made, the underlying physical concepts they had learned, and the benefits and
disadvantages they perceived from using the remote laboratory. Overall, the students understood the process followed and calculated the size of
the drops, obtaining results close to the real size of the trapped drop. They understood the risks involved in using high-powered lasers, and some
suggested adding improvements to the visualization of the experiment, such as buying better cameras or including augmented reality elements.

 

Figure 1: Architecture of the remote laboratory experimentation. Internet users connect to the UNILabs webpage using their computer
or mobile devices. The web environment serves the remote lab JavaScript application that allows to remotely operate the experiment. This
application connects to a computer located in the laboratory through the JIL server middleware, which enables the communication between
JavaScript applications and LabVIEW programs. Finally, the lab computer communicates with the experimental setup using the necessary DAQ
cards and a LabVIEW program. Please click here to view a larger version of this figure.

 

Figure 2: LabView program: Configuration panel. The configuration tab in the LabView program is used in hands-on mode experimentation
for starting the experiment by turning on the laser on and starting the droplets. Please click here to view a larger version of this figure.
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Figure 3: LabView program: Run panel. The configuration tab in the LabView program is used in hands-on mode experimentation for
determining the charge of the trapped droplets. Please click here to view a larger version of this figure.

 

Figure 4: Detail of the experimental setup. The droplet dispenser is shown at the top of the image, the cell in the middle and, at the bottom,
the web camera. Letter A: the translation stage used to adjust the position of the dispenser inside the cell. Letter B: The lens used by the PSD to
perceive the trapped droplet. Please click here to view a larger version of this figure.
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Figure 5: A trapped droplet levitating. In the image it is possible to see one of the droplets levitating inside the cell of the setup. The green
color is due to the laser and the fact of seeing two dots instead of one is that the droplet is reflected on the glass of the cell. In this case, the
upper point is the reflection and the lower point is the droplet. Please click here to view a larger version of this figure.

 

Figure 6: Electrode configuration for applying electrical fields. Experimental setup for applying the electric field onto the droplet. When a
positive voltage is applied, negative charged droplets will move downwards and droplets with positive charge will move upwards. Please click
here to view a larger version of this figure.
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Figure 7: Determination of droplets charge. A schematic sketch of the procedure to determine the absolute charge of an optically levitated
droplet. Please click here to view a larger version of this figure.

 

Figure 8: Remote lab interface: trapping a droplet. In remote experimentation, this web application interface is used to trap a droplet. A
trapped droplet can be seen in the image provided by the lab webcam due to the scattered light. Please click here to view a larger version of this
figure.
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Figure 9: Remote lab interface: sizing a droplet. In remote experimentation, this web application interface is used to determine the size of
a trapped droplet. The diffraction pattern displayed by the lab webcam and the scale allow users to determine the size of the trapped droplet.
Please click here to view a larger version of this figure.

 

Figure 10: Remote lab interface: applying an electric field. In remote experimentation, this web application interface is used to apply an
electric field to the trapped droplet. In this example, a 200 V AC electric field is applied. The lab PSD signal is displayed on the graph at the right
and it shows the oscillating movement of the droplet following an electric field change which was applied at around t = 10 s. Please click here to
view a larger version of this figure.

Laser class Possible injury

Class 1 Incapable of causing any injury during a normal operation

Class 1M Do not cause any type of injury if no optical collectors are used.

Class 2 Visible lasers that do not cause injuries in 0.25 s

Class 2M If no optical collectors are used, they are incapable of causing injury in
0.25 s.

Class 3R Slightly unsafe for intrabeam viewing; up to 5 times the class 2 limit for
visible lasers or 5 times the class 1 limit for invisible lasers

Class 3B Eye hazard to direct vision, usually not an eye hazard to diffuse vision

Class 4 Eye and skin hazard for both direct and scattered exposure

Table 1: Laser classification summary. The different lasers on the market can be classified according to their hazardousness and the risks
involved in their use. The table shows the different types of lasers available (in the left column) and their potential danger (in the right column).

Discussion

This work presents a setup for carrying out a modern physics experiment in which droplets are optically levitated. The experiment can be
performed either in a traditional hands-on way or remotely. With the remote system establishment, students and researchers all over the
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world can get access to the experimental set-up. This also guarantees the users’ safety, since they do not need to be in presence of the high-
power laser and electric fields required for the experiment. In addition, the users can interact with the instrumentation in a very simple way, by
sending high-level commands via the computer due to the automation of the set-up. When compared to the hands-on procedure, the remote
experimentation offers a very similar experience. One of the key-points of the experiment presented is obtaining the size of the droplets, since it
has a big influence on the calculations of the absolute charge. Three different methods have been used to determine the size, and they all agree
very well: (1) The method described above (using the diffraction pattern) (2) to oscillate the droplet with a vertical electric field and use the phase
difference between the electric field and the position and (3) to visualize the shadow of the droplet on a screen, and with a camera determine the
size. The setup is also being prepared for researching trapped droplets in vacuum. First the droplet is trapped in air, then the cell is enclosed,
and the air is removed. In this way, it will be possible to investigate the properties of a trapped droplet in vacuum.

With the presented remote lab, the charge and the size of micrometer-sized dielectric particles can be determined. A further development of the
setup has provided a way to study micrometer-sized droplet collisions using high speed cameras11. With the experimental set-up as a base, it
has been investigated as a sensitive way to track the position of particles using a Sagnac Interferometer12. Our method is used to obtain the
charge and size of droplets one by one. The measurements take quite some time to perform, so it is mainly a tool to work with single droplets. If
the goal is a good statistic capturing of large numbers of droplets, other methods are better, such as the method presented by Polat13.

When the measurements are made, the droplet is released and descends onto the bottom of the cell, unfortunately making the bottom glass
dirty. This is a long-term constraint since the laser light can scatter, making harder to trap the next droplet. However, it is easily solved with a
periodical cleaning of the cell.
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Visualizing the electron’s 
quantization with a ruler
Javier Tello Marmolejo1*, Mitzi Urquiza‑González1,2, Oscar Isaksson1, Andreas Johansson1, 
Ricardo Méndez‑Fragoso2 & Dag Hanstorp1

More than 100 years ago, Robert Millikan demonstrated the quantization of the electron using 
charged, falling droplets, but the statistical analysis on many falling droplets did not allow a direct 
visualization of the quantization of charge. Instead of letting the droplets fall, we have used optical 
levitation to create a single droplet version of Millikan’s experiment where the effects of a single 
electron removal can be observed by the naked eye and measured with a ruler. As we added charges to 
the levitated droplet, we observed that its equilibrium position jumped vertically in quantized steps. 
The discrete nature of the droplet’s jumps is a direct consequence of the single‑electron changes in 
the charge on the droplet, and therefore clearly demonstrates the quantization of charge. The steps 
were optically magnified onto a wall and filmed. We anticipate that the video of these single electron 
additions can become a straightforward demonstration of the quantization of charge for a general 
audience.

The idea of quantization is one of the most important concepts in physics and an essential component of our 
conceptualization of the microscopic world. Nevertheless, because of the very fact that it concerns the micro-
scopic world, macroscopic observations of quantization are rare.

Since their invention in 1970 by Nobel Prize winner Arthur Ashkin, optical trapping techniques have allowed 
us to isolate and manipulate micro- and nano-particles1. This can now be performed so precisely that relatively 
large objects can be employed to explore quantum phenomena. Examples include the search of milli-charged 
 particles2, collisions of ultracold ground-state  molecules3, and the investigation of macroscopic quantum  states4. 
These experiments, along with others like the visualization of quantized  vortices5 or of quantum cat  states6, 
continue to bring the concept of quantization to the macroscopic world.

In this paper, we add a new macroscopic visualization of quantization through a modern single-droplet ver-
sion of Millikan’s  experiment7. In past experiments, quantized amounts of electric charge in the form of electrons 
have been added to trapped particles using  optical8–10 and  electrostatic11 levitation. However, these observations 
were not direct and necessitated the use of feedback loops or post-experiment mathematical analysis to discern 
the quantization. The technique we present here is direct and shows the magnified effect of adding individual 
electrons to trapped particles live on a screen and visible with the naked eye.

The quantization was observed in the stability position of a 29.5± 1.4µ m silicone oil droplet optically levi-
tated between two horizontal electrodes. A potential difference between the electrodes produced a vertically-
directed and locally homogeneous electric field around the droplet. The net amount of charge on the droplet 
created a force that displaced it in the vertical direction. Since the optical trap held the droplet in a harmonic 
potential, the displacement was proportional to the force, which, in turn, depended on the droplet’s net amount 
of charge. The position dependence of the droplet’s net charge was sufficiently enhanced to clearly observe the 
result of depositing individual electrons on the levitated droplet.

The technique we used to visualize the effect of adding individual electrons to the droplet requires three 
elements: (i) an optical levitation trap with a very low trap stiffness (i.e. the spring constant of the harmonic 
potential) to make the movement per unit force large, (ii) a strong electric field, and (iii) a method of adding 
individual electrons to the levitated droplet.

We created the trap by directing a 532 nm continuous wave laser beam (LaserQuantum gem532) vertically 
upwards and focusing it with a 100 mm plano-convex lens. The long focal distance produced a weak optical trap. 
The laser beam had a diameter of 0.9 mm, resulting in a numerical aperture (NA) of 4.5× 10−3 and in a trap 
stiffness of 5.00± 0.49 nN/m (see Suplementary Information).
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We produced the electric field by applying a voltage difference of 666 ±0.5 V across a pair of horizontal 
electrodes with a vertical separation of 1.0 mm. The laser passes through each electrode via a circular hole with 
a radius of 1.0 mm. The small distance between the electrodes and the large voltage difference were chosen to 
produce a strong electric field.

We used a numerical simulation to determine the magnitude and homogeneity of the electric field. We defined 
a working volume between the electrodes inside of which we know the experiment took place. In this volume, 
the electric field was found to have a vertical direction and a magnitude of 360± 45 kV/m. In a smaller volume 
sufficient for the droplet to make a couple of jumps, the homogeneity of the field is even greater, which results 
in equispaced jumps (see Supplementary Information).

We added individual electrons to a previously neutralized droplet (see Supplementary Information) using a 
241Am alpha radiation source. The emitted alpha particles produced free electrons in the trap either directly by 
striking the droplet or indirectly by striking the electrodes or ionizing the air in the trap. The free electrons were 
subsequently deposited on the surface of the droplet. In this manner, we were able to change the charge on the 
droplet in randomly distributed steps of either single or small multiples of the elementary charge.

We projected an image of the droplet onto a wall in the laboratory using an aspheric planoconvex lens (f = 
50 mm, Thorlabs AL2550G) with a magnification of 73± 1.4 . With this magnification, we were able to observe 
micro-metric movements of the droplet with the naked eye. The light scattered from the droplet comes mostly 
from the bottom where the laser beam hits the droplet and the top where the beam leaves the droplet. Hence, 
the image of the droplet is observed as two separate images on the screen, as seen in Fig. 1.

When we set the alpha radiation source at the appropriate distance from the droplet, it gains charges ran-
domly. This causes it to jump discontinuously from one equilibrium point to another. We filmed a video of 
a series of electron additions (see online). Some selected frames are shown in Fig. 2a. Between each of the 
frames, the droplet gained an additional amount of charge causing it to jump from one equilibrium position 
to another. Equally spaced horizontal reference lines are added to Fig. 2a. The separation between the equally 
spaced horizontal lines corresponds to the distance the droplet moves when absorbing a single elementary charge. 
The quantization of the charge immediately stands out. The position of the droplet always falls on one of the 
horizontal lines and, by simply counting the number of lines between the steps, one can determine the number 
of electrons the droplet has gained.

Figure 2b presents the position as function of time for the droplet shown in the video. The magenta equally 
spaced lines represent the displacement, �y , caused by a single electron addition and all the steps are multiples 
of this distance. In this graph, one can clearly see the full series of 8 steps that fall on a horizontal line, where the 
droplet gains 2, 3, 1, 1, 4, 6, 3, and 9 electrons. Once again, one can observe the quantization of the electronic 
charge arising from the discrete nature of the individual steps.

We determined the displacement �y by fitting the positions of the droplet to a step function, which is shown 
in Fig. 3a. The fit produced a value of �y of 10.36± 0.26 µ m, which is almost three times smaller than the drop-
let’s diameter. The two fit variables were a global single electron displacement �y , and an individual number of 
electrons added for each point in time. The uncertainty in �y stems mostly from the droplet’s oscillation around 
the stability positions.

Figure 1.  Schematic of the experimental setup. A silicone oil droplet is levitated between two flat, horizontal 
electrodes with a separation of 1.0 mm and a voltage difference of 666 ±0.5 V. A 241Am alpha radiation source 
is placed close to the droplet in order to create free electrons. Some of these electrons become attached to the 
droplet and change its net charge. The levitated droplet scatters mostly from the bottom and top where the laser 
enters and exits the droplet. This creates a double point image when focused by a lens.
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Figure 2.  Visibly quantized steps of a levitated droplet as it gains electrons. (a) Screenshots of the droplet’s 
projection on the wall before and after steps a (+ 1e), b (+ 1e), c (+ 4e) and d (+ 6e). Black horizontal lines mark 
the displacement caused by a single electron addition and are set to the lower bright image of the droplet. The 
last image to the right shows a mm ruler that had been attached to the wall. (b) Real displacement of the droplet 
(green) calculated from the video of the displacement on the wall.

Figure 3.  Discrete steps in the vertical position of droplet in the trap. (a) The green line shows a fit of the data 
shown in Fig. 2b using a step function. The height of the steps is an integer multiple of the single electron step 
fitting parameter (see discussion in text). The magenta line shows a plot of the residue between the data and the 
fit. (b) Histogram of the residue measured in units of electron steps. The normal distribution around zero results 
from the discrete nature of the steps.
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The residue between the fit and the data is plotted in magenta at the bottom of Fig. 3a and a histogram of this 
residue is plotted in Fig. 3b. The histogram follows a normal distribution around zero and its FWHM is less than 
half an electron step, providing further evidence that we are observing quantized steps.

To confirm that these steps were indeed caused by electron additions, we used them to calculate the charge 
of the electron. Balancing the electrostatic ( Fe = qE ) and optical restoring ( Fr = k�y ) forces results in

where q is the charge of the electron, �y the displacement caused by a single electron addition, k the trap stiff-
ness and E the magnitude of the electric field. The method to determine the trap stiffness is described in the 
methods section. Using Eq. (1), we calculated the charge of the electron to be of 1.44± 0.25× 10−19C , which 
agrees within the statistical uncertainty with the known value of 1.602× 10−19C12. The uncertainty was calcu-
lated through error propagation in Eq. (1) where the biggest contributors were the uncertainties of the electric 
field and the trap stiffness.

The series of electron jumps serve as straight forward evidence of the quantization of the electric charge. We 
have magnified the effect to a level where the step caused by adding a single electron can be seen with the naked 
eye and measured with a simple ruler. The discrete steps are the result of the charge on the droplet changing by 
a single electron. In contrast, other methods of observing the effects of quantization such as the photoelectric 
effect or atomic emission lines are indirect in the sense that they involve the use of many photons or electrons. 
Our experiment allows one to directly visualize charge quantization, a quantum phenomenon, in the macro-
scopic world.

Data availibility
All relevant data generated or analysed for this study are available within the article and the associated Sup-
plementary Information. Any other data are are available from J.T.M (javier.marmolejo@physics.gu.se) upon 
reasonable request.
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Volume measurements using acoustic levitation is conventionally done via image analysis using a levitated precision
produced sphere for pixel calibration. The problems are the frequent time-consuming re-calibration that comes with
this approach and that more precise calibration spheres are expensive. A fast and self-calibrating method to measure
the volumes of acoustically levitated droplets is presented as a versatile, low-cost alternative. The distance between
two levitated droplets in a horizontally oriented acoustic trap, is processed via image analysis of real-time or recorded
frame data. A simulation of the acoustic field is used to assist in setting the cavity-length for the acoustic trap based
on the temperature in the trap and to predict the distance between the central nodes in millimeters. The volumes of the
spheroidal shaped levitated droplets can thus be calculated using a custom analysis-software, built using open source
programming language. The droplets dimensions and the droplet-to-droplet distance in pixels are extracted and used
to calculate the volume. In comparison with a conventional method (using d = 1 mm ± 0.02 mm spheres), results
shows that a similar volume measurement precision (± 1.5%) as conventional methods, in the range 1.5 nl to 2 µl can
be achieved. The cost of the two droplets needed for pixel calibration in this new technique is virtually zero and the
self-calibrating nature gives researchers the previously unheard of opportunity to zoom in and out or reconfigure the
experiment without the need for re-calibration.

I. INTRODUCTION

Contactless measurements of droplet volume in an acoustic
trap is often performed using optical methods. For this pur-
pose diffraction patterns has been used1 but the most common
method is image analysis. The standard way of doing image
analysis is to levitate a precision produced spherical bead in
the focal plane of the camera and use it to calibrate the pixel
to mm ratio2–4.

Levitating samples with other techniques can also be used
for high precision volume measurements. Bradshaw and
Schmidt report on a system that can produce accurate volume
measurements using image analysis and electrostatic levita-
tion, with the disadvantage of frequent re-calibration5.

The common issue of mentioned droplet volume measure-
ment techniques in acoustic levitation is the requirement of the
equipment to be static. If there is a change, the system needs
to be re-calibrated, and time is lost. Even a simple change in
camera zoom impose the need for re-calibration in order for
standard image analysis to perform well as a volume measure-
ment technique.

As an alternative technique using acoustic levitation we
propose a simple, fast and self-calibrating method to measure
droplet volumes using a simulation of the acoustic pressure
and two droplets levitated in an acoustic trap. By measur-
ing the droplet-to-droplet distances in pixels and temperature
in the levitator orange to calculate the optimal parameters for
the trap, and using the driving frequency of the transducers the
pixel to millimeter ratio is calibrated. The suggested method
can be useful in increasing the versatility of volume measure-
ments involving acoustically levitated droplets in fields such
as chemical micro analysis, spectroscopy studies and evapo-
ration studies6,7.

II. BACKGROUND

In 1933 Bücks and Müller were first to describe that small
samples including droplets could be levitated by ultrasonic
standing waves8. Levitation of a liquid sample can also be
achieved using mainly optical levitation or electrostatic levi-
tation. Levitated samples can be studied without being con-
taminated by container walls and this is very useful in espe-
cially micro-analysis9 and trace-analysis3. Acoustic levitation
has the main advantage over other experimental techniques
that it can levitate non-conducting, non-transparent and non-
magnetic materials and this to a fraction of the cost, espe-
cially using recently developed levitators10–12. An acoustic
levitator also have the advantage that no dangerous or dis-
turbing electromagnetic fields interfere with measurements.
One version of such levitators is the open-source available
TinyLev12 that focuses the acoustic field by two transducer
arrays mounted on opposite sections of a sphere. The acous-
tic trapping force to voltage ratio is higher in this kind of trap
than using flat phased-array levitators13 or the commercialized
Langevin-type levitators11,12,14. Trapped objects are therefore
stable even at low voltage experiments which in addition to
low costs as well as the low requirement on sample proper-
ties, the accessibility of the sample and a wide volume range is
desirable for a levitation technique as a tool for researchers15.

A. Concave radiators

The calculations for the acoustic pressure of concave radi-
ators, such as the TinyLev12 where parts of a spherical geom-
etry emits sound, were introduced by H. T. O’Neil16. These
calculations follows the work done by Lord Rayleigh17, on



2

how to integrate the contribution of each element of an arbi-
trary surface that vibrates and sets a fluid in motion to calcu-
late the total velocity-potential (which here corresponds to the
acoustic pressure). They were shown16 to have simple solu-
tions along the axis of symmetry for coherent emitters. The
acoustic far-field pressure could be described as:

P(θ) ∝ sinc(k×a× sin(θ)) (1)

as long as the cavity length is much greater than the wave-
length. Here k = 2π

λ
is the wavenumber, θ is the azimuthal

angle and a is the radius of the piston. This method is
well described by Liu, Ming, Tan, et al18 and has also been
used in other studies involving simulations of the acoustic
field12,16,18–20.

B. Image analysis of droplets,

The need to accurately measure droplet dimensions and cal-
culate their volumes arises in contexts where concentration
requires to be determined such as evaporation studies, spec-
troscopy studies and micro-analysis6,7.

In acoustic standing wave single axis levitators such as
TinyLev12, the acoustic field interacts with droplets to both
levitate and deform them. Here the surface-tension keeps the
droplets round and the acoustic forces flatten them as they
work mostly along the axis of symmetry and this results in the
deformation of the droplet into a spheroidal shape21,22. The
utilization of the axis-symmetry of spheroidal droplets have
been used to calculate volumes of levitated droplets before2,5,
however variations of this technique exists4,23. Leiterer et al
made comparison between three volume calculation methods
for droplets in a single-axis acoustic trap. Their results in-
dicate that spherical approximation (a) tends to give an esti-
mation of droplet volumes 10-15% lower than the other two;
spheroidal approximation (b) and using the rotational volume
from the droplet shadow (c)4. However Contreras et al, found
that for droplets in their experiments ranging from 250 to 780
µm in diameter (8.2 nl - 0.25 µl), the droplet deformation was
non-significant and a spherical approximation could suffice24.
For large droplets of about 2 mm in diameter, Yarin et al
found the aspect ratios to vary between 1.3 - 2 mm, depend-
ing on driving voltage25 and thus a spherical approximation
no longer suffice.

III. METHODS

Self-calibrated volume measurements can be achieved us-
ing computer vision by always having a known distance vis-
ible in the focus plane. In the experimental setup shown in
Fig. 1, two droplets are levitating in neighboring nodes (see
supplementary material for equipment used). Their center-to-
center distance is ideally the same as the node to node distance
of the acoustic field produced by the trap. The acoustic trap is
mounted with its axis of symmetry horizontally oriented. Us-
ing a simulation of the acoustic field, the millimeter distance

between two nodes/droplet-centers can be predicted with re-
spect to frequency, temperature and the geometry of the trap.
This distance is always in the focus plane and have the de-
sired characteristic for a self-calibrated volume measurement
method.

CCD

Objective

Droplet 
shadowsCPU

Transducer array

Diffuser

Electric 
translation stage

Thermometer

Trapped droplets

Electronics

Electric 
translation stage

LED

Acoustic field

Figure 1. Experimental setup in which the CPU controls the fre-
quency and voltage applied to the transducer arrays of the acoustic
levitator. Diffused light from a LED-source passes the acoustic field
and is focused on a CCD chip and monitored by the CPU.

A. Setup

1. Orientation of the acoustic trap

The acoustic trap in this experiment is mounted horizon-
tally to minimize the impact of gravity on the droplet-to-
droplet distance along the axis of symmetry and thus produc-
ing a reliable distance in the image plane that can be used
for self-calibration. In previous studies on vertically oriented
acoustic traps, the displacement of objects from the node cen-
ter due to the gravitational pull has been investigated25. Hor-
izontally oriented acoustic traps are rare in the research liter-
ature, except for some examples7,8,20. However, for the same
driving voltage the acoustic force that counteracts gravity in
a horizontally oriented trap is lower than in a vertical trap.
Gravity will ideally not have any significant impact on the
droplet-to-droplet distance using this trap-orientation while in
the vertical trap gravity will introduce deviations in the dis-
tance between droplets, that vary with droplet size. When us-
ing concave radiators there will often be an asymmetry in the
potential wells of the nodes and this was empirically found
to introduce deviations in the distance between two levitated
droplets, even in the horizontally oriented trap. A simulation
of the intensity of the acoustic field in the trap was used to find
cavity-lengths that produced equal intensities in the three cen-
tral anti-nodes, and therefore two corresponding symmetrical
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potential wells in the nodes in-between.

B. Predictions of the acoustic field intensity

In order to achieve self-calibration a simulation of the
acoustic trap was developed to find the cavity length that pro-
duces the necessary symmetrical potential wells in the cen-
tral nodes depending on temperature in the acoustic trap. The
corresponding distance in millimeters between the two cen-
ter nodes was also calculated via the simulation. In the sim-
ulation, the transducers was modeled as 4.5 mm pistons and
placed in a hexagonal pattern to match the physical trap. Care-
ful measurements of the physical trap’s dimensional proper-
ties was done using a caliper to implement in the simulation.
The simulation was developed in an iterative loop (see Fig.
2) by first predicting cavity length for symmetrical potential
wells with the same intensity for the central nodes as shown
in Fig. 3 (see the video in supplementary material). The sim-
ulation accounts for the variations in the speed of sound de-
pendent on the temperature26. Second, data collection of the
position of two droplets in the acoustic trap as their size or the
voltage controlling the acoustic fields intensity was altered.
If the droplets centroid-trajectories both were approximately
vertical during these alterations the prediction from the simu-
lation was judged as valid and the settings was used for vol-
ume measurements. There is a trade-off between number of
anti-nodes with equal and large magnitude, and the trapping
force in the nodes due to the spreading of energy over larger
parts of the experiment. After the fit between the acoustic
trap and the simulation was established a Table showing the
relationship between the speed of sound v for specific temper-
atures T and the optimized distance D between the transducer
arrays, that produces the droplet to droplet distance dnode, in
the center of the acoustic trap was produced using the simu-
lation to use as a shortcut during volume measurements (see
Table I).

3. Data collection
evap. droplets / 

changed voltages for 
given D.

2. Simulation 
predict D for 
symmetrical

nodes

Checks: 
No tilt

Yes

5. Simulation 
predict node dist

in mm. for D.

6. Droplet volume
measurement

using px/mm ratio

NO

4. Simulation 
matches

experiment?

Feedback

1. Construct
simulation, 

given 
measured

temperature, 
frequency

and 
geometry

Figure 2. The match between simulation and reality was developed
in an iterative loop, using droplet trajectories in the acoustic field as
they evaporated or the field intensity was varied.

Table I. Distance between central nodes, dnode, as a function of tem-
perature, T , and the optimized distance, D, between the transducer
arrays for two symmetric potential wells with the same intensity.

T v D dnode
[◦C] [m/s] [mm] [mm]
18.0 342.200 −1.182 4.804
18.5 342.490 −1.067 4.807
19.0 342.780 −0.956 4.809
19.5 343.075 −0.840 4.812
20.0 343.370 −0.725 4.815
20.5 343.665 −0.610 4.818
21.0 343.960 −0.495 4.820
21.5 344.250 −0.384 4.823
22.0 344.540 −0.269 4.826
22.5 344.830 −0.158 4.829
23.0 345.120 −0.042 4.831
23.5 345.415 0.073 4.834
24.0 345.710 0.188 4.837

dnode

dnode

Figure 3. Simulation of acoustic trap. The black area shows the sim-
ulation of the acoustic field with relative intensity (grey scale) in the
region accessible to the CCD. The structures in red color represent
the positions and orientations of the transducers. The lower subfigure
shows the relative intensity of the acoustic field along the x-axis for
the central nodes of the trap.

C. Measuring droplet volume using images

Droplets in the acoustic trap are levitated due to the acoustic
forces that balances gravity and at the same time they deform
the droplet by compressing it along the axis of symmetry and
the surface tension acts to keep the droplets spherical. The
interaction of all forces produces the equilibrium spheroidal
shape and the droplets levitate with their center of gravity in
a position slightly lower than the horizontal axis (the axis of
symmetry) of the acoustic trap.
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For each video frame the pixel distance between droplets
centroids is measured and from the simulation of the trap we
can extract the node to node distance in millimeters and then
use the ratio between them as a scale factor. To calculate
any volume derived from pixel measurements the cube of the
scale-factor, s can be used as in:

Vmetric =Vpixels × s3. (2)

where Vmetric is volume in cubic-millimeters and Vpixels is the
pixel-volume.

Below is the method used to extract data from the images
of the droplets.

1. Pixel-data extraction

To collect pixel-data of value from the sharp contour
images, these image-processing algorithms are used which
closely resembles (with some deviations) the steps used by
Kremer et al23:

1. Convert to gray-scale.

2. Apply a mask, using a dilation method.

3. Binarize image using otsu-threshold to make objects
white and background black.

4. Label connected regions of white pixels.

5. Extract pixel values (x,y) of centroid, minor axis length,
major axis length and orientation.

The above algorithm is illustrated in Fig. 4.
It is thus possible to calculate the metric values for the semi-

major axis and semi-minor axis of each droplet. Since gravity
pull droplets slightly down from the symmetry axis of the trap,
the force field is not fully symmetric. However, in Figure 4 we
show that even for large droplets the spheroidal approximation
is quite good. Using their elliptical cross-section as seen from
the camera, their volumes can be calculated as shown below.

2. Calculating the oblate spheroid shaped droplet volume

Droplets are deformed by the acoustic field and as in a
method investigated by Leiterer et al and described in section
II B, their shapes are well approximated as oblate spheroids4.
An oblate spheroid is symmetric along one of its axes as is
visualized in Figure 5. When viewed along the axis of sym-
metry the cross-section is a circle with a specific radii. When
viewed orthogonal to the axis of symmetry the cross-section
is an ellipse. In the case of the oblate spheroid the semi-major
axis is of the same length as the circle’s radius. Thus the infor-
mation about the shape and the corresponding volume can be
derived from extracting the lengths of the semi-major axis, b,
and the semi-minor axis, c, as a droplet is viewed orthogonal
to the axis of symmetry and the droplet shadow is of elliptic
shape.

Figure 4. Upper: Image of two levitated droplets. Lower: Extracted
pixel-data from upper image. The custom software, finds the regions
of white pixels in the upper image and then measures the regions
major and minor axis (red lines), as well as the centroid positions
(green dot) and the horizontal distance between the centroids (blue
line). The red ellipses are painted afterwards using the extracted data,
only to show the quality of the elliptic approximation.

(b)
(c)

(b)
(b)

(b) (c)

(b)

Figure 5. The oblate spheroid to the left is circular (brown, middle)
when viewed along the dashed axis of symmetry and elliptic (blue,
right) viewed orthogonal to that axis. The radius (b), in yellow, of the
brown circle corresponds to the semi-major axis of the blue ellipse.
The semi-minor axis (c), in red, of the ellipse is aligned with the axis
of symmetry for the oblate spheroid.

The volume, Vellipsoid , of an ellipsoid is calculated using the
formula

Vellipsoid =
4π

3
b2c, (3)

which is the same case of the oblate spheroid and the droplets
levitated in this experiment. The problem of measuring the
three dimensional volume have thus been reduced to the sin-
gular dimension problem of measuring lengths in pixels on an
image of two droplets.

Using Eq. (3), a value for the pixel volume Vpixels is calcu-
lated for each droplet in each frame. Using Eq. (2) the metric
volume is then calculated for each frame. The measured and
reported volume is then calculated as the mean and standard
deviation of these volumes for many frames.

The method uses a simple simulation of the acoustic field
and relies on the assumption that the presence of two droplets
in the acoustic field doesn’t affect the field significantly.
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D. Summary of volume measurement method in steps:

1. Measure temperature in the acoustic trap (not in center,
as thermometer absorbs energy and gets heated).

2. Use table produced by simulation to find out the correct
cavity-length D and corresponding distance between
center nodes d (see Table I).

3. Set correct experimental cavity length in accordance
with previous point.

4. Levitate two droplets in the center nodes and collect
pixel data using video-camera.

5. Analyze pixel data for each frame and extract centroid-
to-centroid distances and the droplets dimensions, using
custom python software based on the packages skimage
and OpenCV.

6. Calculate volume of droplets for each frame.

7. During data collection, if necessary zoom in and out as
needed. As shown in section IV, the measurements are
not dependent on these changes.

E. Verifying volume measurements

The results from volume-measurements using the technique
presented in this article and the results from a standard method
of calibrating pixels using precision produced spheres was
compared in order to verify the technique. We use levitated
glass precision spheres of with d = 1± 0.02 mm in one of
the center nodes. Image-data was collected and analyzed to
extract the diameter in pixels of these spheres. The mean of
the pixel diameter from the frames for each sphere was used
to calculate the average mean pixel diameter for all spheres.
The average was used to calibrate the pixel-millimeter ratio,
which were used to calculate droplet volumes and was com-
pared to the results achieved from the new method. Since all
data needed to calculate the volume of the droplets can be
found in the image plane, it was conceivable that zooming in
and out, while maintaining focus, would not affect the volume
measurements using the new method. This cannot be achieved
by other methods common in the literature, making it a versa-
tile and low cost method.

F. Verifying self-calibration

Two non-evaporating oil droplets was levitated in the cen-
tral nodes. The temperature of the trap was measured and
the simulation generated table was consulted for the appro-
priate cavity-length which was set via the electric translation
stage. The pixel-millimeter ratio was calibrated in the same
two ways as before; using the calibration spheres and the new
method respectively. During data collection the zoom of the
camera was changed for a total of 8 different zooms, as is
shown in section IV C.

IV. RESULTS AND DISCUSSION

In this section first the results from validating the simulation
against data are presented and discussed. Second, to verify the
method, results from a wide range volume measurements us-
ing the proposed method will be evaluated and compared to
the method of using a precision produced sphere for calibra-
tion. Third, results from volume measurements while alter-
ing camera-zoom during data collection will be presented to
demonstrate the robustness and self-calibrating nature of the
new method.

A. Predictions from the simulation

The developed simulation was used to predict at what
cavity-length the intensity distribution of the acoustic field
produce symmetric potential wells at the center nodes, based
on temperature (variable) and the geometry of each transducer
array. The output is the cavity-length and the corresponding
node-node horizontal distance between the two center-nodes.
The predicted cavity-length for the temperature in the acous-
tic trap was used during data collection and the mapping be-
tween simulation and the actual acoustic field was verified via
tracking two levitated oil droplet’s centroid-trajectories while
the driving voltage of the transducers producing the acoustic
field is altered. The results can be seen in Fig. 6. The ap-
proximately vertical movement and the similarity in the two
droplet’s centroid-trajectories verify that the simulation has
predicted a useful cavity-length for volume measurements.
The error-bars correspond to one standard deviation and each
point is the mean of 100 frames. The vertical overlap between
the error-bars as well as the two droplets has moved in sync in-
dicates that the prediction from the simulation was valid and
that it now can be used in the method for volume measure-
ments. This is further confirmed by the lower diagram in Fig.
6 showing stationarity in the pixel deviations from the mean
pixel distance between the droplet’s centroids over time.

Since the transducers that were used in the acoustic trap had
a working frequency at 40 kHz the best performance seems
to come near the spherical geometry that corresponds to a
multiple of half wavelengths for that frequency. During the
development of the presented method, the importance of the
symmetric potential wells for the levitated droplets emerged
as limitation for the method to work well. The speed of sound
changes with temperature and so the exact distance between
the two transducer arrays that produces symmetric potential
wells also varies by temperature. Temperature measurements
was found to be more reliable at the outer part of the trap as
a more central position of the thermometer would make it ab-
sorb energy from the acoustic field and show misreadings.

B. Self-calibrated volume measurements

Two droplets, one oil and the other a mixture of mostly wa-
ter and some oil was levitated and their volumes were mea-
sured. In Fig. 7, the mixed droplets volume measurement
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Figure 6. Two trapped oil droplets move vertically due to manually
induced variations in the driving voltage of the transducers. Upper:
The droplets has moved together synchronously and the coordinates
(x,y) in pixels of the centroids is plotted as well as the droplets con-
tours. Insets (A) and (B) is the zoom-in on the two droplets centroid
movement. The error-bars correspond to one standard deviation and
each point is the mean of 22 frames. Lower: The deviations in pixel-
distance from the mean pixel distance of the two droplet centroids are
plotted over time. The deviations are of similar magnitude regardless
of the difference in vertical droplet positions.

data is shown. The change in slope comes from oil constitut-
ing a higher percentage of the droplet as the water evaporates.
The conventional method’s volume measurement is shown as
a blue line. The red line is the volume measurements from the
presented method. Both shows approximately the same vol-
ume with the new method having slightly larger deviations (±
1.5 %) but approximately the same mean. From the two lower
diagrams in the figure it is clear that the larger variations in
volume calculation using the new method comes from varia-
tions in the inter-droplet distance (shown as norm. dist in Fig.
7). Compensating for this and using the average of the inter-
droplet distance to calculate the volume instead of the momen-
tary, erases the differences between the methods. The larger
volume oscillations that both volume measurements methods
shows is due to the droplet’s movement back and forth to the
camera causing variations in the measured dimensions with
slightly higher pixel readings when the droplet is closer to the
camera and vice versa. The described effects is visible in the
inset of Fig. 7.

The demonstrated measurements was made from images ei-
ther in real-time or from a video-recording, and so the vol-
ume can be monitored and timestamped along with collected
data from other parts of an experimental setup in fields such
as trace analysis using spectroscopy, chemical micro-analysis

and evaporation studies.
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Figure 7. A trapped water-oil mixture droplet is evaporating dur-
ing 12 minutes and 43 seconds. Upper: Line (a) is droplet volume
calculated using the presented method. Line (b) is droplet volume
calculated using an average from the calibration spheres. The shaded
grey area (c) is the corresponding confidence interval boundary from
the calibration spheres (d = 1.00 ± 0.02 mm) converted to volume.
The red line and blue line is overlapping almost perfectly. Inset: A
smaller interval corresponding to data (200 frames) between the two
vertical blue dashed lines, showing small oscillations of volume mea-
surement using the new method around the volume measurements of
the standard method. Middle: The percentage difference between
the two methods. The variations is of similar order during the en-
tire time as the droplet is loosing about half of its volume. Lower:
Normalized distance between the two droplets. The oscillations of
the inter-droplet distance is the major cause of the larger variations
of volume measurements as compared to the standard method, seen
in above.

C. Zoom-independent self-calibration

In Fig. 8 the self-calibrating nature of the proposed method
is demonstrated. The data is gathered from one of two lev-
itated oil drops for eight different camera zooms as shown
in the right image without any manual re-calibration. The
droplet volume is as previously measured in two ways, using
calibration spheres and the new method. At first they show the
same result but only the new method maintains same volume
measurement while zooming in and out with the camera. The
highest volume readings does not occur at the largest zoom
and the volume changes are not proportional to the changes
in zoom. The trend of lower volume readings from frame 250
to frame 700 is thus likely caused by slow oscillations back
and forth to the camera. Since the volume of the droplet ini-
tially is approximately 1 µl the blue line after zooming can
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Figure 8. The zoom-independent self-calibration is demonstrated.
Effects of zooming in and out while measuring droplet volume are
negligible. Upper: Oil drop volume measurement using 8 different
camera-zooms. Line (a) is droplet volume calculated using the pre-
sented method. Line (b) is droplet volume as calculated using pixel
to millimeter ratio from the average of several 1 mm ± 0.02 mm cal-
ibration spheres for the first of the eight zooms. Lower: Line (c) is
zoom-in on droplet volume calculated using the presented method.
Line (d) is a moving average of last 30 frames.

represent the percentage current zoom to the initial zoom. It
also represents the error of using the standard method without
re-calibration after zooming.

The process of levitating many precision produced spheres
to get an average good enough for volume measurements is
time consuming and these spheres are expensive. However
in comparison the presented method is self-calibrating and
the results are consistent, zoom-independent volume measure-
ments with similar precision.

D. Limitations and the future

Since most of the equipment used in this research comes
at low cost it is expected that the results could be improved
with more precise equipment such as state of the art image-
recognition instruments, higher quality transducers, more sen-
sitive temperature sensor.

Our results are proof of concept and the precision of vol-
ume measurements achieved so far is comparable to results
that only can be surpassed by the more expensive calibration
spheres using the conventional method, and thus is expected
to already be useful to research teams where funding is low or
where the self-calibrating feature is of value for the workflow.

The advantages of having real-time temperature monitoring
and simulation predicting cavity length and node-to-node dis-
tances provide great versatility of the measurement process.
With this, a completely automated and self-calibrating system
can be produced. This and a more controlled environment in
addition to more precise instruments is expected to produce
more accurate measurements than has yet been achieved.

V. CONCLUSIONS

A new and self-calibrating method for volume measure-
ments of droplets (75 nl to 1.3µl ± 1.5%) has been proposed
and demonstrated. For a fraction of the cost of conventional
image analysis methods to measure droplet volumes, similar
accuracy have been achieved. The intrinsic properties of the
acoustic trap have been harnessed via a fit between a simula-
tion and the acoustic trap, and used to measure the volumes
of two levitated droplets. This new versatile method can help
research teams save time-consuming calibration time that oc-
curs every time the equipment for research are mounted, re-
mounted or either intentionally or unintentionally have been
altered during the research trial-n-error process. The self-
calibrating aspect makes it possible to zoom in and out during
data collection. Thus the presented method has the potential
to be an easy to use technique that solves the versatility issue
of repeated re-calibration and could be used for research in
spectroscopy and chemistry studies as well as in studies that
monitor the geometric properties of a droplets such as evapo-
ration studies.

SUPPLEMENTARY MATERIAL

See supplementary material for a list of equipment used in
the experimental setup and a video visualizing the results from
the simulation regarding node to node dnode distance with re-
spects to cavity length D and temperature T .
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