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Thesis overview

Science in general is important for society and its further development.
But when taught in school, it seems to be perceived by many students as irrelevant
to their out-of-school experiences. The work described here attempted to address this
rift by introducing contemporary physics topics and novel experiments to students
at various educational levels as well as by developing new, active assessment
methods. This was particularly interesting for biophysical topics, discussed in the
thesis, since didactics of biophysics is relatively a new field and novel ways
of introducing interdisciplinary content are still under development.
As a contemporary physics topic, a percolation phenomenon was utilized. A novel,
simplified experimental method was developed and used to prepare two laboratory
activities for bioscience students at master level and physics students at bachelor
level. Implementation of the method showed that it yielded results consistent with
those of more advanced methods. Laboratory exercises with students showed that
they were able to properly perform the experiment and analyze data. Their opinions
were generally positive, but indicated a need for slight modifications. For high school
students, a simple experiment involving quantitative measurements for determining
the thermal conductivity was developed. Finally, two assessment methods in the form
of games played in groups, namely a tournament and a board game, were developed
and their levels of effectiveness were examined. Both methods created
the opportunity to assess not only students’ acquisition of content knowledge, but
also development of their research skills as well as their awareness of a historical
context. In each case, these methods improved students' achievements and were

generally very well received by students.
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Streszczenie

Nauka, rozumiana jako postep wiedzy i rozwoj technologiczny, jest wazna dla
spoteczenstwa i jego dalszego rozwoju. Jednak tak rozumiana nauka oraz nauka
szkolna, zamknieta w ramach przedmiotéw przyrodniczych, wydaja sie by¢ z dwéch
réznych Swiatow. Nauka w wydaniu szkolnym jest odbierana przez wielu uczniow
jako zbiér przestarzatych teorii i faktow, nieprzystajacych do ich codziennych
doswiadczen spoza szkoty. Ponizsza praca podejmuje prébe zmniejszenia tego
rozdzwieku poprzez wprowadzenie tematéw fizyki wspoétczesnej oraz nowych
eksperymentéw na roéznych etapach edukacji, jak réwniez poprzez stworzenie
nowych, aktywnych metod oceniania. Byto to szczegdlnie interesujace w przypadku
tematéw biofizycznych, omawianych w pracy, poniewaz dydaktyka biofizyki jest
stosunkowo nowa dziedzing, a sposoby wprowadzania tresci interdyscyplinarnych s3
wcigz w fazie rozwoju. Jako temat fizyki wspotczesnej zostato wykorzystane zjawisko
perkolacji. Opracowano nowg, uproszczong metode pomiarowg, a nastepnie
wykorzystano ja do przygotowania dwoch ¢wiczen dla studentéw fizyki studiow
licencjackich i studentéw biofizyki studidw magisterskich. Przeprowadzone badania
pokazaty, Ze nowa metoda pomiarowa pozwala na uzyskanie wynikow
eksperymentalnych zgodnych z innymi, bardziej skomplikowanymi metodami
pomiarowymi. Zajecia laboratoryjne ze studentami pokazaty, iz byli oni w stanie
prawidtowo  przeprowadzi¢  eksperyment oraz  poprawnie  opracowac
i zinterpretowac uzyskane dane. Uzyskane od studentéw opinie byty w wiekszoSci
pozytywne, ale wskazaty mozliwos$ci pewnych modyfikacji przygotowanych ¢wiczen.
Dla uczniow szkét S$rednich zostat przygotowany nowy, prosty eksperyment
pozwalajacy na wyznaczenie wartosci wspotczynnika przewodnictwa cieplnego
réznych substancji. Ponadto zostaty przygotowane i ocenione pod wzgledem
efektywnos$ci dwie metody aktywnego oceniania uczniow, w postaci mechanizmu
grupowej gry, doktadnie turnieju, oraz gry planszowej. Obie metody stwarzajg
mozliwo$¢ oceny nie tylko wiedzy ucznidéw, ale takze rozwoju ich umiejetnoSci
badawczych, jak na przyklad przeprowadzanie doswiadczenia, i kontekstu
historycznego. Obie metody byly pozytywnie odebrane przez uczniéw

i zaobserwowano ich pozytywny wptyw na osiggniecia uczniow.
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1. Introduction

Biophysics stands at the crossroads of all (STEM) subjects, i.e. physics, biology,
and chemistry, as well as mathematics, engineering and technology. This position is
privileged for two reasons. First, biophysics benefits from knowledge and discoveries
made in all of these subjects. Secondly, it naturally bridges different fields. As such,
biophysics provides a more holistic view on science research and would thus be
expected to improve attitudes towards science in general. This holistic approach is in
line with actual trends in education, and puts forward the idea to teach STEM subjects
combined together, without dividing science into more and more specialized
disciplines. This helps to develop not only content knowledge, but also a wider range
of attitudes and skills.

The ability to look beyond just one field or specialization in science is
especially important in our increasingly technological world [1, 2], both for future
developments [3] as well as for being able to actively participate in the society [4].
This is reflected by how young people assess their own interest toward science —
notably for students, for whom science plays an important role in shaping their lives
and future and generally makes them appreciate science professionals [5-10].
Paradoxically, this awareness does not mean that they enjoy science subjects during
their education [1, 9, 11]. This is particularly notable for physics, although it is
thought by some to be a key subject in science education [12]. This lack of
engagement in science is often explained by students becoming disenchanted with
science [13]. They perceive school science as irrelevant to their out-of-school
experiences and for the society in which they live [11, 14-17].

The problem of “relevance” of school science has been discussed by many
scholars. This problem is always connected with a question of how in general school
curricula should be prepared and how in particular science education should be
carried out [18]. Since the 1990s academic staff members from many universities
have become involved in science education, both in theoretical considerations and in
practical implementation [18]. Their involvement resulted in a development of
various approaches and methods to teach science together with scientific validation
of their effectiveness. The popular methods that were developed included inquiry-
based learning [19-21], problem-based learning [22-24], and collaborative learning

[25-27], just to mention a few. Nevertheless, most of these methods focus on the
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question "how to teach?", and omit the question "what to teach?". But seemingly
every day, especially in current times, brings new discoveries in physics, biology and
other disciplines. Therefore, a rift between novel science (physics) discoveries and
science (physics) curricula, even at the university level, has occurred and still widens.
This rift increases students’ sense that physics taught to them and physics from
scientific laboratories come from two different worlds.

The overall aim of the work described here is to build a bridge between these
two worlds. The aim was specifically pursued by developing novel topics from
contemporary physics, introducing these topics to students at various educational
levels, validating the effects of introducing these topics on the attitudes of the
students, and simplifying complicated experimental setups to address the needs of
students. By contemporary physics we mean physics topics that (1) are not older than
a few decades, (2) are used in everyday/industrial applications, and (3) are actively
studied. The topic introduced to students was percolation, specifically introduced to
university students in two forms, one for students seeking a bachelor degree in
physics and the other for those in a master program in biophysics. A more in depth
discussion of this choice is provided in the following paragraphs. In addition,
a simplified experimental setup was prepared for a quantitative study of thermal
conductivity, since this common phenomenon manifests itself in various fields such
as medicine, physics, technology, and engineering. The development and evaluation

of the topics are presented in four of the author’s papers:

[A1] A simplified experimental method to study conductivity percolation, in which
a novel, simplified experimental method is presented. The developed method
was further used to devise a way to introduce the topic of percolation to
students.

[A2Z] Experiment on percolation for Introductory Physics Laboratories-A case study,
which describes an exercise on water network percolation in sand grains, with
a lab unit prepared and implemented in Introductory Physics Laboratories,
together with students’ results and opinions.

[A3] Water network percolation on yeast as a proposal of an experiment for advanced

physics laboratories for bioscience students, in which an experiment using



a living organism, i.e., yeast cells, is presented together with students’ results,
as a proposal for advanced biophysics laboratories.

[A4] Simple method for measuring thermal conductivity, which describes a method
enabling quantitative study of the thermal conductivity coefficient to be

implemented at school settings.

We presumed that contemporary physics topics taught in an active way
(e.g. laboratory experiments) could improve attitudes of students toward physics,
therefore they required also novel approaches in assessment. Thus the second part of
this work focused on the design, implementation, and verification of two assessment
strategies, which enabled us to verify not only the pure content knowledge gained by
students, but also their experimental skills, their understanding of historical context,
etc. Two types of group-taken assessments are discussed, a tournament and a board

game, as described in two other papers by the author:

[A5] Class tournament as an assessment method in physics courses: a pilot study.
A description of a method involving a tournament for assessing student
achievement, together with the results of this assessment and the opinions of
the students.

[A6] Board game in physics classes — a proposal for a new method of student
assessment. An investigation of the effectiveness of a group assessment in the
form of a board game on the achievements of high school students and their

attitudes towards physics.

Both aspects of our work, namely introducing contemporary physics topics
and novel assessment strategies, have a common goal: making physics taught at
school more like it is practiced in scientific laboratories, in order to enhance students’
understanding and motivation in science. In this dissertation, three theses are
addressed:

1. Selected contemporary physics topics could be effectively introduced to
students at various educational levels.

2. Contemporary physics topics and novel experiments improve the attitudes
of students towards physics and their motivation for learning.

3. Group taken assessment methods increase the amount and retention of

knowledge gained by students and encourages them to pursue further learning.
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2. Contemporary physics

Introducing contemporary physics topics to students at different educational
levels poses several challenges. One challenge involves selecting the topic and its
scope. What would be interesting for students and be understandable at their level of
knowledge needs to be decided. Moreover, such topics usually require some
simplifications. Thus novel topics would appear to be most effectively developed and
implemented by scientists who actually are involved in the research on these topics.

Since for many years I have been involved in research on water network
percolation in various biomimetic samples, [ chose percolation to be the
contemporary physics topic for the students in the current study. Percolation is
a common transport phenomenon. In general, it describes the behavior of a system in
which transport pathways may appear or be destroyed randomly. Since it is an
extremely general model, it can be applied to a wide variety of cases. One such
example is conductivity percolation in a metal grid connected to an external voltage
source, in which bonds could be destroyed randomly (Fig. 1). Accordingly, as the
number of bonds in the grid decreases, the current in the grid decreases, until the last
bond that allows the current passing from one end to the other is destroyed. The
density of undamaged bonds present in the network (or in other words: occupation

level) at this point is called the percolation threshold.

‘ % % . \/\,
c / g / 5 * /) S /
= = = =
E] > E] * E]
o ) o )
0 occupation level 1 0 occupation level 1 0 occupation level 1 0 occupation level 1

FIG. 1: Representation of the percolation phenomenon in a metal grid. A) Schematic pictures of metal lattices connected
to the power source with different occupation levels, defined as the ratio of the number of conductive bonds to the total
number of bonds. B) lllustrative graphs of an electric current in a lattice as a function occupation level, points marked
with circles correspond to situations in panel A), and the asterisk indicates the percolation threshold. Initially the current
passes through the lattice, but when single bonds are gradually and randomly removed, the current decreases until the
whole system is disconnected, which means that the current stops. Retrieved from [A2].
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Conductivity percolation can be mathematically described using a power-
law dependence of the DC conductivity of the network ¢ and (concentration)

occupation probability (level) p in the relationships

{ o(p) x (p—p)', p2p”

c@)x (@ —p) 5 p<p" (1)

where values marked with asterisks indicate values at the percolation threshold, and
t and s are critical exponents, which reflect the dimensionality of the network.
Occupation probability p is a general term, and applications of the above
mathematical description to the experimental data require identification of p among
measured quantities.

In the past, [ was involved in the research of prof. ].K. MoScicki’s group, at
the Faculty of Physics, Astronomy and Applied Computer Science of the Jagiellonian
University, that studied water network percolation on surfaces of biomimetic samples
such as silicates, i.e., AEROSIL [28], mesoporous and microporous materials (SBA-15,
MCM-41) [29]. The group started its research on percolation almost 20 years ago
with studies on live yeast and algae [30, 31]. In that research, DC conductivity of
a sample was measured while the sample was being dehydrated into the air.
Therefore, as the occupation probability p, two quantities related to the amount of

water were used. Namely, water mass fraction, p, defined as a ratio of the mass of

water to the mass of the sample (p = %); and the hydration level, h, defined as the

ratio of the mass of water to the mass of a completely dry sample (h = %). The
0

equations describing the behavior of the system in the vicinity of the percolation

thresholds could be expressed as

(p*)® *
c=oy s, p<p =8 (2a)

and

(p=p")* *
0 =0w o PP S (2b)

for three-dimensional (3D) percolation, and

(c—0") « (h—h")*, h>h' (3)



for two-dimensional (2D) percolation. The symbols s and t stand for critical
exponents, respectively, below and above the 3D percolation threshold; and u
denotes the critical exponent for 2D percolation. Theoretical and experimental works
report t values in the range 1.9-2.2 and s values in the range 0.4-1.2 for 3D
percolation, and u values in the range 0.9-1.3 for 2D percolation. Other symbols in
above equations: p* stand for the water mass fraction at the percolation threshold, ow
is the conductivity of intercellular water, oy is the remnant conductivity. The sum of
01 and 6 indicates the "width" of the transition range A around the percolation
threshold and can be related to oy, ow, t and s [30].

Originally, conductance and capacitance measurements of a sample were
done, using an impedance analyzer, in the whole range of frequencies for dielectric
spectroscopy, i.e., 100 Hz to 2 MHz, at each time point. For each time point, the
imaginary part of the dielectric loss spectrum ¢" in the whole range of frequencies

was determined. The conductivity of a sample was calculated using the equation [28]:

logle”(f)] = log[a(h)/&] — (n—1)log(2mf), (4)

with data only from the low-frequency end of the spectrum, where the dielectric loss
factor was predominantly determined by the static conductivity and where the
spectrum was linear in log-log representation. g9 is the vacuum permittivity, f is
a frequency of alternating current and n is close to zero in this case. The calculated
conductivity was later used to determine the percolation threshold. Finding the
percolation threshold required analyses of huge number of plots of conductivity
versus hydration level on the log-log scale and linear fits of those plots using
equations (2-3). The procedure was repeated until the best chi square was obtained
for the largest number of data points. This method of data analysis was used in
previously described research done in our group, and yielded results that improved
our understanding of the behavior of water in various systems being subjected to
dehydration.

While the research and results were interesting, the time-demanding and
complicated nature of the data analysis method as well as the requirement of a quite
advanced experimental setup limited the possibility of making the topic of
percolation more accessible to students. The first obstacle was removed when a novel

method of data analysis was developed in our group. In short, in the frequency range



100 Hz to 1 MHz, determination of the conductivity was replaced by an easily
accessible monochromatic dielectric loss factor value, measured at any desired
frequency in this range [32]. Moreover, the hydration level h was replaced by time-to-
failure variable t [33]. Then, a percolation scaling equation was presented in the

following form:

(f — &)~ — O t <t7, (5)

1253

which significantly simplified the analysis process. &/* and t* are adequately dielectric
loss factor and time at the percolation threshold and y; is a critical exponent.
The second obstacle, related to the necessity of the use of an impedance

analyzer, which is a kind of a "black box" and also hardly accessible to students,
encouraged us to develop a new measurement method. The development of such

a method constituted the first work of this thesis and is described in the [A1].

2.1 A simplified experimental method to study conductivity percolation - paper
[A1]

This paper describes a simplified experimental method developed to study
conductivity percolation. The method was developed based on the idea of replacing
the impedance analyzer with a more accessible piece of equipment. As taking direct
measurements of the conductance of a sample was not possible, a circuit in which a
capacitor with a sample inside was connected in series with a resistance decade box
and AC generator was used (Fig. 2). The system acted as a simple voltage divider,
measurements of selected amplitudes and the phase shift between them enabled for

determination of the conductance for a given sample.

(b) c
|
|

FIG. 2: (a) Photograph and (b) schematic diagram of the experimental setup: (1) oscilloscope, (2) AC generator, (3)
resistance decade box, and (4) capacitor. Retrieved from [A1].



The effectiveness of the developed method was verified by comparing the
results of water network percolation in a sample of sand grains when using this
method with the results of the same measurements taken using the standard method
i.e., using an impedance analyzer. The results obtained from the two methods were
consistent, which proved that the new, simplified setup could also be used for
scientific applications.

In addition to the development of the simplified measurement method for
conductivity percolation studies, the development of the method also opened up an
additional opportunity in percolation studies, one related to the phase shift and not
discussed in the paper. It is related to the phase shift, we detected that changes
during the measurements. The changes are obviously related to dehydration of the
sample. In the experimental design, a phase shift ¢ between the voltage amplitude on
a resistance decade box Ur and the voltage amplitude on an AC generator Up is
measured. However, this phase shift is caused by the properties of the capacitor and
could be easily found from the phasor diagram (with U. denoting capacitor voltage).
The capacitor is modeled as a parallel connection of the capacitance part and the
resistance of a sample, and the phase of currents from both of them differs for /2
(the currents Ic and Irc are perpendicular in the phasor diagram). Both currents have
to be added to obtain a net current /r. This net current is the same as the current
through the resistance decade box, because they are connected in series, and,
therefore, in phase with the voltage on the resistance decade box. Changes in the ratio
of one current to the other in the capacitor would cause the observed change in the
phase shift between measured voltages.

This reasoning could be supported with a simple consideration of phasors
for wet and dry sample (Fig. 3). During the dehydration of the sample, the resistance
part of the capacitor would increase, causing a decrease of the resistance current. At
the same time, the capacitance also decreases, leading to an increase of capacitance
reactance, and in that way to the decrease of the capacity current. However, during
the process, the capacitance changes by two orders of magnitude, while the resistance

of a capacitor by ca. six orders of magnitude.



Phasors for wet and dry system.

For the clarity of presentation diagrams are not drawn to scale.

Current phasor for the capacitor Voltage phasor for the whole system

= .
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"dry" system
\“‘ \—

End of measurements

FIG. 3: Sketch of phasors for the described method for wet and dry system. I - capactive current, Iz - resistive current,
Iz - net current in the capacitor, Ug - voltage amplitude on a resistance decade box, U, - voltage amplitude on an AC
generator, Uc - voltage amplitude on a capacitor, ¢ - phase shift measured in designed setup. Own work.

The crucial point is that the behavior of the system strongly depends on the
initial choice of parameters: the resistance of the resistance decade box and the
frequency of the current fixed at the AC generator. Depending on whether, for the
same frequency, R is large or small, the shape of the phase-versus-time plot may
differ. Figure 4 presents such plots obtained for various measurements. Note that for
some conditions, the shape of the plot was observed to be characteristic — with the
bend found just before the percolation threshold. This result was probably caused by
the reorganization of water inside the sample. However, this hypothesis requires
further investigation. Nevertheless, the development of the simplified experimental
method opened a way to introduce the topic of percolation to students, while the

presence of a characteristic shape for the phase change would be expected to




significantly reduce the time needed for students to successfully conduct and analyze

the experiment.

80 1 804 '
R =300 0 R = 3000 Q F—
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FIG. 4: Plots of measured phase versus time, with the two plots based on the same frequency of an alternating current
but different values of resistance set at the resistance decade box. (a) When the resistance was 300 (2, a characteristic

bending (circled) was observed, just before the percolation threshold. (b) When the resistance was increased to 3000 (),

such shape was not observed.

2.2 Percolation for students

The widely used percolation theory is a good candidate to demonstrate how
a recent and interesting scientific topic can be introduced to physics and biophysics
students. The aim was not to overwhelm students with technical details and the full
potential of the cutting-edge method, but rather to introduce some simplifications
without losing the big picture: that relatively basic physics can be used to explain
percolation phenomena in the course of biomaterials dehydration. By using a hands-
on approach, specifically by collecting and analyzing their own data, unlikely to
appear in anybody else’s measurements, students were expected to gain
an understanding of the meaning of percolation threshold and the critical exponent.
Understanding of the concept of percolation, gained through the examination of
a simple system, may be extended to more complex ones, such as financial markets
or, of greater current importance, the spread of epidemics.

The simplified method described above was used to prepare two different
laboratory activities on percolation. The first one was an experimental module on the
percolation for Introductory Physics Laboratories (described in work [A2]), in which
water network percolation in a sample of moist sand was explored. However, since
percolation is a phenomenon common to many fields, we chose another system, more

familiar to biophysicists and life scientists, namely yeast (paper [A3]).
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2.2.1 Experiment on percolation for Introductory Physics Laboratories - A case study -

paper [A2]

The paper describes the design, implementation, and verification of
a laboratory module on percolation at the Introductory Physics Laboratories (IPhL).
The module was designed according to five goals of the IPhL listed by the American
Association of Physics Teachers [34], namely (1) the art of experimentation,
(2) experimental and analytical skills, (3) conceptual learning, (4) understanding the
basis of knowledge in physics, and (5) developing collaborative learning skills. The
module consisted of three main parts. In the first one, the students prepared
themselves for the laboratory by using a script that described the phenomenon of
percolation, as well as the measurement method to be used, and provided basic
background on other relevant physics phenomena. The second part was a laboratory
experiment conducted by students in pairs with supervision of a tutor. The laboratory
was divided into two sessions: one in the morning and one in the afternoon of the
same day. In the morning, pairs of students had to build a setup, choose and adjust
parameters for measurements, and hydrate a sand sample with an adequate amount
of water. In the afternoon of the same day, the students measured the amplitudes of
the voltage on a generator (Umv), on the resistance decade box (Ur) and the phase shift
between them (¢), which were further utilized to find the dielectric loss factor (¢”) of
the sample, following the equation [A2]:

_ URG Uincosp—Ug
2nf Co URy+UZ-2UinyUgcosp’

(6)

where G is the conductance of the resistance decade box, fis the selected frequency
and Cois the capacitance of the empty capacitor. These measurements had to be done
just before the sample dried completely, in order to capture the percolation
threshold. In the last part of the module, the students individually prepared scientific
reports using the results of the experiment. These reports required data analysis
together with the determination of the percolation threshold and dimensionality of
the network.

This module was tested on a group of six first-year physics students. Data
were collected in three steps: (1) the students were asked to fill out pre- and post-

survey on percolation, (2) their reports were assessed by the tutor, and (3) the
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students were asked to evaluate the module and to comment on it after receiving the
final grade. Scrutiny of the answers provided by the students in the percolation
survey before and after the exercise showed that by participating in the module, the
students acquired basic knowledge on percolation and its characteristics, and became
familiar with a few applications of percolation theory. The laboratory reports
provided by the students showed that, with use of a simplified experimental setup,
they were able to analyze collected data in a correct way and determine the
percolation threshold, as well as relate the obtained parameters to the dimensionality
of the process. Note, though, that one group was unable to determine the percolation
threshold from the data obtained during the experiment, since the sample did not
dehydrate enough before the end of the class. These students prepared their
laboratory reports based on their data and additionally in an appendix they found
a percolation threshold with use of a data set provided by the tutor. This experience
showed a weakness of the method of the proposed module — the risk of not
capturing the percolation threshold in the allocated time. This risk was also one of
few weak points of the module addressed by students in the questionnaire
administered at the end of the implementation. However, in general, the students
really appreciated the module, and found it interesting, understandable, and
motivating. Most of them suggested that such experiment should be introduced in the
IPhL for a wider group of students.

This research showed that it is possible to prepare and implement
a laboratory module related to a contemporary physics topic like percolation. The
proposed topic was understandable to students at their level of knowledge, and they
participated in the laboratory willingly; and it could be found in their statements that

such topics would increase their motivation for learning.

2.2.2 Water network percolation on yeast as a proposal of an experiment for advanced

physics laboratories for bioscience students - paper [A3]

This work was motivated by research that showed that physics could be
interesting for bioscience students when they found the studied physics phenomena
relevant to their field [35-37]. In the presented paper, a water network percolation in

a live sample, namely yeast, undergoing dehydration was proposed as such topic —
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an example that binds physics with biology. Since water plays a crucial role in the
functioning of living organisms, studying, describing and, to some extent,
understanding its behavior seem to be interesting for scientists from different fields.

During the dehydration of yeast sample, the spatial distribution of water
molecules inside the organisms has been demonstrated to change continuously [30,
38, 39]. According to these studies, water initially fills the entire space between yeast
cells. But with ongoing evaporation, the amount of available water decreases - water
forms thinner and thinner layers and water network breaks. This can be observed
also in decreasing of sample conductivity. In the course of the dehydration, two rapid
changes are observed. Physicists unmistakably recognize them as phase transitions
that could be described by percolation theory. The first change is observed as a 3D
percolation threshold (i.e., before this threshold water forms a 3D network), and the
second one is a 2D percolation threshold (i.e., before this threshold electric current
passes through the water layer on yeast surface, while after the phase transition there
is no longer a percolation path and water forms only small, separated lakes on the
surfaces of the cells, which do not transmit current anymore [40]).

The experiment prepared for biophysics students explored the above-
mentioned phenomenon. In this case, the occupation probability p was related to the
amount of water in a sample - water mass fraction p for 3D percolation and the
hydration level h for 2D percolation (Egs. 2-3). This experiment required
measurements of the mass of the sample to be taken constantly. Since the
conductivity of the sample also had to be measured during the course of the entire
experiment, this measurement was automated. The software used during the
experiment is described in the paper. The experiment was carried out by three
graduate biophysics students and one graduate biochemistry student. They were
asked to conduct the experiment, collect data, and analyze it in order to determine the
3D and 2D percolation thresholds. The students were able to determine both
thresholds, and the results obtained were consistent with the earlier research done
on yeast, using an impedance analyzer.

This case study showed that it is possible to effectively introduce to
bioscience graduate students an exercise about percolation on a living organism. The
students were able to conduct the experiment and analyzed the data correctly, which

enabled them to find both 3D and 2D percolation thresholds and the percolation
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critical exponents. Unfortunately, it was not possible to implement the prepared
laboratory during the regular course. Not included in the paper was a casual
conversation by students in which they suggested that such experiments might be
introduced to biophysics students instead of "pure physics" experiments and would
be closer to their area of interest. However, such exploration could be a subject of

further research.

2.3. Bringing advanced experiments into school laboratories

Despite the opportunity to introduce some contemporary physics topics into
regular physics laboratories and therefore influencing students’ perceptions of
science, there are still topics in the curriculum that could be taught only as lectures
because there is no available experiment allowing for quantitative measurements of
the discussed phenomena at school laboratories. Surprisingly, one such topic is
thermal conductivity. Probably most people are familiar with the experiment in
which paper clips attached by a piece of wax to different metal rods heated at one
end, clearly showing the dependence of heat flow on the type of material. However,
determining the thermal conductivity values for materials is not possible in such
experiment. Measurements that are taken to obtain quantitative data require a well-
engineered experimental setup or advanced mathematical analysis of the data, which
limit the possibility of utilizing them at school. Therefore, even though most people
likely know intuitively that polystyrene has a different thermal conductivity than, for
example, glass, it is impossible to measure exact values of these coefficients during

the lessons. This gap was addressed in the work described in paper [A4].

2.4.1. Simple method for measuring thermal conductivity - paper [A4]

A novel, simple method for measuring thermal conductivity, adequate for
school circumstances, was developed in the work presented in the paper. The
experimental setup is presented in Figure 5. It consisted of a container (e.g., a plastic
cup) filled with hot water and submerged into water with ice. Additionally, this
container was covered by a polystyrene plate, which reduced the transfer of heat to
the walls of the cup. Immersion of the container in water with ice made the amount of

heat that radiated away negligible.
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FIG. 5: A) Sketch and B) photograph of the experimental setup. Retrieved from [A4].

During the experiment, the temperature of water inside the cup was measured,
with the results following Newton’s law of cooling. However, a trick was done in the
data analysis. In the approach, two temperature differences were calculated. The first
one involving the change of the internal energy of water due to the absorbed or
released heat, with the related change of the water temperature calculated using the
equation AT, (t) = Ty — Ty (t), where Twy is initial temperature of the water inside
the container and Tw(t) is the actual temperature of it. The second one being the
magnitude of the difference between the temperature of the reservoir, T, and the

temperature of the water in the container, Tw(t), i.e., AT, (t) = Ty, (t) — Tg. Due to the

linear dependence of the ratio r(t) = ATW/ AT, ©P time, a simple reorganization of

the data allowed for determination of the thermal conductivity for a material from
which the cup was made of by carrying out a simple linear fitting. Under these
conditions, the coefficient of thermal conductivity could be estimated directly from
the slope of the plot of r(t) versus time, as shown in Figure 6B. The results obtained
for poor conductors were highly consistent with literature values, but for good
conductors a discrepancy was observed. Possible reasons for this discrepancy are
discussed in the paper. Nevertheless, the simplicity, intuitiveness, and the low cost of
the experiment are the features that make the proposed experiment an excellent tool
to use when introducing the topic of thermal conductivity at schools or even at IPhL.
Having this experiment carried out by students also shows that the physical
properties of different materials are not just abstract numbers measured or
calculated by engineers, but are real entities that have consequences for the observed

properties of matter.
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FIG. 6 A): Temperature of water in a cup immersed in a mixture of water and ice as a function of the duration of this
immersion for each of various cups made of different materials as indicated. Circled points were not used in the
analyses, but are shown to illustrate the course of further melting. B): The ratio r(t)as a function of the duration of the
immersion and calculated from the measured temperatures for the five studied cups. The data are presented in two
separate graphs with different scales on the axes, as the changes of r(t) for porcelain and steel are much larger than for
the other materials. Retrieved from [A4].

An additional finding not presented in the paper was that the experiment and
the data analysis process were understandable for high-school students. A few of
them were asked to perform the experiment at home, with a standard thermometer
and cups they found at home. All of them conducted the experiment correctly (with
time intervals between 15 and 120 s) and received values of thermal conductivities

comparable with the ones in the literature (see Fig. 7).
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FIG. 7: Examples of students’ measurements done with glass and plastic mugs in 1 min intervals together with calculated

values of thermal conductivity.
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3. Assessments in physics/science courses

Enhancement of motivation and interest requires not only novel topics and
active methods of teaching, but is also close coupled to active assessment methods.
Nowadays, most teaching methods focus not only on content knowledge, but also on
the development of experimental skills as well as soft skills. However, despite the
new approach used for instruction, at the end of the unit/course/semester, students
are usually still assessed in a traditional way, with the use of a multiple-choice test or
calculus tasks. This difference has been found to lead to a paradox already reported
[41], namely a lack of a correlation between the achievements of students in
Introductory Physics Laboratories and their results in final exams. Since most agree
that active methods of learning have a lot of advantages, a natural consequence
should be a change in assessment approaches, to bring them to a consonance with
utilized methods.

Such assessments could be done in various ways, among others by the use of
collaborative exams or summative-formative assessments [42-45]. A more detailed
description of these assessment methods and their outcomes is provided in the paper
[A5]. In the work for this dissertation, two assessments methods based on group-
taken activities were prepared and implemented in physics classes. The first method

used was similar to a tournament; while in the second one, a board game was utilized.

3.1 Class tournament as an assessment method in physics courses: a pilot study -

paper [A5]

In this paper, a novel method for assessment is presented. The method was
designed to be based on a tournament, in which all teams got through sets of various
questions, solving them simultaneously. The assessment was implemented to one
class of 30 high-school students after teaching the unit about electricity, in which
relatively many experiments (taking measurements of voltage or current,
constructing a proper circuit, conducting electrolysis of water) were performed by
students and could not be assessed in a traditional way. Students formed groups
randomly and were asked questions in order of increasing level of difficulty, i.e.,
simple open questions, multiple-choice questions, and more complicated open

questions. After a few rounds of such questions, each group simultaneously received
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a different experiment to conduct and was asked to provide a correct explanation for
their results, as well as being given a calculus task. At the end, an extra task, involving

a complex maze of resistors, was prepared for all groups (see Fig. 8).

1 point 2 points

4 points 4 points 10 points

FIG. 8: Tournament testing sequence. Retrieved from [A5].

To assess the individual impact of every student on the overall result, a special
assessment questionnaire was administrated to students after the tournament. Each
student had to carry out a self-assessment and a peer-assessment of other fellow
players from the same group, specifically addressing subject matter contribution and
communication skills. This self-assessment and peer-assessment were included with
an adequate weight in the final grade of each student, together with common results
obtained by the group in the tournament. (A detailed description of this set of
assessment tools is provided in the paper).

The effectiveness of the tournament assessment method was verified by
comparing the students' results in the former tests with the results in the tournament
and results in the unannounced traditional test on electricity taken one week later.
Scores are shown in Fig. 9. Students received higher scores in the tournament than in
the former tests, a difference that can be associated with their cooperation during the
game. Also note that the post-test scores were higher than those of the former tests.
Based on these differences, the tournament was concluded not only to assess the gain
in knowledge by the students, but also to increase the retention of this knowledge.
The superiority of the tournament was also reflected in the opinions collected from
the students after the intervention was completed. Students appreciated the
approach, emphasizing a positive impact of the cooperation in a team on their

achievements and a motivating role of elements of rivalry. Moreover, they concluded,
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that such a way of assessment created an opportunity to revise or even learn
something during the tournament, including what they had missed earlier.
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FIG. 9: Student test scores. For each student, the three vertical bars represent, from left to right, the average score in
former tests (FT), the final score obtained in the tournament (TNT), and the mark gained in the traditional post-
tournament test (PT), respectively. The horizontal lines represent the common result scored by each group in the
tournament (based only on the first six stages, disregarding the qualitative component stemming from peer-assessment
and self-assessment). Retrieved from [A5].

3.2 Board game in physics classes — a proposal for a new method of student

assessment - paper [A6]

Another assessment method in the form of a board game played by groups of
student is presented in paper [A6]. The approach was tested in two high schools on
131 students in total, divided into experimental and control groups. The board game
used for this assessment strategy consisted of a circular game path composed of spots
with various categories: physics phenomena charades, famous people, short-answer
questions, multiple-choice questions, and simple experiments. The groups were made
up of 4-5 students each, and the students moved their tokens according to the certain
rules described in the paper. There were also two special lines marked on the board
game. When each line was crossed by any group for the first time, the game was
paused and all of the groups received simultaneously an algebra task and a complex
experimental task to solve which were assessed after the game. The assessment in the
proposed board-game form was done after implementation of two different units: 1)
waves and vibrations, and 2) optics, because both of them provided an opportunity to
verify not only the students’ content knowledge, but also their experimental skills,
socio-historical context and everyday life context, which together build their science

literacy.
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The method proposed in the paper was verified with respect to its influence on
the students' content knowledge and their motivation. The influence on the content
knowledge of the students was evaluated by comparing the achievements of the
students in the former tests with their achievements in the board game (experimental
groups) and with the achievements of the students in a traditional test (both,
experimental and control groups). The traditional test was used instead of the board
game by students from the control groups, while the students from the experimental
groups took an unannounced test one week after the game. Comparison of the results
showed that the achievements of students in the game were higher than those in the
former tests. Moreover, students from experimental groups received on average
better results in a standard test than did their colleagues from the control groups.
Based on these observations, carrying out the assessment in the form of the board
game taken by groups of students was concluded to lead to increased achievements of
students both during and after the assessment process.

The influence of the assessment method on student motivation was verified by
a short questionnaire based on a Likert-like scale, filled in by students after
participation in the game. The questionnaire consisted of six questions, related to the
students' pre-test preparation, engagement in a team work, difficulty in answering
questions, test anxiety, final acquisition of knowledge, and motivation for future
learning. There was also a comment box for general, unstructured student comments.
In general, students very much appreciated the method, and they stressed that using
the method increased their engagement, preparation, and final acquisition of
knowledge. Moreover, following this method reduced stress related to the assessment
and motivated them for future learning. While the students generally expressed
enthusiasm in their free opinions, a few of them pointed out weaker parts of the
method, such as a patchy distribution of types of questions or a statement that
historical context should not be assessed. Nevertheless, such opinions, while very

valuable, were in the minority.
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4. Summary

There is a general feeling that physics, although important for understanding
the world around us, remains unpopular among students. In this dissertation, two
ways in which this perception could be changed were proposed: (1) introducing
a contemporary physics topic and novel experiments for students and (2) developing
two new, active method of assessment. [ summarize the discussed issues in the form

of three theses, which are explicitly presented in the articles.

Thesis 1. Selected contemporary physics topics could be effectively introduced to

students at various educational levels.

The phenomenon of percolation was taken as an example of a contemporary
physics topic that was introduced to the university students. First, a simplified
experimental setup for water network conductivity percolation studies was
developed [A1]. This step was crucial, since in general complicated and expensive
experimental setups limit the possibility of introducing contemporary phenomena to
students. The developed method was later used to prepare experiments on water
network percolation in sand samples for physics students [A2] and water network
percolation in living yeast for bioscience students [A3]. In both cases we concluded
that the students were able to successfully conduct experiments and analyze obtained
data to determine percolation thresholds. Moreover, the students generally
appreciated the prepared experiments and stressed that these experiments were
more interesting for them than were standard experiments.

So we conclude that it is possible to effectively implement selected
contemporary physics topics at various educational levels. However, it requires a few
simplifications and focusing only on some selected aspects, chosen to fit the given
target group. Here, percolation was introduced as a topic for students pursuing
master’s and bachelor’s degrees, but it would seem to be possible to introduce the
phenomenon of percolation also at the high school level, at least for more advanced

classes.
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Thesis 2. Contemporary physics topics and novel experiments improve the

attitudes of students towards physics and their motivation for learning.

An important aspect of the described implementations [A2, A3] was the topic
of percolation itself, which is widely found and studied in many disciplines. Since
students were given a chance to reproduce the actual experiments conducted in
scientific laboratories, they had the feeling of participating in something “real”,
important, and useful. This feeling was in line with the findings already referenced to
in paper [A2]: that those students who were confronted with more difficult, yet
interesting problems, achieved better results. Other research showed that
participation in laboratory sessions, during which students took more complicated
and less predictable measurements, could motivate them and help them understand
the introduced concepts better, as referenced to in paper [A2Z]. In our study, the
students who took part in the laboratory sessions on percolation reported high levels
of involvement and evaluated proposed experiments very positively. They
emphasized that the experiment on percolation was much more interesting for them
than were standard experiments conducted during their regular laboratory sessions.
The obtained data also showed that introducing contemporary physics topics (or, in
general, science topics) to students is beneficial, and could improve their attitude
towards physics and motivation for learning the subject.

Another simple experiment, this time aimed at determining the coefficient of
thermal conductivity, was proposed for high school students [A4]. Thermal
conductivity is a phenomenon widely used in various fields (engineering, medicine,
and others), but its quantitative measurements usually require a sophisticated set up.
The proposed experiment utilized simple, easily accessible materials and allowed
students to obtain reasonable values of the thermal conductivity for various
materials. Again, this approach resulted in students achieving a better understanding
of the physical problem at hand and a greater motivation for learning.

In summary, introduction of contemporary physics topics and simple, novel
experiments, which allowed the students to take quantitative measurements of
phenomenologically discussed phenomena, i.e. percolation and thermal conductivity,
improved the attitudes of students towards physics and their motivation for learning.
In all studied cases, the students emphasized that with support of novel topics and

methods physics appeared as an active and lively discipline. They stressed that such
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topics could motivate them and others to learn physics. Of course, these findings
should be verified using larger samples and with participants that are also less

motivated from the start.

Thesis 3. Group taken assessment methods increase the amount and retention of

knowledge gained by students and encourages them to pursue further learning.

New approaches to active teaching in physics need novel assessment methods.
They need to concentrate not only on assessing the pure content knowledge, but also
experimental and soft skills, which are important when preparing new laboratories
or activities for students. The developed methods were based on playing a game in
a group, and included a tournament [A5] and a board game [A6]. In both approaches,
various types of questions and tasks were posed to students, which enabled
verification of whether the students were able to conduct experiments presented
during lessons. The results achieved by students in the games, as well as their results
in a traditional test taken one week later, were better than their results in former
tests as well as results of students from the control group. At the same time, the
students generally appreciated such evaluation more than traditional methods, and
they emphasized that besides testing knowledge, this form of assessment also gave
them the opportunity to learn from one another and to verify their understanding
during a group discussion.

This approach could be simply adapted to different topics and subjects, and
could open an avenue to a more holistic assessment in general. Due to a peer-
assessment component, everyone felt responsible for the group results and tried to
prepare and do their best. This component seemed to be especially useful for weaker
students, in particular those having problems with calculations, and by such
an approach they were not doomed to failure, as in typical tests with algebra tasks.
Therefore, based on the research results, the active methods of assessment were
concluded to be able to improve student achievements in physics and motivate them

for further learning.
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Further issues

The work described in this dissertation can be a foundation for further
research, focusing on combining both approaches, i.e., introducing contemporary
physics topics to students together with verifying their achievements via an active
method of assessment, like the proposed games played in a group. It is expected to be
interesting to verify whether the positive effects of both approaches combine
according to the superposition principle or whether instead there is a "saturation
point". Additionally, long-term effects could be interesting to investigate - both for
individuals and groups (classes), as well as both for separated and combined
approaches.

Hopefully, further research will be continued based on the main message of
this dissertation: that bringing physics closer to students, by introducing
contemporary topics, novel experiments and active methods of assessment, could
significantly improve their attitudes toward physics and motivation for further

learning.
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ABSTRACT

A simplified experimental setup and a measurement method adapted to the simplified data analysis proposed in previous works are described
in detail. The setup is intended for investigation of the conductivity percolation in the water network formed on granular materials and stud-
ied in the course of dehydration. The results show that the new, easily accessible experimental setup enables determination of the principal
percolation parameters with the same accuracy as the more sophisticated equipment employing an impedance analyzer. Mean critical expo-
nents obtained from data collected for the samples of moisturized sand grains sized 0.6-0.8 mm by means of both experimental methods give

the same results within the limit of measurement uncertainty.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5096969

Percolation phenomenon relates to a broad range of transport
phenomena occurring in various physical, social, or even market
networks.' Their critical behavior in the course of a random network
decay is described by the universal theory of percolation” that pro-
vides information of the network characteristics. Among others, the
conductivity percolation enables the insight into the charge trans-
port and electric properties of the conducting networks in powdered,
granular, or porous media.”” In the past several years, we have
studied DC conductivity percolation in water networks on baker’s
yeasts,” algae,” and granular silica” on the basis of the impedance
measurements carried out with the use of an impedance analyzer
during the free dehydration of the sample through air in seclusion. In
such systems, DC conductivity is a principal ion transport property
that dominates dielectric spectra in the low frequency region (i.e.,
100 Hz-100 kHz). Thus, in the vicinity of a critical point, denoted as
a percolation threshold, DC conductivity, opc, follows the universal
law,

ac(p) ~(p-p*)'s p2p" M

where p is the density of occupations in the network, y is a critical
exponent informing about the dimensionality of the network,'” and
asterisks denote values at the percolation threshold. In the case of

the conductivity percolation on 2D networks, p is represented by the
sample hydration, 4, defined as the ratio of the mass of water present
in the sample to the mass of a dry sample. We showed'' that the esti-
mation of the percolation primary parameters, i.e., the percolation
threshold and the value of the critical exponent, can be done if & is
replaced by time variable, ¢, and that the time-consuming procedure
of the data analysis can be even further optimized by considering the
alteration of the percolation scaling Eq. (1),

(ef &)~ (£ 1), t<t', )

where ef" is the monochromatic dielectric loss factor value measured
at the certain frequency f.

Conductivity percolation measurements of the moisture mate-
rial in the course of dehydration require recording of dielectric per-
meability changes in the test sample over time. All our previous
studies mentioned above were carried out either with the use of the
Hewlett Packard 4192A impedance analyzer or the Agilent E4980A
RLC precision meter, which allow the recording of capacitance (C)
and conductance (G). However, both devices are quite expensive
and not commonly available in research laboratories or student labs.
Since the method of examination of the conductivity percolation
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FIG. 1. (a) The configuration of the experimental setup in situ: (1) oscilloscope, (2)
AC generator, (3) resistance decade box, and (4) capacitor and (b) a schematic
diagram of the experimental setup.

has been enormously simplified, resulting in the analysis of data
based on Eq. (2), we propose here the consequent simplification of
the experimental setup based on the AC generator and oscilloscope,
more often accessible in physics laboratories and thus enabling a
broader deployment of the conductivity percolation studies.

The configuration of the experimental setup and its schematic
diagram are shown in Fig. 1. The setup consists of an alternating cur-
rent generator connected in series with a resistance decade box and
a sample closed in a copper capacitor. An oscilloscope connected to
the circuit records the input voltage (on generator), the voltage on
the resistance decade box, and the phase shift, ¢, between these two
electronic signals, Uy and Ugyrs; see Fig. 2. The experimental setup
is a typical voltage divider composed of the capacitor with the sample
inside, having admittance Y, and the resistance decade box having
admittance Y, [see Fig. 2(a)]. The capacitor with the sample inside
can be modeled in a simplified manner as a pure capacitor with
capacitance C connected in parallel with a resistor with conductance
Gc [see Fig. 2(b)].

The complex admittance of the circuit is given as

Y=Yi+Y,=(G+Gc) +i2nfC, (3)

where G is the conductance of the resistance decade box and f is
the frequency of the AC voltage source electronic signal. Thus, the
relationship between the input voltage Uy and the output voltage
Uour of the voltage divider is

Un P i Ge+i2nfC
Uour = Y1+Ys G+G.+i2nfC
_ G¢ + GG + (2nfC)” + 2nfCG

4

(G+Gc)* + (2nfC)?

FIG. 2. (a) Experimental setup presented schematically as a voltage divider com-
posed of a capacitor with a sample with admittance Y4 and the resistance decade
box with admittance Y; and (b) a sample with admittance Y4 modeled as a pure
capacitor with capacitance C and a resistor with conductance G¢.

scitation.org/journal/rsi

The module of expression in Eq. (4) equals the ratio of input and
output voltage amplitudes, U, and Ugur,, respectively,

V(G2 +GGe +27fC*)’ + (2nfCG)?

Uin,
= |k = 3 5
(G+Ge)* + (2nfC)

» ()

Uour,

and the phase shift between the input and output signals is expressed
by

27fCG ) ©

= arct,
¢ g( G% + GG + (2nfC)’

In both Egs. (5) and (6), G¢c and C are the only unknown parame-
ters, which can be derived after some calculation and expressed by
measurable parameters,

|k|(G + Gc)

1 [K]
o1+ 2 -5
tg'p  1gp

C= (7)

and
cos ¢ — |k
c=—SV———————
[k|” + 1 = 2 cos glk|
U - U
_ N, cos ¢ — Uour, Uour,G. )

2 2
UINO + UOUTD - ZUINO UOUTO cos ¢

IklG

The value of the sample conductance G, calculated from
experimental data gathered at the certain frequency of the elec-
tronic signal from an AC voltage source, leads to the value of the
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FIG. 3. Log-log plots of monochromatic dielectric loss factor (ef" - s}’*) vs time-

to-failure (t* — t) in the vicinity of the conductivity percolation threshold for six
samples of moisturized sand with diameter size in range 0.6-0.8 mm (asterisks
denote the values at the percolation thresholds). Data fitted according to Egs. (2),
(8), and (9) for samples studied with the simplified experimental method (open
symbols) and according to Egs. (2) and (9) for samples studied with standard
experimental method (closed symbols).
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TABLE 1. Mean critical exponents u; of conductivity percolation universal equation,
obtained during the dehydration process of six sand samples of diameter size in range
0.6-0.8 mm. Three samples were studied with the use of the simplified experimental
method and three others with the use of the standard experimental method.

Simplified method Standard method
Mean y; 1.069(48) 1.025(33)
monochromatic dielectric loss factor, s}',
4 GC
=—- 9
Sf 27TfC0 ( )

where Cy is the capacity of an empty capacitor.

In order to evaluate the experimental method described above,
we conducted altogether six series of experiments on moisturized
sand samples composed of sand grains with diameter size in range
0.6-0.8 mm, in the course of their dehydration. For the sake of the
comparison of the results, three samples were studied utilizing the
circuit with the impedance analyzer (a standard method) and three
others were studied using the circuit with oscilloscope and the volt-
age divider (a simplified method). At the beginning of each series
of experiments, the sand was irrigated with water, and the measure-
ments were taken until the samples completely dried out. Measure-
ments of electric parameters were taken every 5 min in the course of
dehydration through air in seclusion. In a simplified measurement
method, the AC generator frequency was set to 100 kHz in all three
experiments and four parameters, i.e., U,, Uout,, ¢, and t, were
recorded. In a standard method, every 5 min the time of measure-
ment was recorded as well as C(f) and Gc¢(f), while the electronic
input signal frequency was swept through the range of 100 Hz-
1 MHz. Nevertheless, for the purpose of the data analysis, only
the values C(f = 100 kHz) and G¢(f = 100 kHz) were taken into
consideration.

Figure 3 shows the results for all six samples, and Table I sum-
marizes the mean values of the critical exponents, y;, obtained in

scitation.org/journal/rsi

the vicinity of the percolation threshold from three series of mea-
surements utilizing a simplified experimental method by fitting the
monochromatic dielectric loss factor s}' according to Eq. (2) with
the use of Egs. (9) and (8) and from three other series of measure-
ments utilizing a standard experimental method by fitting the data
according to Eq. (2) with the use of Eq. (9).

The results obtained for the sand samples with the same sand
range of grain diameters are consistent with each other within the
limits of measurement uncertainty, and they have values typical to
those reported by other authors for 2D conductivity percolation in
hydrated granular samples.” """ This leads to the conclusion that
the proposed simplified measurement method for studying the con-
ductivity percolation phenomenon in moisturized granular samples
in the course of dehydration to air is comparable with other more
complex experimental methods, leading to the coherent and equiva-
lent results, and opening the possibility to conduct such experiments
without the need for specialized lab equipment.
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In this study, a module for percolation is developed in light of five goals for the Introductory
Physics Laboratories formulated by the American Association of Physics Teachers. The module
was tested and validated on a group of six first-year physics students. The content was based on an
experiment on the percolation of a water network in the course of the dehydration process that
used a simplified method of measurement. The students’ opinions of the module were recorded
and analyzed. That they had learned about the percolation phenomenon was verified through their
lab reports and a specially designed survey. The results show that the students had positive
opinions of the implemented module, and that it had enabled them to acquire basic knowledge of

percolation. © 2020 American Association of Physics Teachers.
https://doi.org/10.1119/10.00008 10

I. INTRODUCTION

Introductory Physics Laboratories (IPhL) is a common
name for laboratories introduced predominantly in the first
year of science courses at universities. They encompass the
methodology of measurements and the calculations of
measurement uncertainties alongside the empirical verifi-
cation of the basic laws of physics. One of the most
important works on IPhL is an article published in 1998 by
the American Association of Physics Teachers,1 which
lists the goals of IPhL. It states the following five goals of
designing and evaluating IPhL: the art of experimentation,
experimental and analytical skills, conceptual learning,
understanding the basis of knowledge in physics,
and developing collaborative learning skills. The authors
note that many of these goals are not explicit in IPhL
programs.

Even after two decades of subsequent research and a
number of articles emphasizing the role of experiments in
understanding science,”™ in addition to publications on
new experiments for introductory courses in physics,”’
some authors still point out that a lot of research on physics
education at the undergraduate level still focuses on lec-
tures and tutorials.®” Introductory Physics Labs are studied
less frequently, either as a separate course’ or as a part of
integrated courses,'® where authors look at the learning in
the whole course, but to the best of our knowledge, no past
publication has described the preparation, implementation,
and evaluation of a physics experiment for IPhL while
engaging all goals for it as formulated by the AAPT. To
address this issue, we formulated, implemented, and evalu-
ated an experiment on the percolation phenomenon for
IPhL that fulfills most aspects of all goals listed by the
AAPT." While implementing this experiment in IPhL
classes, we examined how students performed and per-
ceived this new laboratory experiment. We chose a topic
that does not belong to the canon of the IPhL, but provides
a deep insight into a phenomenon that is common to many
areas of science and is not too demanding for first-year
students.

456 Am. J. Phys. 88 (6), June 2020 http://aapt.org/ajp

II. THEORETICAL BACKGROUND
A. IPhL goals

The list of goals recommended for IPhL provides guidance
on what the ideal laboratory experiment should look like. Thus,
it is worthwhile analyzing and understanding these goals.

The first goal, “the art of experimentation,” involves
engaging students in the full experimental process, including
helping them design their own experiments. This may be
done by choosing the method of measurement, experimental
tools, or scope of the measurements performed. However,
most IPhL classes feature standard instructions that hinder
the students’ creativity and independent thinking.'"

The second goal, “experimental and analytical skills,” is
the one most often associated with IPhL, and is used to
define it. However, in many cases, classes in IPhL feature
easy experiments that are well known even to high school
students, or are easy to find on the Internet (often in the form
of videos presenting the experiment together with a full
description of it). Thus, students often complain that IPhL.
consists of boring and obsolete experiments with no connec-
tion to “real” science,® and that their results can be easily
predicted even without performing any experiment. One way
of encouraging students is by introducing ICT (Information
and communications technology) to IPhL, such as by using
data acquisition software or smartphones.'*'> However, this
simplifies most experiments by automating them and omit-
ting the stage of designing the experiment. It has even been
argued that the use of smartphones in labs discourages stu-
dents from using “old-fashioned” experimental setups,’ with
which students can research the basics of physical phenom-
ena while using simple measurement techniques (for exam-
ple, connecting an ammeter to an electric circuit).

The third goal, “conceptual learning,” states that laborato-
ries should help students understand concepts in physics.
However, recent research has suggested that IPhL classes,
even those designed to support the learning content of asso-
ciated lectures, do not have a measurable impact on the stu-
dents’ final results in introductory courses in physics.'"'*

© 2020 American Association of Physics Teachers 456
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Nevertheless, the relevant authors have emphasized that the
laboratories investigated in their research were mostly
designed to present concepts in physics that had previously
been introduced and discussed in lectures. Thus, the students
participating in these laboratories already knew the laws
being examined. On the contrary, other research has shown
that students posed more difficult problems in the laboratory
achieve better results.'> It appears that IPhL can be more
motivating, and can more effectively help students under-
stand concepts in physics when used in lieu of simple experi-
ments representing basic physics; phenomena using more
complicated and less predictable measurements, which are
more representative of contemporary science.'®!”

The fourth goal, “understanding the basis of knowledge in
physics,” clearly points out that theories and experiments are
intertwined in physics, and cannot be introduced without each
other. On the one hand, theoretical considerations without
supporting experiments are merely “a collection of equations
and textbook problems.”’ On the other hand, the results of
experiment have value only when they are supported by other
results or may be explained by the theory. Otherwise, such
results are essentially just numbers without meaning. Many
authors have shown that students consider their experimental
results to always be correct, and believe that performing a sin-
gle appropriate measurement is enough for verification,'®'?
even without comparison with any other result or theory.
Students do not understand the essence of experiments in
physics, and focus more on performing measurements accord-
ing to the given instructions. Other authors have shown that
students carefully calculate the mean values while not describ-
ing them in any way further, without any comment or conclu-
sion.?’?! This behavior is encouraged in experiments that are
easy to analyze and, in which, after several measurements,
students simply have to present the mean value obtained,
which is the result itself. The interplay between a theory and
an experiment in physics results in a requirement that in [PhL,
students should learn how to present the results, and to com-
pare them with other results and theory.*

The fifth goal is “developing collaborative learning skills.”
Many recent studies have suggested that in addition to
“hard” knowledge, soft skills are key to successful profes-
sional careers,” > and should be developed at every stage
of education. In the case of IPhL, using peer instructions,”®
collaborative lab reports,>” and assessments that require the
cooperation of the entire group®® are exemplary of reaching
this goal of IPhL. Thus, this last goal is the most commonly
implemented one in IPhL.

The collection of goals mentioned above provides insight
into the means of preparing IPhL experiments. Fulfilling all
five goals is a worthwhile challenge because such a holistic
approach can ensure a more complete and efficient develop-
ment of students’ research skills. Nevertheless, many of the
goals are not explicit in traditional laboratory programs.’
Below, we propose a module for percolation experiments in
IPhL designed with respect to its goals, proposed by the
AAPT. We chose a contemporary topic, normally not
included in introductory courses, to study the feasibility of
its implementation in IPhL and the students’ perception of
such a non-standard proposal.

B. Percolation phenomenon

The phenomenon of percolation concerns all the types of
transport in the network, where the number of channels that

457 Am. J. Phys., Vol. 88, No. 6, June 2020

enable this transport changes randomly. This is described by
the theory of percolation, a probabilistic theory in which the
key parameters are the percolation threshold and critical
exponent. Percolation theory is used to mathematize the per-
colation phenomenon not only in physics (e.g., water trans-
port in a net of pipes and conductivity in a net of wires),”
but also in many other areas, such as medicine (e.g., ?read
of diseases and the functioning of brain connections),3 pub-
lic transport (airplane traffic),”' and Internet network break-
down,32 just to mention a few.

An illustrative explanation of the percolation principle is
based on a description of the flow of water through a system
of pipes or that of electric current through a metal grid. For
example, one can imagine a metal grid connected to a power
source at both ends (see Fig. 1(a)). Initially, current flows
through the entire grid. However, when single connections
are gradually and randomly removed, the amount of current
flowing decreases until the entire system has been discon-
nected, which means that flow ceases. This point is called
the percolation threshold.” In one implementation, the per-
colation theory can be used to investigate the random appear-
ance or disappearance of electric conductivity in biological
and biomimical systems.*** In such systems, water enables
conductivity and may freely dehydrate from the sample,
reducing the occupational density of the lattice (observed as
a decrease in conductivity) up to a point, called the percola-
tion threshold, where long-distance connections no longer
exist in the system. Thus, the percolation threshold is linked
to the last configuration (or the lowest occupation density) in
which the sample still conducts electricity—see Fig. 1. Near
the percolation threshold, the conductivity ¢ depends on the
probability that the electric charge finds an unrestricted path
in the examined sample. This probability is directly propor-
tional to the degree of hydration that can be parameterized,
e.g., by the hydration level 4, defined as the ratio of the mass
of water in the sample to that of a dry sample.*® Therefore,

(6 —0*) o (h—n")", (1)

where (*) indicates values of the percolation threshold and p
is the critical exponent, the value of which is related to the
dimensionality of the observed phenomenon.*®*’

Conductivity percolation in a water network can be
observed and measured by using an impedance analyzer. In
such an approach, the examined hydrated sample is placed in
a capacitor with holes in the upper plate to allow for evapo-
ration.>® The capacitor is placed on a balance and connected
to the impedance analyzer, which measures the capacity and
conductance of the filled capacitor at various frequencies in
a defined period. Further analysis enables the recalculation
of the measured conductivities of the examined sample,
but the procedure is sophisticated. However, note that the
change in frequency used in the above-described approach
was limited to 100 Hz—2 MHz to avoid the electrode polari-
zation effect observed at lower frequencies, and the
Maxwell-Wagner effect observed at higher frequencies. In
this range, the spectra of dielectric loss are dominated by
contribution from DC conductivity ¢ (¢’ 22 6/2ne,f, where &,
is the permittivity of the vacuum), and the level of hydration
is proportional to time. Thus, an analysis of conductivity per-
colation can be simplified substantially. To find the percola-
tion threshold, one can use the variations in time of the
dielectric loss factor, &” > at any fixed frequency in the con-
sidered range®*’
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Fig. 1. Representation of percolation phenomenon in a metal grid. (a) Schematic pictures of a metal lattice connected to a power source with different levels of
occupancy, defined as ratio of conductive connections to the total number of connections. (b) Schematic graphs of electric current in a lattice as a function of the
level of occupancy. Points marked with circles correspond to situations in (a), and the asterisk indicates the percolation threshold. Initially, current flows through
the lattice, but when single connections are gradually and randomly removed, it decreases until the system is disconnected, which means that flow ceases.
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III. EXPERIMENT ON PERCOLATION

We now describe an experiment on percolation and
describe its relation to the five AAPT IPhL goals. A wide-
ranging discussion of the implementation of goals of the
AAPT is provided in Sec. VIIL.

A. Simplifying the experimental setup

Because an impedance analyzer is rarely available in IPhL,
it is unfeasible to prescribe it for measurements in a student
laboratory. To address this limitation, a simplified setup to
measure conductivity percolation was recently developed.*” It
consists of a capacitor in serial connection with a resistance

0sC1

M CJ—_
@ T

decade box and an AC generator. An oscilloscope is used to
measure the data. In this setup (see Fig. 2), the capacitor and
resistance decade box together act as a voltage divider and,
therefore, measurements of the amplitude of voltage on a gen-
erator (U;,), its amplitude on the resistance decade box (Ug),
and a phase shift (¢) between them enable the recalculation of
the conductance of a sample placed in the capacitor (G¢),
according to the following equation:

Ui -U
_— ,,,zcosq) R UxG.
U;, + Ui —2U;,Ug cos @

Gc 3

where G is the conductance of the resistance decade box
(G =1/R). Hence, the spectra of dielectric loss of the sample
in the capacitor can be calculated as
G,
" , @)
2nf C,

Fig. 2. Experimental setup. Left—schema; right—experiment.
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where f'is the selected frequency and Cj is capacitance of the
empty capacitor. Thus, it is possible to replace a complex
RLC setup with a simpler one composed of instruments eas-
ily available in IPhL. Such an approach enables the introduc-
tion of the percolation experiment to IPhL.

B. Details of experiment and its connection to IPhL goals

Because the percolation theory is applicable to a broad
range of transport phenomena originating in different scien-
tific disciplines, the proposed experiment is an interesting
lab investigation in IPhL that enables conceptual learning
(AAPT IPhL goal III). In the proposed experiment, the per-
colation of the water network during the dehydration process
can be examined. Unlike when using the RLC impedance
analyzer, a simplified setup gives students the opportunity to
easily manipulate the instruments and modify certain param-
eters to understand the consequences—for example, the
resistance of the resistance decade box, the frequency of
electric current, and the volume of water. In this way, the
experiment does not consist only of simply turning on the
setup and performing the experiment (the “turn up—turn
on—measure” approach), it also requires asking questions and
providing answers on the measuring process and modifica-
tions to it (AAPT IPhL goal I). Furthermore, the experimen-
tal method introduces basic knowledge of electronics,
electric current, and measurements through an oscilloscope.
Figure 3 shows plots of the spectra of dielectric loss as a
function of time above, at, and below the percolation thresh-
old of water conductivity in a 2D network built on surfaces
of sand grains that served as a base. These plots show the
substantial disturbance in conductivity when crossing
the percolation threshold. Owing to the random nature of the
phenomenon, the percolation threshold is not predictable
ad hoc, but requires measurements in a full range of the
hydration of the sample as well as further data analysis
involving the careful detection of the percolation threshold
(AAPT IPhL goal II). The experiment requires further analy-
sis by students to determine the critical exponent, which can
be used to interpret the dimensionality of the percolating net-
work when its value is compared with those reported in the
literature (percolation theory and experimental results;
AAPT IPhL goal IV). Goal V is secured through the organi-
zation of the laboratory work in pairs.

IV. RESEARCH QUESTIONS

We prepared a module of percolation based on most
aspects of the five IPhL goals listed by the AAPT." The

Percolation threshold

experiment described above was the main part of the
designed module. Implementation was carried out using a
group of undergraduate physics students who also evaluated
the module. This case study reports findings related to the
following research questions:

(1) To what extent is it feasible to design and implement an
experiment on the percolation phenomenon based on the
five IPhL goals in an introductory lab at our facility?

(2) To what extent does the proposed laboratory unit enable
students to understand percolation theory?

(3) How was the lab module on percolation perceived by
students?

V. METHODOLOGY
A. Laboratory module—Design and implementation

The percolation module proposed for IPhL is based on the
conductivity percolation of a water network in a hydrated
sand sample, freely evaporating into the air. The module is
composed of three main parts: (1) student preparation, based
on the delivered materials (script) and questions posed a pri-
ori; (2) the laboratory activity performed in pairs with some
assistance from a tutor; and (3) individual work by the stu-
dents to analyze data gathered in the experiment to deter-
mine the percolation threshold and prepare a lab report. The
following describes these three parts in detail.

1. Student preparation

Before participating in the IPhL classes, the students
received a script that provided an overview of the experiment
along with the key objectives. The first part of the script con-
sisted of a description of the percolation phenomenon
together with examples of the implementation of percolation
theory. This was followed by a description of the conductiv-
ity percolation of the water network and an introduction to
the concept of level of hydration. The next part of the script
described a method of measurement based on measurements
in an RC circuit. It contained essential information on elec-
tronics (like the functioning of a voltage divider) and
described the linear relation between the level of hydration
and time (Fig. 4).

2. Laboratory activity guided by a tutor

Due to the nature of conductivity percolation, which
requires the free dehydration of the sample into the air, the
time spent by students in the laboratory was divided into two
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Fig. 3. Plots of dielectric loss spectra as a function of time above, at, and below the percolation threshold. Data obtained for a fixed frequency, f= 100 kHz.

Own data.
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Fig. 4. Examples of graphs obtained by students (a) in the percolation
threshold and (b) below the percolation threshold (both in the log-log
scale). The solid line is a linear fit according to Eq. (2). The slope parameter
corresponds to the value of the critical exponent.

parts. The first lasted approximately one hour and took place
in the morning. In this hour, the students built an experimen-
tal setup (Fig. 2), and adjusted the frequency of the input cur-
rent and resistance of the decade resistance box. They
needed to choose a frequency in the range of 100 Hz—2 MHz,
where this choice influenced the adjustment of the resistance
that needed to be selected for the decade resistance box. The
resistance needed to be adjusted to enable the observation of
both measured voltage amplitudes U;, and Uy in the course
of the measurements—from a hydrated to a completely dry
sample.*”

Subsequently, the students had to hydrate the sample with
an adequate amount of water. For thin samples, the speed of
dehydration was constant, which made it possible to calcu-
late an approximate amount of water that needed to be added
to the sample to ensure the observation of the percolation
threshold (in the course of dehydration into the air) in a
defined period. This stage determined the time to start the
second part of the laboratory in the afternoon of the same
day. For most groups, the second part began seven to eight
hours after the first. In this part, the students measured the
amplitude of the input voltage, that of the voltage on the
resistor box, and the phase shift between them together in
three-minute intervals. The rules of the IPhL at our faculty
required that no experiment last longer than three hours,
which limited the second part of the experiment to two
hours.

In the course of the investigation, the students were
allowed to modify the parameters of the experiment. Their
choice did not influence the percolation parameters at the
end, but the choice of parameters for the initial measurement
setup resulted in a unique set of data and, consequently,
unique data analysis by each group of students.

3. Individual student report

After the laboratory experiment, the students had one
week to analyze the data, detect the percolation threshold,
and determine the critical exponent and prepare a report. The
lab reports were structured as a scientific paper consisting of
an introduction/theoretical background, experimental setup,
methodology, data analysis, discussion, and conclusions. To
conclude their results, the students needed to compare their
data with those reported in the literature.

B. Research sample

The module was tested by a group of six students in their
first year of undergraduate physics studies at the Faculty of
Physics, Astronomy, and Applied Computer Sciences of
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Jagiellonian University in Krakow, Poland. Prior to the
implementation, each student had been asked to complete
ten other experiments in IPhL during the spring semester.
The percolation experiment substituted a standard experi-
ment at the end of the term. However, owing to personal rea-
sons, one of the students did not write his individual report
on the experiment. Therefore, the data analysis involves the
results provided by five students.

VI. INSTRUMENTS AND DATA COLLECTION
A. Percolation survey

Before the laboratory experiments, and before receiving
the script, the students were asked to fill in a short survey on
percolation. It consisted of four open questions, presented in
Table I (left column). A similar survey was completed by the
students after finishing the laboratories and receiving their
grades (approximately 14 days later). The main difference
between the surveys was that the question, “have you ever
heard about percolation?,” from the first run was replaced by
the question “what is the percolation threshold and what
information can it provide?”

B. Students’ reports

Each student was obliged to prepare a lab report of the
experiment. The report was verified and assessed by the
tutor. It provided information of the extent to which the stu-
dent had understood the idea of percolation, the method of
measurement, the meaning of the critical exponent, and the
process of determining the percolation threshold.

C. Questionnaire

The students were also asked to fill in a lab questionnaire
after completing the laboratories, preparing lab reports, and
being graded. This questionnaire sought to determine how
the students had perceived the percolation experiment, its
level of difficulty, attractiveness of the proposed module,
and their opinions on the feasibility of including it in a regu-
lar TPhL set next to canonical experiments. The question-
naire contained five open-ended questions. In the first three,
the students were asked to assign a score on a five-point
Likert scale (1—definitely no; 5—definitely yes) and provide
a brief explanation of each. The next two questions required
descriptive answers. The questions are presented in Table II.

Table I. Surveys on percolation.

Pre-survey Post-survey

Have you ever heard about -
percolation?

Please write what you know
about percolation.

Which field of science do you
associate percolation with?
Have you heard about any
practical use of percolation?

Describe, in your own words, what
percolation is.

To which fields of science does
percolation theory apply?

Are there practical applications of
percolation? What, if any?

What is the percolation threshold
and what information can it
provide?
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Table II. Questions in the questionnaire administered to students after com-
pleting the lab, preparing lab reports, and receiving their grades.

Question type Questions

Likert scale and brief
explanation

- Was the proposed topic interesting?

- Was the tutor well prepared, and did
they motivate students to engage in the
lab?

- Was the content of the provided script
sufficient to prepare for the lab?

Description - Do you think that the experiment on
percolation is worth introducing to
other students? Why or why not?

- Please state changes you think are

required to the experiment.

VII. RESULTS AND DISCUSSION
A. Percolation survey prior to and after implementation

When answering the first question of the survey prior to
implementation, four of the six students indicated that they had
never heard of percolation. One respondent answered “yes” but
could not explain what percolation was. Another respondent
associated percolation with the process of washing ingredients
from the body using water. Of the fields of science associated
with percolation, physics, geology, biophysics, and chemistry
were mentioned, and one answer read “with liquids.”

In the survey taken after the IPhL experiment on percola-
tion, each student correctly described the percolation phe-
nomenon—as a process of the random formation/breaking
down of connections in networks/systems—alluding also to
the theory of the critical phenomenon. Only one student
failed to provide information on the random nature of the
process. All students correctly defined the percolation thresh-
old, and more than half properly related it to the critical

exponents. Each student listed a few fields in which the per-
colation phenomenon takes place. The students listed differ-
ent fields of physics and related sciences, but also such
examples as epidemiology and pharmacokinetics.

The above comparison of the students’ answers before and
after the laboratory shows that after conducting the experi-
ments, they could appropriately describe the percolation phe-
nomenon, define the percolation threshold, and provide
examples of the application of percolation theory. Considering
that before the experiment, most students had not even heard of
percolation, the knowledge they acquired in the course of the
implementation is clear.

B. Students’ reports

The lab reports were prepared by students separately and
assessed by a tutor according to the faculty rules established
for IPhL. The median results of all reports, including engage-
ment and the work done while conducting experiments, pre-
sented on a scale of two to five, was five. This result,
together with a comparison of the pre- and post-survey
results on percolation mentioned in Subsection VII A, shows
that the students had acquired significant knowledge of per-
colation through the proposed learning unit. However, note
that these results should be approached with caution because
of the small number of students tested. Table III contains a
concise list of the assessed requirements and information on
the extent to which each student fulfilled them. Examples of
graphs obtained by students are presented in Fig. 4.

Note that one group of students did not capture the time at
which the percolation threshold occurred during the experi-
ment owing to the limited time of the laboratory classes (the
sample did not dry in time). These students received from
the tutor a set of other experimental data based on which
they had to find the percolation threshold. With this interven-
tion, each student correctly found the percolation threshold

Table III. Report requirements and the extent of their fulfillment by each student.

Requirement Student 1 Student 2 Student 3 Student 4 Student 5

Introduction/theoretical back- + + +/— Lacking description + +/— Curt introduction, a

ground (appropriate theory, of electronic part related lack of connection

consistency). to measurement method between water and
conductivity

Description of the experimen- + + + + +/— A lack of description

tal setup, methodology, and of the time course of

the course of measurements. measurements

Data analysis (data conversion + + + + +°

and plotting adequate graphs,

determining the percolation

threshold, calculating the

critical exponent).

Discussion, conclusions + +/— A lack of compari- + +/— A lack of definition +

(comparing results with the lit- son with the literature of percolation

erature, concluding 2D charac- dimensionality

ter of conductivity percolation
in performed experiment, indi-
cating possible mistakes and
suggesting modifications to
the measurement).

In case a pair of students had collected data in the course of the experiment that did not yield the percolation threshold, the final analysis (as an appendix) was
added by them on a set of data from a different experiment.
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and determined the critical exponent for the phenomenon.
The percolation thresholds calculated by the students con-
curred with the threshold found by the tutor. The critical
exponents for all students pointed to a 2D percolation phe-
nomenon, and their comparisons with the literature and theo-
retical values are listed in Table IV.

While the students’ reports showed that they had deter-
mined the percolation threshold on their own using the
instruction, the laboratories exposed a weakness in the pro-
posed laboratory experiment: A risk that the percolation
threshold will not be calculable during measurements limited
in time due to, e.g., changes in humidity in the laboratory
room or inaccurate admeasure of water by students prior to
the experiment. This is, of course, an interesting aspect that
introduces students to the reality of experimental work, but
for the needs of the IPhL, the conditions of the experiment
should be more specific. This can be achieved by ensuring
constant humidity and temperature to control the dehydration
process more precisely.

C. Questionnaire

The questionnaire was filled out by five students after
completing the experimental work, writing the reports, and
receiving the final grades. Their responses to each question
and their medians for the first three questions, based on a
five-point Likert scale, are shown below.

In response to the question “was the proposed topic inter-
esting?,” the median of student rating was 5. The students
emphasized that it was an experience more interesting than
most others proposed at the IPhL, with one stating: “Finally, at
the TPhL, I did something that was not 100% predictable and
was not easy to write on a piece of paper in 15 minutes.” One
student noted that being in the early stage of his studies, he
considered the experiment to be a scientific curiosity, of sorts.

Responses to the question “was the tutor well prepared, and
did they motivate students to engage in the lab?” had a median
score of five. One of the comments was: “Yes, he knew a lot
and made the time interesting by sharing this knowledge with
us :).” Responses to the question “was the provided script suffi-
cient to prepare for the lab?” had a median score of four. All
students described the script as sufficient to prepare for the
labs, suggesting small changes at the same time, such as a need
for increasing or reducing the theoretical introduction, or a
need for a more precise description of the data analysis. From
the above, one can conclude that the students appreciated the
preparation of the module and the experiment itself.

The second set of questions started with: “Do you think
that an experiment on percolation is worth introducing to
other students? Why or why not?” The students’ answers to
this question ranged from moderate optimism—“I do not
consider this to be something that must necessarily be
introduced,” and “[...] it would be a useful minimum

variation for students”—to very positive answers—yes, no
doubt. This is probably the only non-deadly [sic] boring
experiment that could not be done at home and in a sensible
way uses an oscilloscope, which in general is used very rarely
in IPhL. It allows you to learn something interesting, get to
know a new phenomenon.” The opinions of the other students
were also positive within the above range. However, they
drew attention to the need to improve the procedure used to
detect the percolation threshold so that one is always certain
of “capturing it” in a class, without requiring data from the
tutor. The solution to this problem has been discussed above.
Changes suggested to the experiment included proposals to
more rigorously control the mass of water (i.e., to capture the
threshold of percolation in each experiment), and to extend
the script, e.g., on the theory of RC circuits and phasors.
However, the students, despite difficulties and problems,
undoubtedly considered the experiment to be interesting, and
did not regret the time they devoted to it.

Finally, we address the realization of goals of the IPhL in
the proposed module. The first goal, the selection of the
topic, i.e., the percolation phenomenon, is related to the goal
III, “conceptual learning.” Percolation has many applications
in various branches of science, but not all of them can be
described and explained by the same theory of percolation.
Thus, to introduce the percolation phenomenon, we chose an
experimental problem concerning the conductivity of perco-
lation in a water network, easily accessible in the IPhL,
highlighting at the same time other applications of percola-
tion that are discussed in our module only at the conceptual
level. To be more concrete, this wide range of applications
has a common base, which is the universality of the critical
exponents. Independently of the problem of percolation
under investigation, the value of the critical exponent pro-
vides information about the dimensionality of the process.
Thus, the critical exponents obtained in experiment provide
the specific meaning of and information about the investi-
gated network only when they are verified through theory. In
this way, it becomes clear to the students that experiment
and theory are intertwined—the AAPT IPhL goal IV.

The percolation experiment, although designed by us, pro-
vides students significant autonomy in approaching the
experimental procedure. They can not only change parame-
ters, but also need to adjust them, e.g., connecting the experi-
mental setup properly, adjusting settings in a way to enable
the measurement of all necessary quantities, and finding a
percolation threshold in the designated time. Thus, the perco-
lation experiment transforms the role of students from that of
“passive reproducer” to that of “active co-creator” by involv-
ing them into the art of experimentation (the AAPT IPhL
goal I). Conducting the experiment itself develops their
experimental skills, e.g., when students can modify aspects
of the experiment and use equipment that they are unfamiliar
with from secondary school (oscilloscope). As each

Table IV. The average values of critical exponents obtained by students, and in other measurements.

Results obtained by Measurements using a Measurements with RLC Theory of conductivity
students simplified setup (Ref. 40) impedance analyzer® percolation in 2D network
Critical exponent for water 0.98-1.11 1.069 1.025 1.3%

network percolation in
moist sand sample

“Experimental values for 2 D percolation are usually lower than those resulting from the theoretical models (Refs. 34 and 41).
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experiment is unique and yields a unique dataset, it always
requires a unique analysis. This allows for the development
of analytical skills, which is part of the AAPT’s IPhL goal II.
Finally, the AAPT’s IPhL goal V, “developing collaborative
skills,” was secured by the students working in pairs.

VIII. CONCLUSIONS

In this study, we prepared a laboratory module that
engages most aspects of all five goals of the IPhL listed by
the AAPT. It was implemented on a group of six first-year
physics students during a three-hour class. The students
worked in pairs and prepared separate reports that were
reviewed by the tutor afterward. They were asked not only to
take part in the lab, but also to evaluate the module on perco-
lation prepared for the IPhL. Because the sample size was
small, the conclusions drawn from this case study should be
treated with due caution.

The students were engaged in the experiment on percola-
tion, an interesting topic unknown to them from physics lec-
tures that nonetheless has a wide range of application in
different fields. Through preparation prior to the lab and par-
ticipation in the experiment, they acquired knowledge on
percolation that was verified by the reports assigned to them,
and the surveys administered prior to and after the imple-
mentation. The students worked collaboratively during the
lab, which helped strengthen their experimental skills. The
subsequent exercise helped bolster their individual analytical
skills afterward. Their motivation for the IPhL was hence
enhanced to a greater extent than by other, standard experi-
ments, which are perceived by them as too simple to be inter-
esting and engaging.

We found that the module in the proposed form appeared
feasible to the students. Slight modifications, suggested by
them, are worth considering in further developing pedagogi-
cal material. Nevertheless, not a single student noted any sig-
nificant difficulty in understanding the experiment or the
phenomenon itself. Finally, based on the students’ opinions,
we found that their perception of the module was positive,
and they described their participation in this lab as an inter-
esting and valuable experience. It can be concluded that an
experiment that goes beyond the basic content and laws of
physics discussed in lectures can encourage students to par-
ticipate more actively in the IPhL.
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Steam Engine Model

This French model of a steam engine was made of cardboard. Pivots allowed the action of the walking beam to be
demonstrated to students, and the action of the cylinder and piston combination to be observed, as well as the valves
that admitted steam into the system. The model is mid-nineteenth century and was on display at the museum of the
University of Mississippi when I photographed it in 2006. (Picture and text by Thomas B. Greenslade, Jr., Kenyon

College)
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Abstract
Water is a crucial element of every living system, but its importance reaches
further than biology. Thus, studying properties of water in different setups
creates opportunities to bring together students of many disciplines. Here we
propose a laboratory experiment on water network percolation in hydrated
yeast, which enables description of the behavior of the water network sur-
rounding living organisms during the dehydration process. Since the problem
is interesting from a physical as well as biological point of view, the experi-
ment can be introduced to student labs of both disciplines. In the experiment a
simple RC circuit is used to observe 3D and 2D percolation phenomena in a
sample of yeast. The parameters characterizing the phenomenon, such as
percolation threshold and critical exponent, derived from the experimental
data, provide information about the spatial organization of the water network
surrounding yeast cells. The results obtained by four bioscience students using
a simplified experimental setup are comparable with those presented in the
literature and obtained by utilization of much more complex experimental
methods.

Keywords: physics education, biophysics, percolation, physics laboratories

(Some figures may appear in colour only in the online journal)

Physics can be perceived differently by different scientists. One example is a difference in
perception of physics between biologists and physicists, especially regarding how and what to
teach in physics courses for biology or life-science students in general [1, 2]. Biology students
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argue that describing biology in terms of numbers and variables is unappealing to them and
does not aid understanding. However, at the same time they are able to conduct some physical
experiments and calculations, which allow them to understand some physical phenomena,
processes and relationships [3, 4]. Thus, physics could be interesting and even useful for
biology students; however, it has to incorporate authentic biological applications, preferably
based on contemporary research. This can be done not only by careful selection of physics
topics, e.g. fluid flow instead of heat engines, but also by development of novel experiments
in which physics supports understanding or describes some biological mechanisms, which are
hard to consider only at the biological level [3, 5]. This could also be easily applied to other
life-science students, especially biophysicists.

In this contribution we propose a laboratory experiment on water network percolation in
hydrated yeast, which enables description of the water network and its evolution in a sample
of living organisms during the dehydration process. It is well known that water is a ‘molecule
of life’ [6] and that lack of water causes death in most living organisms [7, 8]. Thus,
describing (and to some extent understanding) the behavior of the water network during the
dehydration of living organisms could be interesting and valuable for life-science students.
For this, percolation could serve as a flagship experiment. Percolation theory is utilized in
various fields: science (e.g. modeling of brain connections [9]), industry and economics
(flight planning, financial modeling [10]) or even global networks [11]. It is also widely used
in biology in different contexts. It is worth mentioning, for example, the propagation of a
forest fire [12], the spread of the plague virus [13], the development of animal habitats [14] or
the fragmentation of the hepatitis B virus [15]. However, none of the above examples can be
transferred to the student lab, due to the scale of the phenomenon, security, experimental
method or complexity of the analysis. Thus, the experiment proposed by us may be an
interesting, easily applicable alternative, enabling investigation in the student laboratory and
thus understanding of the principles of an universal phenomenon. The activity described in
this paper stands at the crossroads of physics and biology, and could be used in teaching both,
especially in regard to students studying cross-disciplinary subjects.

In this contribution we present only an extract of the percolation theory, introducing
relevant equations in their final form. We refer readers more interested in the details to the
cited works.

Theoretical background

By its definition, the percolation phenomenon describes transport in any network in which the
number of channels enabling this transport changes randomly [12]. In such a network a sharp
phase transition is observed in the course of the continuous and random change of the number
(or, more generally, density) of channels. An example of such a network is a grid formed by
water molecules in a sample of living organisms [16, 17]. A characteristic feature of all
percolation phenomena is their critical and universal behavior in the proximity of a well-
defined threshold density of transport channels, called the percolation threshold. In any
percolating system the transport-describing variable has a power-law dependence on the
departure from the percolation threshold. The value of a critical exponent in this power-law
dependence well defines the dimensionality of the percolating network [12, 18].

The percolation phenomenon has been extensively studied, both theoretically and
experimentally, in regard to different systems and transport processes. One of the first
described examples was the conductivity percolation on a grid of random resistor networks
[19]. In such a grid the connections consist of electrical resistors that are present with
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probability p (which can be described in terms of density of resistor bonds) in the network. If
the grid is undamaged (p = 1) and connected to the battery, the electric current flows through
the network. However, if one starts replacing resistors with insulators (or cutting the grid) at
random, probability p decreases and the current stops flowing at a certain probability p* (or at
a certain density of resistors present in the network), called the percolation threshold. Just
before reaching the percolation threshold, the conductivity has a power-law dependence, with
critical exponent

o~ (p—pH" ey

In this study we focus on conductivity percolation, which can be observed in porous and
granular materials, including biological samples, in the course of their dehydration [16,
20-23]. In such systems conductivity is enabled by the presence of water molecules forming a
water network. If the number of water molecules decreases, the conductivity also decreases.
Since dehydration is a random process of breaking water connections, conductivity
percolation is observed in such systems.

In biological materials, like the yeasts used in this study, one can observe two percolation
phenomena: three- and two-dimensional [21]. Dimensionality refers to the water network in
which percolation occurs.

3D percolation

3D percolation occurs first, when the amount of water in a sample is relatively high. To
describe it, we introduce a water mass fraction p = ':1”', defined as the ratio of mass of water
to mass of the sample. For a classic case, the conductivity of the network (o) follows a power-
law dependence [12] with the water mass fraction as a variable. In the vicinity of the
percolation threshold [21]:

ks
UY(pip—))s’ p < p*— b (2a)
U*me,l7>ﬂ+2 (2b)

where p* is the water mass fraction at the percolation threshold, o is the conductivity of
intercellular water, and oy is the remnant conductivity. Symbols s and ¢ stand for critical
exponents, respectively below and above the percolation threshold. For 3D percolation
theoretical and experimental works indicate ¢ in a range of 1.9-2.2, and s in a range of 0.4-1.2
[12, 21]. The sum of ¢; and 6, indicates the ‘width’ of the transition range A around the
percolation threshold and can be related to oy, ow, f and s [21, 24].

2D percolation

In the course of further dehydration of the sample the amount of water decreases, which
results in a further decrease in conductivity, until the 2D percolation threshold at which point
the conductivity disappears. This is the last point at which we can observe the long-range
connection of the water network [22, 23]. In the examined system, the conductivity in the
vicinity of the percolation threshold can be described by the relation:

(0 — %) o (h — KM, h > h* 3)

where 4 is the hydration level, defined as the ratio of mass of water to mass of a completely
m

), i is the critical exponent for 2D percolation (0.9 < p < 1.3)
mo

dry sample (h =

3



Eur. J. Phys. 41 (2020) 025801 D Dziob and D Sokotowska

[12, 22, 25], and asterisks indicate the values at the percolation threshold. Note that the water
fraction level (p) in a 3D network is replaced by the hydration level (%) in a 2D network. This
is because of the fact that close to the 3D percolation threshold the sample is a wetted system
(similar to microemulsions [26]), while close to the 2D percolation threshold the system is
moistened and thus similar to humidified silicates [21, 22] or hydrated lysozyme
powders [27].

Proposed activity

Biological sample

In the proposed activity students study the electric behavior of a sample of hydrated yeast,
mostly because in such a sample both 3D and 2D conductivity percolation phenomena can be
observed in one course of dehydration. Another reason is that it is easily accessible in
comparable samples at a very low price in any supermarket. Last but not least, yeast gives the
life-science students a biological context that can be more motivating for them than in the
case of using a non-living material.

Industrial baker’s yeast forms an amorphous matrix, in which globular yeast cells each of
diameter c.a. 5 pm are tightly packed. The space between them is filled with water, which is
called intercellular water. This water forms a conductive network, spatial at the beginning of
the dehydration process. During the dehydration, firstly water slowly evaporates from this
space until the point at which this network is destroyed. At this point, the remaining water in
the sample covers the cell surfaces (and is called sometimes ‘skin water’). This transition
between a 3D and 2D water network is observed as a 3D percolation, and the well-defined
density at which it occurs is called the 3D percolation threshold. From this point, water
conducts only on the cell surfaces. However, it still evaporates, so this skin network also
deteriorates until the point at which the last connection between two ends of the sample
breaks. This is observed as a 2D percolation phenomenon at the 2D percolation threshold,
well defined in terms of so-called hydration level & (see below). The water in the sample is
still present, but, figuratively speaking, only as small lakes on the yeast cell surfaces,
unconnected with each other and therefore non-conducting. Note that at the 2D percolation
threshold the yeast is still alive [21, 28]; however, the determination of the exact relationship
between viability of the yeast sample and moisture content is beyond the scope of this lab
experiment, mostly due to the equipment constraints in typical biophysics student labora-
tories. High viability of the yeast sample in the course of the study is secured by very slow
dehydration executed via still air and by keeping the surrounding temperature at
23 °C [29, 301.

Experimental setup

Similar studies have been done previously [21], but they required advanced equipment and
therefore were not transferable for utilization in student laboratories. To achieve this, we
designed an experiment with a simplified experimental setup [31], in which a thin sample of
yeast is placed inside a parallel-plate capacitor. The upper plate has 56 small holes, which
enable free dehydration of the sample to the air. This capacitor is connected in series with a
resistance decade box, both connected to an AC power supply. This system, presented in
figure 1, is a voltage divider, in which as a result of drying the sample, the capacitance and
resistance of the sample change. This is observed as modulation in voltage amplitudes
measured across each element and the phase shift between them. A simple oscilloscope is
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Figure 1. Experimental setup schema.
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used to conduct measurements. Two signals need to be measured simultaneously: the voltage
amplitude across the resistance decade box (Ug) and the voltage amplitude across the AC
generator (Upy), together with the phase shift between them (). Typically conductivity
percolation studies require measurements over a huge range of frequencies at each time point
[21, 22]. Such data are further analyzed in quite a sophisticated and time-consuming way in
order to find the conductivity of the sample. However, the latest research showed [32] that for
frequencies no higher than 100 kHz (low-frequency region) this could be substantially sim-
plified by conducting the experiments and data analysis at one selected frequency, due to the
fact that in this range of frequencies the dielectric loss spectrum is dominated by the con-
ductivity contribution. The comparative results of the conductivity percolation parameters
obtained with use of both methods of data analysis did not show any statistically significant
differences in the values of the studied parameters over a range of different samples [32].
Thus, it was concluded that as long as the frequency dependence of electrical quantities is not
being investigated, both the simplified and the extended data analysis carry the same infor-
mation for investigation of the percolation phenomenon. Therefore, if the resistance of a
resistance decade box (or conductance, G = 1/R) is known, and measurements are conducted
at a constant frequency of alternating current, one can calculate the conductivity of a sample:
o U[N COS ¢ — UR . URGEO

o= — 5 “)

where C, is the capacitance of an empty capacitor and ¢ is the vacuum permittivity.

The second parameter needed for examining the percolation is the amount of water in the
yeast sample (then recalculated into water mass fraction, p or hydration level, &). To define
both, the mass of the sample is measured until it dries completely. The mass is measured on a
scale with accuracy 0.001 g. It is worth noting that since the capacitor is connected to other
parts of the experimental setup with cables, it will influence scale readings, and this has to be
taken into account during the analysis of the data.

Since the percolation threshold could not be predicted a priori, all measured quantities
have to be read from the beginning until the sample is completely dry. We propose mea-
surements with a constant time step, e.g. 3—5 min. To this end, automatization of the process
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Figure 2. Examples of students’ results. From left: Above 3D percolation, below 3D
percolation, above 2D percolation threshold.

is required, since measurement can take a few days. For recording the electric quantities we
have used KeySight BenchVue Oscilloscope software, and for storage of the mass readings
we have used a simple program we designed ourselves, which records data from the scale and
saves it to a text document at the programmed measurement pace.

In our group of students all measurements were conducted independently at the same
experimental setup with the same external conditions (7' = 23 °C and humidity around 60%).
The frequency of the alternating current was set at 100 kHz, and the resistance of the
resistance decade box was set to one of 300 (2, 1k2, 3k and 10kS2, in order to verify
whether this change influences the final results. Measurements were conducted at a 3 min
interval. The students’ main tasks during the experiment were as follows:

« filling the capacitor with the sample of fresh baker’s yeast;

* assembling the experimental setup;

* setting up experimental parameters (frequency, resistance of the resistance decade box,
time step);

* recording data;

e data analysis: identification of the percolation threshold, determination of critical
exponents and the width of the 3D percolation transition; and

 drawing conclusions.

The entire experiment usually lasts 3—4 days, mostly due to very slow dehydration of the
yeast sample via still air and the initial form of the sample containing as much as 70% water.
In the case of other samples, like sand or aerosil, the duration of dehydration would be much
shorter, i.e. 5-8 h. Since it is not necessary to intervene after only 4 days, data recording can
easily last an entire week and the experiment can be treated as a two-session-long laboratory
project, which is quite common at our university for labs with bachelor’s and master’s
students.

Examples of students’ results

Below we present the results of four master’s students who conducted the proposed activity.
Three studied biophysics and one studied biochemistry.

Data analysis is required at first recalculation of the measured quantities in order to obtain
the conductivity of the sample and water mass fraction or hydration level. In the next steps,
the students prepared graphs illustrating the experimental data on a log—log scale, according
to equations (2) and (3). On this scale, the slope of the fitted linear function is equal to a
critical exponent which describes the dimensionality of the network in which the observed
phenomenon occurs. In figure 2 examples of students’ results at both percolation thresholds
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Table 1. Comparison of students’ results of percolation parameters with data obtained
by one of us (DS) with use of a different experimental setup and data analysis
method [21].

Percolation 3D Percolation 2D

Quantity  Students  Literature  Quantity  Students  Literature

" 0.589(17)  0.595 h* 0.298(14)  0.302
s 0.59(07)  0.57(01) pu 1.12(06)  1.08(02)
t 1.99(12)  1.94(11)
A 0.089(11)  0.09(1)

are shown. Note that the process of finding the percolation threshold is a kind of ‘hunting’. It
requires preparation of many graphs, each for a different water mass fraction or hydration
level and their corresponding conductivity. The best parameter estimation is obtained in a
step-by-step procedure, consisting of picking a discrete value of p or & as a potential value p*
or 1" together with the corresponding value of o*, and by fitting the respective equations (2a),
(2b) or (3) in the vicinity of p* or A" (this sequence is repeated over the entire range of
discrete p or h values). Successive linear regression analyses on the log—log scale yield the
fitting parameters p* or & and the exponent ¢, s or 11, of which we choose those resulting from
the best fit within the largest range of p or A in the vicinity of p* or A™.

Students’ results are gathered in a table 1 together with the literature values. The
uncertainties of results were calculated as standard deviations. As one can see, students’
results are consistent with the literature values for both percolation thresholds, which shows
that the proposed simplified experimental and data analysis method is suitable for such
measurements. Students’ results were similar to each other, so a priori adjusted resistance of a
resistance decade box did not influence the final results. The values of critical exponents
obtained in the experiment confirm identification of both 3D and 2D percolations with similar
mass fractions and hydration levels among all students.

Extension of the laboratory experiment

Due to the limited lab time spanning only two sessions separated by a week-long period of
sample dehydration, the percolation conductivity study was limited to investigation of a
ready-to-use sample of baker’s yeast. However, if the lab class could last longer, the fol-
lowing modifications and extensions of the proposed lab module could be implemented:

e rehydration of the sample done just after reaching the percolation threshold and re-
examination of the conductivity percolation parameters with subsequent comparison of
the results from both courses of dehydration;

* measurement of the yeast sample viability in the course of dehydration by utilization of
one of the methods described for example in [33];

* preparation of other living hydrated biological samples (e.g. algae) and comparative study
of the conductivity percolation parameters in samples containing different species.

The abovementioned alterations to the laboratory activity on conductivity percolation can
be also utilized as a second cycle of the percolation lab, delivered in a more open-inquiry
manner.
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Conclusions

Percolation theory is widely used in different physical, industrial, economical, medical,
biological and social contexts, therefore it seems valuable and important to encourage stu-
dents to explore it. The experiment proposed in this paper studies the conductivity percolation
phenomenon in a sample of living, wetted yeasts, in which conductivity changes are related to
the amount of water in the sample. The sample is studied with use of a simplified exper-
imental setup and on the basis of a simplified data analysis method, enabling implementation
of the activity in most student labs. The results of the experiments provide information about
the spatial organization of the water in the yeasts. We conclude that the experiment on
percolation conductivity proposed in this article could be interesting and valuable for
bioscience students, giving them the opportunity to conduct physical investigation on bio-
logical samples, providing physical meaning in a biological context and showing the students
the beauty of universality of some mathematical constructs, which they usually treat with
reserve.
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Heat transfer is a phenomenon well known from everyday life. It is
intuitively connected to the properties of materials, that is, to the physics
concept of thermal conductivity relevant for cooking or maintaining the
constant temperature in rooms, even without being familiar to the underlying
physics. However, measurement of thermal conductivity is usually
demanding, but here we present a simple, quick, and almost hands-on
method that yields quite accurate values for thermal conductivity of
insulating and semi-insulating materials, appropriate for a classroom setting.

Keywords: thermal conductivity, physics education, experiments

Supplementary material for this article is available online

1. Introduction

Heat transfer is a well-known everyday phe-
nomenon. People intuitively connect it to the
properties of materials, for example, to cook-
ing or insulation of houses, even without being
familiar with the underlying physics. Heat transfer
strongly depends on the material, characterized by
its coefficient of thermal conductivity A. In the
school setting, it is unfortunately rather demand-
ing to find its approximate value, because exper-
iments usually require rather sophisticated equip-
ment not available in schools [1-4]. An additional
problem is the heat transfer due to convection,
which is difficult to eliminate, or at least to con-
trol and estimate [3, 5, 6]. Several experiments,

* Author to whom any correspondence should be addressed.

1361-6552/20/045004+6$33.00

however, provide experience and scaffold the
concept to students on the semi-quantitative level
[7], but teachers are often forced to limit the con-
sideration of thermal conductivity to comparison
of materials with significantly different conduct-
ive properties, such as metals and polystyrene.
We believe that this paper bridges this gap, as
we present a simple, quick, and almost hands-on
method for measuring the thermal conductivity of
insulating and semi-insulating materials, appro-
priate for a classroom setting.

The suggested measurement of thermal con-
ductivity is based on measuring the temperature’s
dependence on time of a cooling water immersed
in a mixture of ice and water for a relatively
short period of time. The setup for the sugges-
ted experiment is very simple and straightforward.
For the analysis of the measurements we suggest

© 2020 IOP Publishing Ltd
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a simple trick for reorganization of the measured
data, which straightforwardly leads to the coeffi-
cient of thermal conductivity. The method gives
relatively accurate thermal conductivities for poor
conductors and for conductors that have smal-
ler thermal conductivity than still water, which is
used as a cooling medium. The method has some
limitations, however. Although the setup elimin-
ates the influence of convection and radiation, it
is still not appropriate for very good conductors
like metals. Possible reasons for this limitation are
discussed in the paper as well.

The method is actually a modernized and sim-
plified version of the approach presented more
than two decades ago [2]. The experimental setup
of this method is much simpler and easier to
assemble. The estimation of the transferred heat,
which was based on determination of the mass of
melted ice [2] is replaced by a continuous meas-
urement of the temperature, and the analysis of the
measured data can be simplified for time periods
during which the measured medium cools down
for a few tens of degrees only.

2. Thermal conductivity and cooling of
water

Let us consider a closed container with conduct-
ive walls filled with water. The walls are made
of a material with the coefficient of thermal con-
ductivity A having a thickness d, and the surface
area of the container S. The water in the container
has a mass my and the specific heat cy. Initially,
the container is filled with hot water close to the
boiling point. The container with the water having
the initial temperature Ty is quickly immersed
into a large reservoir with a mixture of water and
ice having temperature 7. Temperature of the
water in the container Ty (¢) is measured for a few
minutes. For described circumstances, the inter-
faces between the container and the water in its
interior and between the container and the water-
ice mixture in the reservoir have the same tem-
perature as the liquid in contact, therefore the
transfer of heat by radiation is negligible (see
also supplementary materials 1, available online
(stacks.iop.org/PhysED/55/045004/mmedia)). In
addition, the liquid inside the container is slightly
mixed, which ensures equal temperatures of the
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water near the walls and in the middle of con-
tainer. The convection in the reservoir with the
mixture of water and ice is negligible. Therefore,
to describe the temperature dependence of the
water in the container on time Ty (), only the ana-
lysis of heat conduction through the walls of the
container satisfies.

Let us define the temperature difference
between the time dependent water temperature
and the (constant) reservoir temperature as 0, i.e.
0(t) = T,, (t) — Tg. The temperature of water in
the container decreases due to the heat transfer
through the walls of container:

do S
mwy Cw dr = )\dG, (1)
which yields the time dependence of the temper-
ature difference as

=, )

Here 6 is the initial temperature difference
T, (0) — Tg. The characteristic time, 7, is the
time when the temperature difference decreases
to 1/e (approximately 37%) of the initial value.
Equations (1) and (2) are classical expressions
students meet at exercises in introductory phys-
ics courses. For times smaller than characteristic
times At <7, the dependence (2) can be linear-
ized, which leads to the same expression as in
(1) in a non-differential form. In the time Af the
temperature of water in the container changes for
T(t) —T(0) = () — Gpdue to the transfer of heat
to the container. The transfer of heat is a con-
sequence of temperature differencef (f) between
the water in the container and in the reservoir. The
linearized equation (1) becomes

mycw (0(t) — b)) = —)\ga (1) At. 3)

Let us use a shorter notation for the time
dependent temperature difference 6 (f) = 0 in con-
tinuation, to further simplify the expression (3) to

(0o—0) _ _AS At. )

0 - chWd

Introducing the ratio between the magnitude
of the temperature change and the temperature dif-
ference as r(f) = (9“%;0) and see that it depends
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linearly on time

AS
t)= —A¢ 5
r(1) p—tl ©)
with a gradient mw/\csw -» allows for straightforward

determination of thermal conductivity A.

3. The experimental setup

The here-presented experimental setup consisted
of a reservoir with inner dimensions 24 cm times
25 cm and the height about 20 cm containing
several liters (between 5 and 7 in figure 1(b)) of
water with crushed ice, in ratio 1:1 approximately.
For the setup, a polystyrene box for transport of
cooled vegetables was used. As containers for the
warm water, we used cups from different materi-
als. Each cup was filled with hot water directly out
of the kettle, it was covered by a thick polystyrene
cover, and the thermometer connected to Vernier
interface was inserted into the hole in the cover.
The cup prepared in this way was immersed into
the reservoir as shown on the schematic drawing
in figure 1(a). The whole procedure, from pour-
ing the almost boiling water to the cup to insert-
ing the cup into the reservoir, should be as quick
as possible in order to achieve the highest pos-
sible temperature difference between the water
in the cup and in the reservoir. The temperat-
ure of the water in the cup was measured by a
thermometer for the duration of a few minutes.
The temperature of the mixture of ice and water
in the reservoir was also controlled and it was
slightly stirred once per minute to prevent local
increases of the temperature close to the cup’s
walls.

4. The measured coefficients of the
thermal conductivity

To measure the thermal conductivity of differ-
ent materials, the time dependent temperature of
the cooling water in five different cups made of
different materials was measured. The cups used
for this experiment were made of polystyrene,
wood, plastic, porcelain, and stainless steel. Prop-
erties of the cups, together with calculated char-
acteristic times 7 from the thermal conductivities
available in literature [8] are presented in table 1.
Temperature was measured by the Coach6 system
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external thermometer with an accuracy of 0,1 °C
in 1 s intervals. Diameters were obtained by a cal-
iper and for the specific heat of water, the value
4 200 Jkg=! K~! was used. More properties of
cups are given in the supplementary material 2.

Figure 2(a) shows the temperature depend-
ence of water in the studied cups during cooling.
Figure 2(b) shows the time dependence of the ratio
r(t) calculated from the measured temperatures
for a time period of 500 s (polystyrene, wood,
plastic) or of 200 s (porcelain, steel). The coef-
ficient of the linear fit was extracted for each
material and a thermal conductivity was calcu-
lated from the fitted slope (5). Results are presen-
ted in table 2.

The obtained values of thermal conductivity
are consistent with the ones given in literature'!
for all used materials except for steel. Therefore,
one can conclude that for insulators like poly-
styrene or weak insulators like wood, plastic, or
porcelain, the method is quite reliable and accur-
ate. However, comparing the measured thermal
conductivity for steel and its value in literature,
one can observe a severe discrepancy. How can
this result be interpreted? The calculated charac-
teristic time for a steel cup is 4 s, but the one
measured according to the method is more than
70 s. Even more, the time dependence of the ratio
r(t) within the measured characteristic time span
is almost linear, suggesting that also the cooling
behavior is very similar to poor and weak con-
ductors and, therefore, the method could be used.
But, it is far from true. We investigated this phe-
nomenon into more detail. We measured several
‘cups’, that is, empty cans from various metals like
cola can and cans previously filled with conserved
vegetables made of different metals. This discrep-
ancy occurred for each good thermal conductor.
We speculate that the origin of this discrepancy is
the following. Cans from good thermal conduct-
ors transfer the heat very efficiently through the
walls of the can. As the water in the can close to
the walls cools almost uniformly, the convection
is probably small. One therefore cannot consider
that the whole water in the can cools uniformly,
but the transfer of heat to the water in the interior
of the cup has to be considered as well. The
thermal conductivity of water without a convec-
tion is 0.6065 W m~—! K~! which is more than ten
times less than that of steel. Layers of water close

Phys. Educ. 55 (2020) 045004
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thermometer (T,
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IN)

insulating cover

vessel with hot water

water with ice

container

Figure 1. (a) The sketch of the experimental setup. (b) The actual setup.

Table 1. The cups and their properties with calculated characteristic times 7.

Polystyrene Wood

Plastic

Porcelain Metal (stainless steel)

Photo

S (cm?) 213+ 8 196 + 7 307 +£9 203 £+ 7 230+ 8
d (mm) 2.0+0.1 5.0+0.1 2.0+0.1 49 +0.1 0.6 £ 0.1
my(g) 260 + 10 270 + 10 653 + 10 348 + 10 584 + 10
AWm 'K™He  0.03 0.16* 0.3 1.5 16

7 (s) 3400 + 430 1807 + 168 596 + 56 240 + 20 4.0+ 0.9

# The thermal coefficient of wood depends on a type of wood and the direction with respect to fibers and it varies from 0.12 to

0.17.

b The thermal coefficient of plastic depends on the type of polymers and the temperature and it varies from 0.17 to 0.50, type of

plastic in the mug was unknown.

¢ The values for the thermal conductivity were taken from [8]. Additional data are available in supplementary material 2 online.

to the walls with intensive heat transfer actually
act like an inner ‘insulation’ in the cup. If the data
for good conductors are analyzed in the same way
as for poor and weak conductors, what is actually
measured is an effective thermal conductivity that
includes the layers of water close to the walls. This
explanation is further supported by closer exam-
ination of the initial time dependence of the ratio
r (1) of the wooden cup. It is not linear at the begin-
ning of the measurement. Why not? Wood is a
relatively good insulator but also has a signific-
ant thermal capacity. Therefore, after the wooden
cup with the hot water was set into the reservoir,
the cup’s walls started to cool. The conduction of
heat could not have been described by the simple
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equation given in (2) as long as the temperature
profile in the wooden walls of the container was
not linear.

The presented methodology is therefore lim-
ited to materials with the thermal conductiv-
ity comparable or lower than water, which was
already mentioned earlier [5]. As the thermal
conductivity is calculated from the slope of
the r(¢), one remains on the safe side if the
water temperature does not change more than
10 °C to 20 °C and the temperature differ-
ence to the reservoir is still above 50 °C.
To avoid unexpected transition phenomena like
the time needed for warming or cooling the
cups, it is advised to start the measurement

Phys. Educ. 55 (2020) 045004
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() COOLING (b)
IN WATER WITH ICE TIME DEPENDENT RATIO FOR DIFFERENT CUPS
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Figure 2. (a) Temperature dependence of the water in the cup immersed in the mixture of water and ice in the
analyzed range. (b) The time dependent ratio r(f) = @ calculated from the measured temperatures for the
studied cups. The data is presented in two separate graphs with different time and ratio scales as the slopes of r(z)
for porcelain and steel are much larger. Measurements presented by open symbols in (a) are not included in the
second graph in (b).

Table 2. Results of linear regression to acquired data and calculated thermal conductivity coefficients. Theoretical
values retrieved from [8]. Uncertainties of experimental values are between 20% and 30% in spite the simplicity

of the method.

Polystyrene Wood Plastic Porcelain Metal (stainless steel)
Slope k (Ak/k= 0.02) 0.00042 0.00053 0.00143 0.0047 0.014
Characteristic time 2380 1890 700 212 71.5
T(AT/T=0.02)
MW m~!'W K1) Literature 0.03 0.12-0.17 0.17-0.50 1.5 16

Exp. value 0.04 £0.01 0.15+£0.03 0.25 £ 0.05

1.57+030 44+14

about 10-20 s after the cup is immersed to
the reservoir.

In spite of the simplicity, the method gives
surprisingly accurate thermal conductivities of
weak and good thermal insulators. Because the
water temperature in the cup for materials that
could be measured by this method does not
change dramatically, the computerized measure-
ment as was used here is not crucial. The tem-
perature could also be measured manually still
resulting in relatively accurate values for thermal
conductivities.

5. Conclusions

We presented a simple and efficient method for a
relatively fast measurement of thermal conduct-
ivity appropriate for insulators or semi-insulators,
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that is, poor conductors. The presented setup
could be used as a demonstration experiment
in the classroom setting or as a rather simple
and straightforward laboratory experiment. Sim-
plicity, intuitiveness, and the low cost of the
experiment are features that make the proposed
experiment an excellent support to introduction
of thermal conductivity. Moreover, the sugges-
ted method for the measurement of thermal con-
ductivity links together the heat flow and its
consequences, which additionally develops the
awareness of processes that are common reasons
for changes of temperatures and their dynamics. It
also shows that the physical properties of different
materials are not just abstract numbers calculated
by engineers but real features, the consequences
of which one can observe and measure their
values.

Phys. Educ. 55 (2020) 045004
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ABSTRACT

Testing knowledge is an integral part of a summative assessment at schools. It can be
performed in many different ways. In this study we propose assessment of physics
knowledge by using a class tournament approach. Prior to a statistical analysis of the
results obtained over a tournament organized in one of Polish high schools, all its
specifics are discussed at length, including the types of questions assigned, as well as
additional self- and peer-evaluation questionnaires, constituting an integral part of the
tournament. The impact of the tournament upon student improvement is examined by
confronting the results of a post-test with pre-tournament students’ achievements
reflected in scores earned in former, tests written by the students in experimental group
and their colleagues from control group. We also present some of students’ and
teachers' feedback on the idea of a tournament as a tool of assessment. Both the
analysis of the tournament results and the students’ and teachers’ opinions point to at
least several benefits of our approach.

Keywords: team work, cooperative learning, collaborative testing, K-12 physics,
assessment methods, assessment as learning

INTRODUCTION

Testing knowledge is an integral part of educational assessment, the latter being a process of documenting content
knowledge, skills, attitudes and beliefs, usually focused on an individual learner or a learning community as a
whole. The most popular distinction in types of assessment is founded upon the difference between formative and
summative assessment (Black & Wiliam, 1998; Garriso & Ehringhaus, 2007; Harlen & James, 1997; McTighe &
O’Connor, 2005; Wiliam & Black, 1996 and references therein). In general, the formative assessment is carried out
throughout a unit (course, project), whereas the summative one - at the end of a unit (course, project) (Harlen &
James, 1997; McTighe & O’Connor, 2005). Some authors seem to distinguish between these types of assessment
arguing that the summative assessment is “assessment of learning”, while the formative one is “assessment for
learning” (Black et al., 2004; Earl, 2004; Looney, 2011; Taras, 2005).

Focusing on the summative assessment (SA), we can point to three major criteria defining it: i) SA is used to
determine whether students have learned what they were expected to learn (Earl, 2004; Harlen & James, 1997;
Torrance & Pryor, 1998); ii) SA is carried out at the end of a specific teaching period, and therefore it is generally of
an evaluative nature, rather than diagnostic one (Earl, 2004; Harlen & James, 1997; Torrance & Pryor, 1998); iii) SA
results are often recorded as scores or grades that are then factored into a student permanent academic record
(Biggs, 1998; Bloom et al., 1971; Earl, 2004).

Summative assessment can be performed in many ways (Black et al., 2010, 2011; McTighe & O’Connor, 2005;
Scriven, 1967), though written tests are still the most prevalent (Talanquer et al., 2015; Taras, 2009; Vercellati et al.,
2013). However, in different fields a few researchers have come up with an idea of carrying out assessment in some
alternative manners (Dochy et al., 1999; Rebello, 2011; Schuwirth & Vleuten, 2004). These include, in particular,
different forms of a written test, extensively described and compared in the literature, such as free- and multiple-
response tests (Wilcox & Pollock, 2014), concept tests (such as the Test of Understanding Graphs in Kinematics
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Contribution of this paper to the literature

e The study suggests and appraises a new method for evaluation, combining summative assessment with
elements of formative one in a form of a tournament game taken in groups and being an example of
“assessment as learning”.

e The tournament is very flexible for inclusion of theoretical and practical tasks in different formats and may
also comprise self- and peer-assessment questionnaires, as well as evaluation of attitude, motivation and
interest.

e  The analysis of the tournament results and students’ opinions about the implementation in physics classes
points out academic benefits for students and equal opportunities of improvement both for low- and high-
performers.

(Maries & Singh, 2013), Force Concept Inventory (Hestenes et al.,, 1992) or Brief electricity and magnetism
assessment (Ding et al., 2006) and others (Hitt et al., 2014; Wilcox et al., 2015), constructed-response tests (Slepkov
& Shiell, 2014), essay tests (Kruglak, 1955), laboratory skills tests (Doran et al.,, 1993) and others. Also, many
modifications and extensions of these tests have already been proposed in the literature, improving upon their
original form (Ding, 2014; Docktor et al., 2015; Wooten et al., 2014; Zwolak & Manogue, 2015). On the other hand,
some authors propose to blend formative and summative assessment techniques. According to (Wininger, 20015),
such a combination, named “formative summative assessment”, entails reviewing exams with students so that they
get feedback about their comprehension of concepts. Nowadays, we can find different proposals of combining these
two types of assessments (Fakcharoenpohl & Stelzer, 2014; Pawl et al., 2013; Wilcox & Pollock, 2015; Yu & Li, 2014),
and the boundaries between them become more and more vague. One example of such an approach is
“collaborative testing” - an idea of giving students the opportunity for working in groups during an exam (Guest
& Murphy, 2000), at the end of an individual exam (Lusk & Conklin, 2003) or, more often, after the first, but before
the second exam taken individually (Cortright et al., 2003; Ives, 2014; Rao et al., 2002) (the last two are sometimes
named “two-stage exams”). Research has shown that there are many benefits of utilizing collaborative testing as a
constructivist learning method. They are described in detail in (Duane & Satre, 2014; Gilley & Clarkston, 2014;
Kapitanoff, 2009) and references therein.

In our study, we use a tournament - a competitive game between groups in the classroom - as a tool for
summative assessment with formative evaluation elements. On the one hand, applying the mechanics of a game to
make the process more appealing can be considered a gamification (Apostol et al., 2013; Deterding et al., 2011).
Although the idea of introducing games in teaching is not new (Ifenthaler et al., 2012 and references therein;
Moncada & Moncada, 2014), the very term of gamification has been coined only a few years ago, and has been
gaining more and more popularity since then (Dicheva et al., 2015; Sadler et al., 2013; Sung & Hwang, 2013). The
benefits of gamification (or, in more broad terms, game-based learning (e.g. Ifenthaler et al., 2012)) in the
educational context are widely described in the literature (Banfield & Wilkerson, 2014; Dicheva et al., 2015; Hanus
& Fox, 2015; Seaborn & Fels, 2015; Sung & Hwang, 2013).

Moreover, a tournament can be also considered as a kind of “collaborative testing”, but unlike the forms
mentioned above, we first conduct a group exam (distinguishing individual students” marks through their
involvement and contribution in the group work), and, secondly, provide a control, individual test (only for the
purpose of research, not influencing students’ final marks). Following (Earl, 2004), where also the idea of
“assessment as learning” is introduced (and in which student self-assessment, and, thereby, self-motivation are
brought into focus (Hickey et al., 2012)), we design an alternative form of testing knowledge, combining the
assessment with learning and a game at the same time. And by learning we mean not only the subject matter itself,
but also acquiring and developing other skills, as well as stimulating positive, both intra- and interpersonal
dispositions, such as self-motivation, language skills and group work in the form of cooperative learning (Jolliffe,
2007; Kagan, 1990; Slavin, 2000).

RESEARCH DESIGN

In this section we provide details on the tournament itself, including its organization, questions assigned and
relevant evaluation procedures.

Tournament Schema

The tournament was performed in a high school in Wolbrom (a small town of ca. 9 000 inhabitants, in the South
of Poland), and it involved 30 students in their final class (K-12). At the time the class had just accomplished a 22-
hour course on electricity.
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4 points 10 points

1 point 2 points

Figure 1. Tournament testing sequence

At the beginning of the actual event (lasting for 2.5 lesson hours), the students were divided randomly into 5
groups, by lottery, drawing out lots with names of fairytale heroes upon entering the classroom. After drawing a
card with the name of a hero, every student held a seat at one of the five tables, each grouping heroes of one of five
fairy tales. Then, actual tournament started. Figure 1 presents the scheme of the entire process, which was designed
on the basis of the former experience with utilizing different assessment formats by both the researchers and the
teachers teaching in the school where the tournament was implemented. The overriding goal while formulating
the scheme was to make the assessment more holistic by including tasks oriented not solely on the content-matter
itself, as it often happens in typical tests, but also ones related to everyday life, and allowing the teacher to evaluate
students’ experimental skills as well.

The tournament began with open questions and multiple-choice questions with an increasing level of difficulty,
and, therefore, an increasing number of available points (which were the reward for every correct answer). Further,
calculus and some practical tasks were assigned. Finally, all groups faced an extra, common task, with the elements
of time competition (the winning team was the first one that rang the bell and provided the correct solution to the
problem faced by all teams at the same time). At the end, the students were asked to fill in a special self- and peer-
assessment questionnaire. After a week, a post-test was performed. At each stage, the whole process was monitored
by two independent teachers (apart from the major teacher of the class), who were responsible for the verification
of verity and integrity of the student evaluation. The assistant teachers were not allowed to involve themselves in
the tournament itself, with their scope of duties largely limited to overall student supervision and taking notes on
the engagement and behavior of the participants. However, their role was also to aid the major teacher in assessing
those students, who - at the stage of student self- and peer-evaluation (explained below) - would be found to
appraise themselves or their teammates erroneously or unjustifiably.

The first two stages were organized in multiple rounds. The first phase comprised three rounds, and the second
- two rounds. At the first three stages, in each round the teams attempted a task in consecutive turns. At the third
phase the students faced a choice of undertaking either a 3-point open question or a 2-point multiple-choice one. It
was intended to introduce some element of decision-making risk, thereby facilitating students’ sense of
responsibility for the choices made. The following three stages (i.e. the calculus, practical and extra tasks) were
single-rounded and at each of them all teams were challenged with their tasks at the same time. The students were
already familiar with the forms of all the assignments, for similar had been administered to them during previous
class tests.

In the first three types of questions students from the currently “active” group were required to choose the
number of a question, and then the team had the appointed time (respectively 30 seconds, 1 minute or 2 minutes)
to deliver the answer. If they did not succeed or their answer was incorrect, other groups could take over the
question and score extra points by ringing the bell and providing the correct answer. Allowing for such a possibility
was meant to ensure attention and an active interest of each group in the question currently dealt with by any other
team. During this part of the tournament, questions were projected onto the wall screen so as to make it available
for all teams at the same time. In the calculus and practical tasks all groups worked simultaneously over different,
randomly selected problems, received on sheets of paper. For providing the correct solution each group could earn
maximally 4 points, and there was no possibility of intercepting unsolved problems by other teams. The practical
task score included: 1 point for building a properly working experimental setup, 1.5 points for providing a valid
explanation, and the remaining 1.5 points for answering the teacher’s question on “What would happen if...?” The
extra task was the same for all groups, and, again, it was projected on the wall screen so as to make it available to
all teams at the same time. The first group which solved the problem won (according to the rule “first-come, first-
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Q4. What is electric current? What is the conventional
direction of a current flow?

Q6. What is an electrolyte?

Q8. What is the unit of electric current?

Q9. Give three examples of using Joule heat in everyday
life.

Q12. Suggest a formula describing the relation between

temperature and the resistance of conductors.

Figure 2. Examples of simple open questions (1 point)

Q2. Ah, this heat

For all metals, an increase of temperature causes an
increase in resistance. What is the effect of temperature
increase?

A) increase in the oscillation speed of both atoms and ions
B) increase in the density of the electron gas

C) affecting the binding of/from the metal to the valence
D) deterioration of contact between the microcrystals

(Correct answer: A)

Q7. Absent-minded electrician

When building an electric circuit somebody swapped
a voltmeter with an ammeter. What happens when

you turn on the voltage source? —

A) ammeter burns out W)
B) voltmeter burns out

C) both voltmeter and ﬂ
ammeter burn out ]

D) meters do not burn out, and the current decreases to
almost zero

(Correct answer: D)

Figure 3. Examples of multiple-choice questions (2 points)

win”), and scored extra 10 points, which were also added to the maximum number of points possible to obtain by
the team.

It should be clarified here that, at each stage, the correct solution along with a proper explanation to each
question were delivered - either by the contestants (with or without the teacher assistance) or by the teacher himself
(in those cases where the students were found incapable of delivering a valid solution on their own). Such a practice
served as a means of an immediate clarification and refinement of the students” understanding of the underlying
physical concepts.

Simple open questions (1 point)

Open questions, each 1-point worth, were meant “to warm up” the students. The tasks were related to some
basic knowledge from the curriculum, requiring the students to provide correct simple formulae, units etc., and
also examining their basic context knowledge (see Figure 2).

Multiple-choice questions (2 points)

Then, two rounds ensued of multiple-choice scientific reasoning questions (each worth 2 points). The students
were requested not only to point out the correct answer, e.g. “C”, but also to provide a proper explanation of their
choice (see Figure 3).
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Q1. The figures below show the relationship between the
resistivity and the temperature for three different
materials. Which graph correspondsto: metal,
superconductor, semiconductor? Assign and justify.

P p Py

Q5. Draw a scheme of an electrochemical cell. What
determines the voltage obtained from a given cell?
Figure 4. Examples of open questions (3 points)

Q1. Calculate the voltage across the ammeter in the
following circuit:

E,=4,5V

Figure 5. Example of a calculus task

Open questions (3 points)

At the third stage of the tournament, each group faced a choice between a multiple-choice question worth 2
points and an open question for 3 points. The latter was more challenging, requiring broader knowledge and ability
of connecting facts (see Figure 4).

Calculus tasks (4 points)

After this part, calculus tasks followed. Each group had to choose a different problem (see Figure 5 for an
example) and was given 10 minutes to provide the correct solution. As previously mentioned, this time all groups
worked simultaneously. As a result each team could receive maximally 4 points, with a lower score given upon
delivery of either an incomplete or partially faulty solution.

Practical tasks (4 points)

The penultimate challenge was a practical task. Each group had to pick randomly an experimental task on one
of the following six themes: galvanization, electrochemical cell, electrolysis of water, Ohm’s law, building a circuit
according to an assigned scheme, and voltage measurement in a designated point. Each team was requested to
build a proper circuit, carry out the experiment and give valid description and explanation of the phenomenon at
hand. All necessary equipment in each case, with some redundant materials mixed in, was available on a table.
Then, students had to decide by themselves which objects were indispensable to accomplish the task.

1115



Dziob et al. / Class Tournament as an Assessment Method

Table 1. Student self-assessment questionnaire

Question 1-6 scale
Were you involved in the work group?

Did you communicate adequately in the group?

Did you take part in the discussion on the problem?
Did you take into account the opinions of others?

Did you prepare for the test beforehand?

Did you take part in solving problems and tasks?

Did you have sufficient knowledge to solve the issues?
Did you contribute to the final result of the group?

Communication skills

Subject matter contribution

Extra task (10 points)

The final and most demanding task was common to all groups. For all groups at the same time, a slide with the
“Monstrous maze of resistors” adopted from (Halliday et al., 2001, p.728, task 8) was displayed on the wall screen.
The first group which found the solution and gave the correct answer received 10 points.

Assessment questionnaires

After the tournament each student was asked to fill in individually special self- and peer-assessment
questionnaires, aimed at evaluating himself/herself and other fellow players from the same group in various
aspects. Each of eight questions required allotting a score between 1 and 6. Four of them were related to the
“communication skills”, whereas the other four were focused on assessing the “subject matter contribution”. In
Table 1 we present the self-assessment questionnaire. The peer-assessment questions were designed analogously.

Evaluation Process

The final note granted to each student consisted of three components:
I. the group percentage result from the tournament questions (the first six stages) - with a weight of 0.5,

II. the questionnaire-based assessment result (in percentage terms) for the “subject matter contribution” - with
a weight of 0.3,

III. the questionnaire-based assessment result (in percentage terms) for the “communication skills” - with a
weight of 0.2.

The percentage score for each team was obtained through dividing the number of points accumulated by the
group by the maximal number of points possible to obtain. The points scored for answering the questions taken
over from other groups were not included in the maximal number of possible points.

The questionnaire-based assessment results were included in the final score according to the authors’” own
approach presented below. For each person, the algorithm proceeded as follows:

1) Firstly, the median score was calculated of “subject matter contribution” and, separately, “communication
skills” points in the self-assessment results (S).

2) Secondly, the median score was calculated of “subject matter contribution” and, separately,
“communication skills” points attributed to the student by all other members of the group (the peer-
assessment, P).

3) Then, the “subject matter contribution” and “communication skills” scores were obtained separately
according to the rule:

e If |S-P| <1 (a consistent evaluation): take P as the final score,
e else (an inconsistent evaluation): take P - 0.5 as the final score.

There are three premises behind the above algorithm. Firstly, we choose to represent the “average” (benchmark)
score (in both S and P) by a median rather than a mean, for the previous - as opposed to the latter - is robust to
extremities. Secondly, the assumed value of “1” as a tolerable discrepancy between S and P still ensuring a
consistent evaluation is our arbitrary choice that appears justifiable in view of the 6-point scale employed in the
questionnaires. Note that under such a scale, a tolerable deviation span of 2 points (i.e. plus/minus 1 point)
constitutes ca. 33% of the entire 6-point range. Finally, in the case of an inconsistent evaluation (i.e. |S-P| 21) we
penalize the P result with an arbitrary value of 0.5. Note that regardless of the precise relation between the S and P
assessments, the penalization is always downward, which is intended to reduce a risk of , collusion” among the
students, and to stimulate honest and reasonable both self- and peer-assessments (the students had been
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familiarized with the algorithm prior to the tournament). In a broader perspective, such an approach should work
both ways - preventing the participants from an unduly high as well as too low self-esteem. We address this issue
to a greater extent in Subsection IV.C. The final score in the tournament, calculated according to the algorithm
above, is henceforth denoted as “TNT”.

In addition, the students” and teachers’ opinions about the tournament as an assessment method were collected
just after the implementation. All students were asked to express their reflections in an open-descriptive form,
whereas the teachers took part in a semi-structured interview based on three items: (1) general perception of the
activity, (2) opinion on feasibility of use in other subjects, and (3) the added value of a tournament comparing to
traditional assessment methods. We discuss the results in Subsection IILF.

DATA COLLECTION AND ANALYSIS

In this section we provide details about the pre-tournament test and the post-tournament test, to assess students’
progress (attributable to the tournament) with respect to their former achievements. To this end, a statistical
analysis of relevant results is further performed.

Post-test

The post-test was prepared in a traditional, written form, and conducted one week after the tournament, with
neither a prior review of the relevant content knowledge during regular classes nor a post-tournament discussion
of the tournament problems and results (let us recall, however, that all tasks administered to students during the
competition were then elucidated in the process either by the students providing the solution or by the teacher).

The test was unannounced, so the students have not been induced to make any additional efforts to prepare for
it. In 60% the test comprised tasks utilized during the tournament, and in the remaining 40% it was based on
problems totally new to the students, though similar to the ones given in the tournament. The post-test score is
expressed in percentage terms, and, henceforth, denoted as “PT”.

Former Tests

Each student, during the school year and before implementation of the tournament, participated in three tests:
on thermodynamics, gravitation and electrostatics. All tests were taken individually. They contained mixed
problems, including content knowledge and scientific reasoning tasks, multiple choice, open-response and calculus
problems. To measure each student’s achievements prior to the tournament, we used the average of his/her results
on the three tests. The quantity obtained (expressed in percentage terms) is further referred to as the “former tests
score” and denoted as “FT”.

Basic Statistical Analysis

Figure 6 presents each student’s three individual scores: on the former tests (FT), the tournament (TNT), and
the post-test (PT), along with horizontal bars indicating the common (for each group) result gained from the
tournament. All scores are provided in percentage terms. Note that the discrepancies between the group common
result and the group members’ individual scores stem from the outcomes obtained in the assessment
questionnaires. Notice that, incidentally, the final marks assigned to each student within the fifth team were all
lower than the common result of ca. 95%. This observation can be explained by the fact that nobody in the group
was perceived as a leader, and all the team members were clearly aware of the fact that their final result was the
effect of their cooperation (rather than attributable to the knowledge of a single leading person).

It can be easily noticed that the TNT marks were predominantly way above the FT results. What appears far
more justifiable, however, is the comparison of the students’ achievements and skills prior to and after the
tournament, reflected in the FT and PT results, respectively. In that regard, however, we still observe a systematic
(i.e. for almost all tournament participants) increase in score, with the result hinting at a positive impact of the
tournament on the students” improvement.

In what follows, to explore the results in more detail, we conduct statistical analysis. As far as the sample size
is concerned, since two students (no. 8 and 21; see Figure 6) were absent from the post-test, we exclude them from
further considerations, and carry out the necessary calculations based on the sample of n = 28 students. Note that
according to such a limited sample size the statistical inferences presented below should be approached with some
reserve.
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Figure 6. Student scores. For each student three vertical bars represent (starting with the leftmost one): the average score in
former tests (FT), the final score obtained in the tournament (TNT), and the mark gained in the post-tournament test (PT). The
horizontal lines represent the common result scored by each group in the tournament (based only on the first six stages,
disregarding the qualitative component stemming from peer- and self-assessment)

Table 2. Basic statistics of the student results, including: the average score in the former tests (FT), the final score in the tournament
(TNT), the result in the post-tournament test (PT), and differences between PT and FT (PT — FT). The last row contains statistics for
the modified gain factor (MGF)

Characteristics

Variable 95%-confidence . Lower Upper Interquartile Standard
Mean . Median . . . e

interval for mean quartile quartile range deviation
FT [%] 48.39 (42.64; 54.14) 43.79 38.65 57.48 18.83 14.83
TNT [%] 74.96 (71.17; 78.76) 75.00 67.00 80.50 13.50 9.78
PT [%] 59.16 (52.29; 66.04) 59.78 44.57 76.09 31.52 17.73
PT - FT [pp] 10.77 (6.22; 15.32) 10.11 3.44 18.22 14.78 11.73
MGF 0.22 (0.13; 0.3) 0.23 0.07 0.37 0.30 0.22

In Table 2 and Figure 7 we present basic descriptive statistics and empirical distributions (histograms, with
normality tested by the Lilliefors and the Shapiro-Wilk tests) for several variables, including the FT, TNT and PT
scores, as well as the differences: TNT - FT and PT - FT (the latter measuring the “absolute” gain in student content
knowledge). Moreover, we also examine a modified gain factor (MGF), which is our adaptation of the normalized
gain (or the g-factor) (Hake, 1998), originally proposed in (Gery, 1972). The MGF measure is meant to relate the
“absolute” gain in a student PT score to the points missed on FT, and is therefore calculated according to the
formula:

MGF =+~
100~FT

From Table 2 it can be inferred that the students scored, on average, ca. 48.4% upon the former tests, with the
standard deviation hovering around 14.8 percentage points (henceforth, pp). Half of the students recorded the FT
result below ca. 43.8%, whereas the other half - above that number. (The means and medians differ on account of
positive skewness of the empirical distribution; see Figure 7(a)). On the other hand, results obtained during the
tournament are distinctive on two counts. Firstly, the average TNT score is much higher as compared to FT.
Arguably, the difference can be attributed to the team work and cooperation among the students. Note, however,
that ultimately these two scores should not be compared per se, since calculation of the TNT results include a strong
“qualitative” component. Secondly, the TNT scores are more concentrated (as compared with FT) around the mean,
with a drop in standard deviation of ca. 5 pp. Moreover, the TNT distribution is far more symmetrical than its FT
counterpart (see Figure 7(b)), thereby closing the gap between the mean and median (both equal around 75%; see
Table 2). In general, the TNT scores are more regularly, symmetrically distributed and strongly shifted rightwards
as compared to the FT results. (Note, however, that for all but one the analyzed variables, with PT being the
exception, despite more or less conspicuous irregularities such as skewness and multimodality, the null hypothesis
of normality is not rejected, which, admittedly, is largely due to the low sample size. Still, as implied by the
corresponding p-values, the TNT distribution is far closer to normal than actually any of the others; see Figure 7).
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Figure 7. Histograms of the students’ results: (a) the average score in the former tests (FT), (b) the final score in the tournament
(TNT), (c) the result in the post-tournament test (PT), (d) differences between PT and FT (PT — FT). Panel (e) displays the histogram
for the modified gain factor (MGF). In each case the normal density is fitted (solid line), accompanied by p-values for testing
normality through the Lilliefors and the Shapiro-Wilk tests (denoted as “Lilliefors p” and “SW p”, respectively)

Moving on to the PT results, it appears, interestingly, that these are somehow less regular than FT, on two
counts. Firstly, the PT distribution has a higher dispersion, as implied by both standard deviation and, in particular,
interquartile range (see Table 2). Secondly, as long as the FT distribution features only a single mode (somewhere
between 40 and 50%), the PT histogram exhibits a pronounced bimodality. Apparently, the two PT modes
correspond with the ones present in the FT and the TNT distributions, with the global PT mode (between 70 and
80%) coinciding with the TNT one, and the second, a local one (between 40 and 50%) - with the FT mode. In
statistical terms, one could argue that the PT distribution is a mixture of the FT and TNT distributions. Practically
speaking, it could be inferred that the PT scores are formed as a confluence of student prior physical expertise
(measured by FT) and the knowledge and skills acquired during the tournament.

Finally, we proceed with the analysis of the results scored in the post-test in relation to student content
knowledge and skills prior to the tournament (FT results). The average difference between the PT and FT scores
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Table 3. Testing positive means for: difference between the results gained in the post-test and the former tests (PT — FT), and the
modified gain factor (MGF). In the second column values of the Student-t statistics are displayed for testing a positive mean. The
last column presents corresponding p-values

Characteristics Test statistics p-value
PT-FT 4.86 2.20 x 10°
MGF 5.30 6.80 x 10

Table 4. Basic statistics of the student results in the control and the experimental groups, including: the average score in the
former tests (FT), the final score in the tournament (TNT), the result in the post-tournament test (PT) and differences between PT
and FT (PT — FT). The last row contains statistics for the modified gain factor (MGF). Results for the control group are indicated
with letter “c” in the superscript

Characteristics

Variable 95%-confidence . Lower Upper Interquartile Standard
Mean . Median . . e

interval for mean quartile quartile range deviation
FT [%] 48.50 (41.43; 55.56) 47.12 38.21 58.63 20.42 15.94
FT [%] 48.39 (42.64; 54.14) 43.79 38.65 57.48 18.83 14.83
PTC [%] 47.68 (40.79; 54.57) 48.91 35.87 58.7 22.83 15.54
PT [%] 59.16 (52.29; 66.04) 59.78 44.57 76.09 31.52 17.73
PT< - FT¢ [pp] -0.82 (-5.15; 3.51) -2.88 -6.36 3.58 9.94 9.77
PT — FT [pp] 10.77 (6.22; 15.32) 10.11 3.44 18.22 14.78 11.73
MGF¢ -0.05 (-0.16; 0.06) -0.05 -0.17 0.11 0.28 0.25
MGF 0.22 (0.13; 0.3) 0.23 0.07 0.37 0.30 0.22

totals ca. 10.8 pp (see Table 2), and it is statistically significant, regardless of the o level (see Table 3). (Note,
however, that four out of 28 students scored lower in PT than in FT, so negative increments were also reported).
Improvement of the student performance is also indicated by the results obtained for the modified gain factor. A
test of positive MGF mean indicated that it was significantly positive at any typical a level (see Table 3). Note,
however, that the MGF histogram exhibits two pronounced and equivalent modes, which may question the use of
the mean as a measure of central part of the distribution. Nevertheless, both modes are positive. Furthermore,
almost 86% of the probability mass in the histogram is localized to the right of zero, which implies that a learner
positive gain was reported for a predominant number of students (i.e. 24 out of 28; see Figure 7(e)).

Control Group

In order to validate a statistical approach to examining the influence of the tournament on students’
achievements, we formed a control group of 22 students also attending a K-12 class. The control group students
took the same former tests and the same post-test as the experimental group students (i.e. the ones analyzed in the
previous subsection), but did not participate in the tournament. The former tests results, the post-test scores and
the modified gain factor for the control group, which are analyzed below, are calculated in the same manner as in
the case of the experimental group, and denoted analogously, i.e. FT¢, PTc and MGFe¢, respectively.

Table 4 summarizes basic statistics of the results gained by the students of each group (i.e. the control and the
experimental one), whereas Figure 8 depicts the histograms of the control group’s outcomes along with the
normality tests. With regard to the latter, it appears that only MGF¢ features some slight departures from the normal
distribution, which is attributable to the heavy left tail of the histogram. Statistics presented in Table 4 reveal a very
close similarity of the former test results in both groups not only in terms of means, but other characteristics as well,
thereby indicating the validity of the control group at hand for our “experiment”. A battery of statistical tests for
the equality of: means, variances and the very distributions of FT and FT¢, corroborate this presumption (see Table
5).

A visual inspection of the mean values displayed in Table 4 may indicate a non-negligible positive effect of
participating in the tournament on student achievements. As long as there is no significant discrepancy (at o = 0.1)
between the control group’s former and post-tests scores (p-value~0.7; see Table 6), it turns out that the
tournament participants scored significantly higher on the post-test than their control group counterparts, both in
terms of a simple difference between PT and PTc¢ (p-value = 0.01; see Table 6), and the modified gain factor (p-
value ~ 0.0001; see Table 6).
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Figure 8. Histograms of the students’ results in the control group: (a) the average score in the former tests (FTc), (b) the result in
the post test (PT9), (c) differences between and PT¢ and FT¢ (PT< - FT). Panel (d) displays the histogram for the modified gain factor
(MGFq). In each case the normal density is fitted (solid line), accompanied by p-values for testing normality through the Lilliefors
and the Shapiro-Wilk tests (denoted as “Lilliefors p” and “SW p”, respectively)

Table 5. Testing the control group for its compatibility with the experimental group, by means of examining the equality of means,
variances and distributions of the former tests results obtained in each group (FT¢ and FT, respectively). The null (the alternative,
correspondingly) hypothesis in each testing procedure states the equality (the inequality) of a given characteristics of the former
test results in both groups. For the Mann-Whitney test two statistics are considered: U, the original one, and Z, following
approximately the standard normal distribution

Equality of FT and FT"'s ... Testing procedure Test statistics p-value
Means t-test -0.0238 0.9811
F-test 1.1558 0.7141
Variances Levene 0.1363 0.7136
Brown-Forsythe 0.1985 0.6579
Kolmogorov-Smirnov 0.1266 > 0.10
Distributions 300 (U) 0.8835 (U)

Mann-Whitney 0.1466 (2) 0.8845 (2)

Table 6. Testing the effect of the tournament in terms of: the mean difference between the former and the post-test results in the
control group (PT< - FT9); inequality between the mean post-test results in the experimental and the control group (PT and PT¢,
respectively); inequality between the mean modified gain factors in the experimental and the control group (MGF and MGF¢,
respectively)

Characteristics Test statistics The alternative hypothesis p-value
PT¢ - FT¢ -0.3930 Mean (PT¢ - FT9) different from zero 0.6982
. Mean PT different from mean PT¢ 0.0186
PTand PT 24370 Mean PT higher than mean PT¢ 0.0093
Mean MGF different from mean MGF¢ 0.0003
MGF and MGF¢ 3.9543
an Mean MGF higher than mean MGF¢ 0.0001
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Figure 9. Scatter plots for selected pairs of the students’ results. Apart from data points, in each plot a linear regression is fitted
and the 95%-confidence band is marked. Below each regression equation we provide: Pearson’s linear correlation coefficient (r),

p-value for testing a non-zero correlation coefficient, and determination coefficient (r?)

Correlation and Regression Analysis

Below, the analysis of correlations between selected pairs of the considered variables is performed. Figure 9
displays relevant scatter plots, along with fitted linear regressions, 95%-confidence bands, linear correlation
coefficients (r), p-values for testing their significance, and, at last, the square of correlation coefficients (r2), which
coincide with determination coefficients in the fitted regressions. Based on Figure 9, the following general

conclusions can be formulated:

1) A positive and statistically significant correlation between FT and TNT implies that students who performed
better prior to the tournament, also scored higher in the tournament (see Figure 9(a)). It is worth underlining
that the value of correlation coefficient (r = 0.7059) is negatively affected by a single outlying TNT score

equal 51 (obtained by student no. 29), exclusion of which raises the coefficient value to r = 0.8021.
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2) Similarly, the TNT and the PT results are positively and statistically significantly interrelated (r = 0.7193),
indicating that better (likewise, worse) performance in the post-test coincides with a higher (respectively,
lower) score in the tournament (see Figure 9(b)). Exclusion of the outlier represented by student no. 29
slightly raises the correlation coefficient to r = 0.7466.

3) As expected on the basis of the two above observations, there also occurs a positive and significant relation
between the PT and FT scores, indicating that high (likewise, low) notes in the post-test were mostly
obtained by those who already performed high (low, respectively) in the former tests (see Figure 9(c)).

4) Some slight (r = 0.1259), yet statistically insignificant correlation is observed between MGF and FT, hinting
at no dependence of a student gain upon his/her previous performance (see Figure 9(d)).

5) On the other hand, it appears that student improvement (as measured by MGF) is significantly and
positively influenced by the tournament performance, though the correlation coefficient is only ca. 0.38 (see
Figure 9(e)). The result suggests that the learner gain is generally higher in the case of those who scored
higher on TNT.

The inferences formulated in items no. 1-3 point to an intuitive relation according to which the better a student
has fared so far, the higher his/her performance in the tournament, and, eventually, in the post-test. Further, result
no. 4 implies generally that the student gain, arguably attributable to the tournament, hardly depends on his/her
former achievements. In broad terms, it would follow that the tournament provided equal opportunities of
improvement to all students. Nevertheless, conclusion no. 5 would still indicate that those who performed better
in the tournament (as the effect of their active involvement in cooperative work), actually improved slightly (yet
significantly) more than the others.

The results presented above provided us an incentive to build two simple bivariate linear regression models in
order to jointly evaluate the impact of the former tests and the tournament results on the post-test score and the
modified gain factor. The two models take the following form:

Y= ﬁo +ﬁ1FT+ﬁ2TNT+ &,

with Y representing the dependent variable (i.e. either PT or MGF), and & denoting normally distributed random
errors with zero mean and satisfying typical assumptions of a standard linear regression model. In Table 7 the
following estimation results are presented: determination coefficient (R?), point estimates, standard errors, p-values
against the alternative of a non-zero coefficient (i.e. Hi: coefficient # 0), p-values against the alternative of either a
positive or negative coefficient (i.e. Hy: coefficient >0, or Hx: coefficient < 0), depending on the sign of the point
estimate. (Though not reported in the paper, the Lillierfors and Shapiro-Wilk tests do not reject the normality of
residuals in any of the regression models considered below, therefore validating testing the regression coefficients
by means of a standard Student’s t-test).

As regards regressing PT against FT and TNT, it appears that both regressors positively influence the PT score.
More specifically, if a student scored higher in FT (likewise, TNT) by 1 pp, then he/she would score also higher in
PT by ca. 0.59 pp (0.68, respectively). The results are (positively) significant at o equal 0.01 and 0.05,
correspondingly. With respect to the determination coefficient, we note that about 64% of the post-test results is
explained by the former tests and the tournament performance.

In view of these results, it is worth noting that also in the control group there is a positive correlation between
the post-test and the former tests results. The correlation coefficient between PT< and FT¢ equals 0.81, while its
counterpart in the experimental group: 0.75. A slightly higher value in the control group indicates that the PTc and
FTe scores are more similar to each other than the corresponding results obtained by those students who
participated in the tournament, which is also evidenced by the basic statistics presented in Table 4. Such an
observation may be simply attributed to the lack of intervention in the control group (so that PTc and FT¢ are largely
similar), and, at the same time, the (positive) impact of the tournament modifying the students’ former
achievements so that their PT scores differ more from FT than in the case of the control group. Nevertheless, one
should bear in mind that comparing the two correlation coefficients at hand should be made with caution, because
in the case of the experimental group the TNT score is yet another variable that is positively correlated with both:
FT and PT. Hence, measuring correlation between PT and FT by means of a simple correlation coefficient, which -
by construction - fails to take TNT explicitly into account, appears inadequate. Therefore, in order to disentangle
the effect of the students” former achievements and the tournament upon their post-test results, we resorted to the
multiple regression analysis discussed in the previous paragraphs.

With respect to the regression for MGF, we note that as long as the student gain depends positively on the
tournament performance (at a = 0.05), it is not determined by FT (see Table 7). As already mentioned above, it
would follow that the student improvement, arguably attributable to the tournament, does not depend on their
former achievements, and, in broad terms, that the tournament provided equal opportunities of improvement to
all students. Note, however, that only about 18% of the modified gain factor can be explained by the former
achievements and the tournament performance.
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Table 7. Regression results for PT and MGF. Asterisks indicate statistical significance (a non-zero coefficient): ** for o = 0.01,
* for o = 0.05. Note that € equals 0 in the estimated model

Dependent variable: PT Dependent variable: MGF
Regressor Constant FT TNT Constant FT TNT
Parameter Bo B1 B: Bo B1 B2
Point estimate -19.8827  0.5878**  0.6750* -0.5421 -0.0041  0.0128*
Standard error 17.6894 0.2031 0.3077 0.3234 0.0037 0.0056
p-value against a non-zero coef. 0.2717 0.0078 0.0378 0.1062 0.2778 0.0320
p-value against a positive/negative coef. 0.1358 0.0039 0.0189 0.0531 0.1389 0.0160
Determination coefficient (R?) 0.6386 0.1841

Qualitative Analysis of Students” and Teachers” Opinions

Students’ opinions

After the post-test, and before getting informed about their final marks, the students were asked to express
anonymously their opinions about a tournament as a tool of assessment. The participants were encouraged to
formulate their comments in an open, descriptive form, with no predefined questionnaire to follow. Such an
approach was meant to induce student openness and spontaneity, with no intent on our part to perform any further
(quantitative) analysis of the answers. Some examples of the comments are cited below:

Student A:

I think that this form of a test is good, because we can share our knowledge with others and vice versa, helping each other.
We can memorize more and learn new things.

Student D:
This is a better form of consolidation and verification of our knowledge and skills.
Student E:

This is a good idea, because it was performed in the form of a game. A student can show what he or she knows without
being stressed.

Student K:

Fabulous! We can integrate, everybody who had any idea but wasn’t sure about it had an opportunity to consult/discuss
it with other members of the group.

Student O:

I really liked explanation of each answer given afterwards. This way it was possible to understand more.
Student W:

Everybody wanted to receive a good note and knew that there is “collective responsibility” and tried to do his/her best.
Student Z:

I suggest a different way of intercepting questions. Frankly, the bell was getting on my nerves and caused me a headache.

It is worth noting that, except for the last one (regarding the bell ringing), all the students’” opinions were positive
and enthusiastic.

Teachers’ opinions

Just after the tournament two assistant teachers and the teacher conducting the lesson were asked to take part
in a semi-structured interview about their perception of the intervention. The common agreement was that the
method positively influenced the engagement of the students and raised their interest in physics. All of them also
admitted that the method seems to be largely universal and feasible to extend to other topics and school subjects.
They also pointed out that, contrary to the traditional assessment methods, oriented mostly on the content
knowledge itself, the tournament evaluated also practical and soft skills. One of the teachers said: “... this is a good
opportunity to inure students to the way they might be assessed in their future study and work where not only knowledge and
individualism counts, but also cooperation skills.” The other teacher indicated “... the method is attractive to young students,
sharpens their focus and develops positive attitudes towards science, so much emphasized in the curriculum.”
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DISCUSSION

Social Benefits

Based on the ones delivered above we proceed with a short discussion about students” social benefits arising
from participation in the tournament. Note, however, that in our study we did not measure any of the effects
mentioned below, including diminishing students” anxiety, improving their social skills and the ability of critical
thinking. Although a relevant quantitative analysis of these psychological phenomena appears worthwhile, it is
beyond the scope of the current research. Therefore, in this subsection we draw our conclusions solely on the
students’” and teachers’ feedback, relating them to the findings commonly presented in the literature on
collaborative testing and gamification.

The tournament was organized in the form of a team game, but with elements of rivalry. In this way it can be
perceived as a form of activity in which group work skills, desirable in some academic areas and also by employers,
are naturally activated, playing crucial role in accomplishing tasks (Dallmer, 2004; Dicheva et al., 2015; Kapitanoff,
2009; Lusk & Conklin, 2003; Sandahl, 2010; Seaborn & Fels, 2015; Shindler, 2003). Simultaneously, the tournament
induced far less test anxiety (as compared with traditional, individually taken written test) by giving students a
sense of being supported by the other team members tasks (Banfield & Wilkerson, 2014; Kapitanoff, 2009; Lusk &
Conklin, 2003; Sandahl, 2010; Zimbardo et al., 2003). Working together may improve communication skills as well.
Students learn to listen to each other, share information, and respond to ideas proposed in discussions, which
stimulate knowledge assimilation (Hanus & Fox, 2015; Jolliffe, 2007). What is worth noting is that vocabulary and
concepts used in group and class discussions may provide retrieval cues that help students recall relevant
information. Moreover, the requirement of providing not only the answer to a question, but also the explanation
for it, necessitated that the students should be able to understand and present their lines of reasoning and reconsider
them, if needed. Therefore, a tournament may also yield an improvement in students’ ability of critical thinking as
well as facilitate their intrinsic motivation tasks (Banfield & Wilkerson, 2014; Kapitanoff, 2009; Lusk & Conklin,
2003; Shindler, 2003). Finally, an active involvement in the self- and peer-assessment process may improve student
confidence and adequate self-esteem (Hendrix, 1996), thereby enhancing retention of knowledge (Sawtelle et al.,
2012). Taking all the above into consideration, cooperative testing of knowledge may become a significant part of
the learning process.

Academic Benefits

The main purpose of this research was to examine the impact of taking an exam in the form of a tournament on
student achievements. Firstly, a statistically significant increase is observed in students’ achievements in the
tournament as compared to their former tests results (the average difference amounted to ca. 26 pp, in favor of the
tournament scores, being positively significant at any typical a level). Secondly, we also find evidence for
improvement of student content knowledge and problem solving skills, as indicated by the results of the post-test
taken by the students a week after the tournament (the average difference between marks in the post-test and
former tests scored ca. 11 pp; the mean of modified gain factor totaled 0.22; both results are positively significant at
any typical a level). Our findings remain in accordance with much research on positive impact of collaborative
testing. Studies presented in (Bloom, 2009; Haberyan & Barnett, 2010; Kapitanoff, 2009; Lusk & Conklin, 2003),
focused on the effects of taking exams in a collaborative way for numerous groups with various numbers of
students and of different subject/specialization, indicated higher students’ achievements as compared with
traditional ways of individual testing of knowledge. Moreover, in (Bloom, 2009) it was found that collaborative
exam scores were also higher than the ones earned in individually taken exams during which students were
allowed to use course textbooks and their notes. Further, some researchers show that students” performance also
improved in a longer perspective, as indicated by post-tests taken some time after the collaborative exam (Cortright
et al., 2003; Jensen et al., 2002; Simpkin, 2005). Notice that in our research we established a positive and statistically
significant impact of participation in the tournament on students” achievements in the post-test.

Finally, in the context of the tournament organization, let us emphasize that the event was not preceded by any
traditional, individually taken test on the subject matter (i.e. electricity), though, conceivably, it would be worth
contrasting the post-test results with the ones obtained in a typical pre-test on the same content. In our approach
we followed conclusions formulated in (Dahlstréom, 2012), who suggested that the learning gain due to taking a
collaborative final exam might be higher if the students had no previous individual encounter with relevant tasks.
In the cited paper it was found that in the post-test the students scored higher on new problems (i.e. the ones that
had not been used in the pre-test) than on the questions they had already been given previously. A possible logic
behind this observation is that the lines of reasoning followed by a student during an individually taken exam tend
to persist afterwards, therefore hindering acquiring new ways of thinking and solving the problem, even after
participating in a collaborative activity. It would follow then that, as claimed in (Dahlstrom, 2012), “it might be
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preferable to collaborate without first deciding on questions individually.” Taking this as well as our findings into
account, we infer that a class tournament is a well-justifiable and effective learning activity, in which the three
approaches to assessment (i.e. of, for and as learning (Earl, 2004)) merge together.

Comments on TNT Grading

In our study, a tournament is proposed as a form of summative assessment with formative elements, since it
served us to evaluate students” content knowledge and practical skills in a particular physics area (though,
obviously, a contest-based evaluation procedures are readily adaptable to other areas of education). As implied in
the previous section, the tournament assessment yielded significantly higher final scores in comparison with the
results obtained in former, classical and individually written tests. On the one hand, to some, such an outcome may
cast doubt on a tournament as a valid means of student evaluation, for no longer only the content knowledge is
subjected to scrutiny, but also other aspects of student performance, particularly group work skills. However, as
mentioned in the previous section, in view of a voluminous literature on collaborative work and group work
assessment strategies, the apparent discrepancy between the TNT and FT results is perfectly justifiable.
Nevertheless, let us also note, however, that addressing the issue of what a student grade should reflect actually
requires settling on what exactly should be subjected to assessment. This, in turn, is often a matter of national
educational regulations and curricula, differing across countries. It should be highlighted that a tournament as a
tool of student evaluation leaves the teacher much space for modifications in terms of the formulation and the
difficulty level of tasks, the way of calculating composite and final scores, etc.

Organizational Considerations

Another issue that may arise among teachers searching for a practically valid and feasible alternative to classical
forms of student assessment is the question of the organizational effort behind it. As regards a tournament itself,
we admit that it may (though need not) be a more demanding and time-consuming endeavor than preparing and
conducting an individually written test. Even setting the issue of the time cost aside, the idea of a tournament may
still be approached by some with reluctance due to the need of an active and ceaseless involvement of a teacher
during the event itself. Nevertheless, there are manifest benefits of this additional effort, among which the most
obvious one is the online feedback between students and teacher. This allows the teacher to elicit constantly, during
the process, and to monitor not only the students’ content knowledge, but also their ways of understanding (Stang
& Roll, 2014). Once the teacher spots some deficiencies in either the content or the reasoning, he/she is enabled to
straighten them out online. Obviously, a typical written test does not allow for such a possibility (Franklin &
Hermsen, 2014). Therefore, during a tournament, by listening attentively to students’ responses, understanding
students” lines of reasoning, and addressing them relevantly, the teacher has a unique opportunity to assess the
participants in a most formative manner.

Self- vs. Peer-assessment

Other doubts may arise with respect to the self- and peer-assessment evaluation procedure implemented in our
study. There are many papers in the literature on assessing student engagement in a broadly defined group work,
with many different strategies and ideas (e.g. Fernandezbreis et al., 2009; Moccozet et al., 2013). It may appear to
some that the algorithm implemented in our research, primarily designed by us to encourage truthfulness in the
contestants, tends to affect only those students who appraise themselves too high as compared to the evaluation by
his/her teammates. However, it should be stressed that the formula hinges upon the absolute value of the
difference between the self- and peer-evaluation scores, thereby equally penalizing unduly over- as well as
underestimated self-assessments. Hence, we regard the scheme proposed in this paper - obviously remaining open
to further enhancements and suitable adaptations - as developing a student’s sense of need to provide honest
evaluations, both with respect to themselves and the other members of his/her team. To this aim we deem it of
utmost importance for the teacher to provide the participants - before the tournament - with an explanation of how
possible discrepancies between the self- and peer-assessments are going to affect their final scores, making then
clear indications that, in view of the implemented algorithm, honesty is the best policy - also for those students
who tend to underestimate their achievements, skills or abilities. Then, while contrasting the self- and peer-
assessments results after the tournament, the teacher is able to pinpoint those participants whose scores are overly
divergent. In such cases the teacher should be prompted to take proper measures, such as discussing individually
the noticed discrepancy with each of the selected students in order to trace its origins. Depending on the teacher’s
judgment, for some students it may emerge advisable to further seek a professional psychological advice so as to
eventually develop in them a proper overall subjective emotional evaluation of his/her own worth. In addition, we
also believe that performing tournaments cyclically would enable the teacher to track each student’s dynamics in
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Table 8. Analysis of the differences between the self- and peer-assessment scores by gender. “S” and "P" stand for the self- and
peer-assessment scores, respectively. The table reports on the number of students for whom a given inequality between S and P
occurred. Note that S — P > 0 (S — P < 0, respectively) indicates that a student overestimated (underestimated) his/her contribution
in his/her teammates’ opinion. The cases of S—P > 1 and S—P < -1 are regarded as an inconsistent evaluation, resulting in a
penalization of the final score (see Sec. Il B, the third point of the algorithm of the questionnaire-based part of assessment)

Subject matter contribution Communication skills
No. of cases Boys Girls Boys Girls
S-P<0 16 9 10 7
S-P>0 2 2 9 4
S-P=0 1 0 0 0
S-P<-1 3 2 1 2
S-P>1 0 1 1 1

terms of their self-esteem (Lindsey & Nagel, 2015). Incidentally, let us note that all the tournament participants,
although not used to self- and peer-assessment, embraced unequivocally the practice of mutual evaluation.

It may also be interesting to analyze the number of participants for whom the discrepancy between the self- and
the peer-assessments scores (denoted as “S” and “P”, respectively) was too large, resulting in a penalty for an
inconsistent evaluation (which is the case when |S—P| > 1; see Subsection II.B). In Table 8 we report relevant
quantities by gender (there were 11 girls and 19 boys participating in the tournament; note that the total number of
participants is 30, including also the two students who did not take the post-test). Overall, the students of both
sexes tend to evaluate consistently both their subject matter contribution and communication skills. However, the
gaps between the numbers of males and females who undervalue their contribution (i.e. S—P < 0) and the ones
that overrate it (S — P > 0) are far more evident for the subject matter involvement than for the communication skills.
Moreover, an overwhelming majority of students of both sexes is inclined to underestimate (rather than
overestimate) their subject matter contribution. Exceptions of students overly underrating their contribution (i.e.
S —P < -1) include three boys and two girls with respect to the subject matter, and only one boy and two girls in
terms of the communication skills. Interestingly, only in one of these cases the tournament participant (a boy)
underestimated himself on both counts. All the other students under consideration scored S — P < -1 only in one of
the analyzed aspect. On the other hand, the cases of overvaluation of one’s involvement were relatively rarer. In
terms of the subject matter no boys and only one girl overrated their contribution, whereas with regard to
communication two students (each of a different sex) evaluated their performance too enthusiastically.

Gender Differences

The final issue we would like to raise here, and the one that quite naturally spins off from the previous
subsection, is an analysis of the major results (i.e. FT, TNT and PT) by gender, so as to identify and characterize
possible sex-specific effects and dependencies, collectively termed as a gender gap (Kost et al., 2009; Madsen et al.,
2013; Pollock et al., 2007). Basic descriptive statistics, presented in Table 9 for the male and female students
separately, imply no relevant gender discrepancies in terms of the mean and median scores, with the boys
performing slightly better than the girls. However, we refrain from testing statistical significance of these
differences, for under such low sample sizes no valid conclusions could be obtained. Further, we also notice that
despite the similarities between the groups” means, the boys’ scores are more diffused for typically-written tests
(FT and PT). Although the TNT results appear more evenly dispersed in both groups (as indicated by the standard
deviations and the ranges between maxima and minima), the “innermost” 50% of the scores (i.e. those between the
lower and the upper quartile) obtained by the females are more scattered than for the male students.
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Table 9. Basic statistics of the students’ results by gender, including: the average score in the former tests (FT), the final score in
the tournament (TNT), the result in the post-tournament test (PT), differences between TNT and FT (TNT — FT), as well as PT and
FT (PT — FT). The last row contains statistics for the modified gain factor (MGF)

Sex Mean Median Minimum Maximum Low?r Upp?r Interquartile Sta|.1da.1rd
quartile  quartile range deviation
T Boys 49.08 43.79 23.57 83.33 38.33 57.58 19.25 16.99
Girls 47.15 45.12 35.08 65.87 38.97 50.63 11.67 10.57
INT Boys 76.72 75.00 63.00 95.00 71.00 82.00 11.00 9.30
Girls 71.80 73.50 51.00 83.00 64.00 80.00 16.00 10.33
PT Boys 60.01 63.04 28.26 87.00 45.65 76.00 30.35 18.45
Girls 57.61 53.26 34.78 82.61 43.48 76.09 32.61 17.19
TNT - T Boys 27.64 27.28 4.51 48.51 22.62 34.67 12.04 10.65
Girls 24.65 27.49 2.97 37.78 19.55 31.71 12.17 10.56
PT - FT Boys 10.93 11.99 -12.90 29.83 3.67 18.33 14.66 11.75
Girls 10.46 7.36 -5.14 36.04 3.25 18.11 14.86 12.35
MGF Boys 0.22 0.23 -0.23 0.53 0.09 0.37 0.28 0.21
Girls 0.21 0.17 -0.09 0.62 0.05 0.36 0.30 0.24
CONCLUDING REMARKS

In this paper we present both, quantitative and qualitative results of a tournament as a method of assessing
student performance in physics classes on electricity. Based on students’ results and students” and teachers’
opinions we can come up with the following conclusions:

I. As compared with the control group results, the tournament proved to significantly enhance the
experimental group students performance.

II. For most learners in the experimental group their results got in an individually written post-test (taken a
week after the intervention) were higher than their average performance beforehand.

III. Scores obtained during the tournament were higher than in traditionally performed tests.

IV. The alternative method of testing analyzed in our paper appears to provide equal opportunities of
improvement both for low- and high-performers through the tournament approach.

V. Both students and teachers appreciated the method very much because it enabled students to help each
other in solving problems in a more cooperative, less stressful way and develop soft skills.

In general, there are several advantages of such a form of examination that outweigh organizational difficulties
mentioned earlier in this study. These include: supporting weaker students by collaboration with others, setting a
framework of cooperative-learning among students, development of group-work skills, stress-free testing, and, in
addition to these, integration of the class.

Finally, let us note that our approach can be easily transferred and adapted to testing achievements in fields
other that physics, particularly the natural sciences. Nevertheless, the subject which we had chosen for testing out
method was physics, which is largely due to its obvious feature of combining algebraic calculations with both the
description and explanation of real-world phenomena. Implementations of the tournament as an assessment
method in other areas could be the subject of further studies.
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Abstract The aim of this study was to examine the impact of assessing students’ achieve-
ments in a physics course in the form of a group board game. Research was conducted in two
groups of 131 high school students in Poland. In each school, the research sample was divided
into experimental and control groups. Each group was taught by the same teacher and
participated in the same courses and tests before the game. Just after finishing the course on
waves and vibrations (school 1) and optics (school 2), experimental groups took part in a
group board game to assess their knowledge. One week after the game, the experimental and
control groups (not involved in the game) took part in the post-tests. Students from the
experimental groups performed better in the game than in the tests given before the game.
As well their results in the post-tests were significantly higher statistically than students from
the control groups. Simultaneously, student’s opinions in the experimental groups about the
board game as an assessment method were collected in an open-descriptive form and in a short
questionnaire, and analyzed. Results showed that students experienced a positive attitude
toward the assessment method, a reduction of test anxiety and an increase in their motivation
for learning.

Keywords Assessment methods - Board game - Collaborative testing - Gamification - High
school physics
Introduction

In recent years, gamification—which refers to the use of game-based elements, such as game
mechanics, esthetics, and game thinking in non-game contexts aimed at engaging people,
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motivating action, enhancing learning, and solving problems—has become increasingly pop-
ular (Apostol et al. 2013; Deterding et al. 2011). Admittedly, the idea of introducing games in
teaching is not a new concept. People have been using digital games for learning in formal
environments since the 1960s (Ifenthaler et al. 2012; Moncada and Moncada 2014). However,
the term of gamification was coined only a few years ago, and since then has been gaining
more and more popularity (Dicheva et al. 2015; Sung and Hwang 2013). The benefits of
gamification (or, in more broad terms, game-based learning, e.g., Ifenthaler et al. 2012) in
educational contexts are widely described in the literature. Among them are increasing student
intrinsic motivation and self-efficacy (Banfield and Wilkerson 2014; Seaborn and Fels 2015),
motivation effect and improvement of the learning process (Dicheva et al. 2015; Sadler et al.
2013), as well as improving the positive aspects of competition (Burguillo 2010; Conklin
2006).

Games can reinforce knowledge and bridge the gap between what is learned by creating
dynamic, fun, and exciting learning environments (Royse and Newton 2007). They are a
powerful teaching strategy, and they challenge and motivate students to become more respon-
sible for their own learning (Akl et al. 2013). However, this requires having the game to
be well-designed and structured clearly with a framework that provides effective outcomes
(Allery 2004). The review presented in Dicheva et al. (2015) suggests that early adopters of
gamification are mostly Computer Science/IT educators. This is in line with the rising
popularity of computer games, which have become prominent in the last decade. Nowadays,
many articles can be found, in which using computer games in the teaching process are
introduced and evaluated (Eskelinen 2001; Ko 2002; Rieber and Noah 2008). Nevertheless,
not all of them are proper for school circumstances. Zagal et al. (2006) points out that some of
the designed games are highly opaque and complex in rules, and did not include players
collaborating to play the game: Therefore, these games did not affect students peer-learning.
Through peer collaboration, students build on each other’s knowledge to develop new
attitudes, cognitive skills and psychomotor skills (Adams 2006; Damon and Phelps 1989).
The same authors suggest that for such a purpose board games could be used due to their
transparency regarding the core mechanics. Moreover, board games provide the teachers with
an opportunity to guide or direct children to meet specific educational goals by extending their
learning during and after playing the game (Durden and Dangel 2008; Wasik 2008). Teachers
can also facilitate communication amongst children, build understanding about games, discuss
concepts, and provide feedback to one another (Griffin 2004).

Board games are also successfully used in early childhood education (Ramani and Siegler
2008; Shanklin and Ehlen 2007) as a pedagogical tool that reinforces a positive environment
for learning (Dienes 1963). Games also appear to build positive attitudes (Bragg 2003) and
self-esteem, and enhance motivation (Ernest 1986). They have been found to be also effective
in promoting mathematical learning (Bright et al. 1983), mathematical discussion (Ernest
1986; Oldfield 1991), social interaction (Bragg 2006), and risk taking abilities (Sullivan
1993). Some types of board games were also used in medical education and have been found
as useful methods for conveying information and promoting active learning (Neame and Powis
1981; Richardson and Birge 1995; Saunders and Wallis 1981; Steinman and Blastos 2002). In
the present study, a board game—a competitive game between groups of students in a
classroom—was used as an assessment in order to examine if it could increase high school
students’ achievements and retention of knowledge in physics.

To assess student achievements in general, and as a result of the board game specifically,
there are two main formats of assessment distinguished and widely discussed in the literature,
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namely formative and summative assessment (Harlen and James 1997; Wiliam and Black
1996). In general, formative assessment is carried out throughout a unit (course, project) and
its purpose is to provide feedback to students about the learning process. Summative assess-
ment is given at the end of a unit (course, project) and is used to summarize students’
achievements usually in the form of grades (Harlen and James 1997; Looney 2011; McTighe
and O’Connor 2005). Even though summative assessment could be performed in many ways,
some authors pointed to a lack of post examination feedback for students as a weakness
(Leight et al. 2012; Talanquer et al. 2015). In our study, the board game was used essentially as
a tool for summative assessment, although it also includes some elements of formative
evaluation. Such a combination was dubbed by Wininger (2005) as a formative summative
assessment. It entails reviewing exams with students so that they get feedback about their
knowledge comprehension. One example of this approach is collaborative testing that aims to
give students an opportunity to work in groups during or at the end of an exam (Guest and
Murphy 2000; Lusk and Conklin 2003). Research has shown that there are many benefits to
collaborative testing. These are described in detail by Duane and Satre (2014), Gilley and
Clarkston (2014), Kapitanoff (2009), and based also on literature about the positive impact of
group testing (Millis and Cottell 1998; Michaelson et al. 2002; Hodges 2004) and peer-
learning (Slusser and Erickson 2006; Meseke et al. 2008; Ligeikis-Clayton 1996), which are
parts of collaborative learning. Among others, the most important benefits of collaborative
learning are increasing students’ achievements (Bloom 2009; Haberyan and Barnett 2010),
reduction of test anxiety (Zimbardo et al. 2003), improvement of critical thinking ability
(Shindler 2003), and collaboration skills (Lusk and Conklin 2003; Sandahl 2010).

The assessment in the form of a game employed in the current research is based on the
authors’ previous experiences and research (Dziob et al. 2018). It evaluates not only the
content matter knowledge itself, as in typical tests, but combines a few different aspects
together, as schematically shown in Fig. 1. It assesses the relationship between content
knowledge and everyday life, as well as socio-historical context. Moreover, it gives the
opportunity to assess research skills required to conduct experiments. The form of the board
game enables development of social and entrepreneurial skills in the form of a challenge-
yourself competition, which allows students to surpass individual limitation (Doolittle 1997).

This study reports on the efficacy of assessing students’ knowledge by means of a group
board game approach and measuring its effects on students’ learning outcomes. The research
questions are as follows:

1) What is the effect and influence of the board game assessment on student learning
outcomes when compared with student prior results in physics?

2) What is the effect and influence of the board game assessment on student learning
outcomes when compared with a traditional teaching approach?

Methodology

Participants

The research was conducted on a group of 131 students in total from two high schools in
Poland. Students were divided into experimental (of n=37 and n=36 in school 1 and 2,

respectively) and control groups (=31 and »=26). Each group was taught by the same
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Fig. 1 Assessment strategy components. In addition to the content matter knowledge, all other expressed
elements were involved in the assessment process. Own work

teacher and followed the same curriculum during their education. Just before the experiment,
the students had accomplished a 25-h course on vibrations and waves (in school 1) and on
optics (school 2). After finishing the unit, experimental groups took part in the assessment in
the form of a group board game (described below, hereinafter the intervention) and 1 week
after in a traditional test. Students from control groups participated only in the traditional test
the same as experimental group, but without the intervention. In each group, the ratio of males
to females was similar (3:2).

Intervention

The section below contains a detailed description of the intervention: a game which students
from experimental groups played once at the end of the unit together with the evaluation
process. The description includes procedure and examples of questions used in students’
assessment.

Intervention Organization

The game lasted approximately 2.5 lesson hours (approx. 110 min). At the beginning, students
were divided randomly into groups of 4 to 5 people each, and asked to take seats around the
game board table. Each group began with questions concerning some physics phenomena and
students moved their tokens (one per group) forward by the number of right answers or
correctly named concepts. At the end of the game (when allocated time ended), students were
asked to fill in a self- and peer-assessment questionnaire. At each stage of the game after
students had attempted, a scientifically accepted answer to each question was provided
together with a proper explanation by students or, if needed (when students didn’t pass), by
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the teacher. Thus, this approach allows the teacher to immediately rectify and clarify students’
misconceptions.

Game Board—Organization

The game board consisted of a circular path, and the participants moved their group token
along this path. The path was made up of a random assortment of five potential categories, or
activities, to land on. These included physics phenomena charades, famous people, short
answer questions, multiple-choice questions, and simple experiments. All questions required
the students to perform different types of activities and allow them to obtain a different number
of points. Because the number of points obtained at each stage was identical with number of
spots the token was moved, the scoring system was identical with the movement system as in
typical board game. Additionally, there were also two special lines on the board. Whenever
any group reached one of them, the members of both groups received special algebraic tasks or
complex experimental tasks to solve. Figure 2 presents the game board with the fields of
different type indicated on it.

Physics Phenomena Charades

Upon reaching this field, one representative of a given group received six cards with names of
various physics phenomena related to waves and vibrations (school 1) or optics (school 2; see Fig.
3). Their aim was to describe each concept, without using the words given, so that the rest of the
team could guess the name. The time for this task was limited to 1 min (measured by a small
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Fig. 2 The design of the board game
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hourglass). After the end of the round, tokens were moved forward by the number of fields equal
to the number of correctly guessed charades.

Famous People Charades

These questions were similar to the previous ones, but they related to important people
connected with the concepts of waves, vibrations, and acoustics (physicists, musicians, etc.)
or optics (Fig. 4). The scoring system was identical to the one employed in the physics
phenomena charades.

Short Answer Questions

The short answer questions differed with respect to their level of difficulty, but usually they required
only a true/false answer (see Fig. 5). The questions were asked by the teacher and the time of each
group’s round was 1 min. Within that time, all members of the currently active group could answer
as many questions in a row as they managed, without passing their turn to another group. If the
provided answer was wrong, the next group took over and had an opportunity to answer other
questions. At the end of each round, the groups moved their token forward by the number of the
correctly answered questions divided by 2 and rounded up.

Multiple-Choice Questions

Upon reaching a field of this category, a group received multiple-choice questions related to
scientific reasoning (Fig. 6). Students had to point out the correct answer and provide comprehensive
argumentation for their choice. By providing the right answer together with the correct explanation,
students could move forward by 2 fields on the board. Otherwise, no move was allowed.

Simple Experiments

Upon reaching a field of this category, the students had to conduct some simple experiments in
order to prove relevant phenomena (Fig. 7). The equipment necessary for each experiment,
with some extra materials among them, were available to students. An important part of the
task was the necessity to make a decision which objects were essential. The other groups
taking part in the game were enabled to ask the currently active team detailed questions about
the conducted experiment and ask for additional explanations. Having carried out the exper-
iment and addressed the questions properly, the group was allowed to move forward by 2
fields.

Waves and vibrations: Optics:

Amplitude Incident ray
Isochronism Diffuse reflection
Wave front Interference pattern
Superposition principle Ray diagram
Fundamental frequency Focal point

Ear canal Light absorption

Fig. 3 Examples of physics phenomena charades
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Waves and vibrations: Optics:

Ernst Chladni Willebrord Snell
Robert Hooke Zacharias Janssen
Christian Huygens Thomas Young
Alexander Graham Bell Hans Lippershey
Wolfgang Amadeus Mozart Galileo Galilei

Fig. 4 Examples of famous people charades from games on waves and vibrations and optics

Algebra Tasks

When one of the groups reached the first special line on the game board after the end of the
round, all competing groups simultaneously received three algebra tasks. They had 10 min to
solve them. For accomplishing this task, each group could receive a maximum of 4 points and
moved their token forward by 4 fields. Incorrect or incomplete solutions, assessed by the
teacher, reduce the amount of points.

Experimental Task

When one of the groups reached the second special line on the board at the end of the round,
all competing groups simultaneously received one experimental task, which was neither
discussed nor solved during any previous class. The students had to come up with an
experimental design to examine the effect of damping the movement of the harmonic oscillator
(school 1) or examine the surrounding medium refractive index on the glass lens focal length
(school 2). The groups received special worksheets prepared in accordance with an inquiry-
based methodology. Students had to formulate a proper hypothesis, describe the plan of the
experiment, draw the experimental setup, write down their observations, analyze the results,
and draw the conclusions. This part took up to 20 minutes. For this task, students could receive
a maximum of 10 points.

Instruments and Data Collection
Former Achievements

Before the intervention, students from each group were tested individually in four tests throughout
the school year; on kinematics, energy, gravitation, and rigid body rotational motion (school 1);

Waves and vibrations:
1. In which state of matter does a sound wave have a maximum speed?
2. Mechanical waves can be divided into transverse and ...
3. Can harmonic motion be described by a tangent function?
4. A standing wave does not change its frequency over time. True or false?

1. If Ann is standing 3 feet in front of a plane mirror, how far from her will her image be
located?

2. The white light consists only of red, green and blue colors. True or false?

3. Can areal image be obtained in the concave mirror?

4. Lenses can be divided into converging and...

Fig. 5 Examples of short answer questions
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Waves and vibrations:
Q: Which oscillatory motion is not a harmonic motion?
A motion of reflecting ball
B. motion of the weight on the spring
C. vibrating motion of the liquid in the tube-shaped U
D. movement of the tube floating on the liquid surface after partially submerged and
released
Why?

Optics:
Q: Which quantity always changes when light is passes from one medium to another with a different
speed of light within?
A. Frequency
B. Color
C. Direction
D. Wavelength
Why?

Fig. 6 Examples of short answer questions

and electrostatics, current, magnetic field, and induction (school 2). They comprised mixed
problems: content knowledge and scientific reasoning tasks, multiple-choice, open-response,
and algebra problems. Tests were the same for experimental and control groups. The average of
each student’s percentage results on the four tests was used to measure his/her achievement prior
to the game, henceforth called average former achievements and denoted as FA.

Assessment Questionnaires

When the game ended, each student was asked to fill in individually two questionnaires of self-
and peer-assessment in order to evaluate themselves and other fellow players from the same
group under various sides. Each questionnaire was composed of eight questions designed on a
6-point Likert scale. Half of the questions focused on the students’ communication skills,
while the rest on subject matter contribution. In Table 1, the self-assessment questionnaire is
presented. The peer-assessment questions were designed in the similar way.

Evaluation Process

The questionnaire-based assessment results were included in the final score according to the
author’s own approach presented below and described in detail in Dziob et al. (2018).

Waves and vibrations:

1. Create a standing wave in the air.

2. Experimentally demonstrate the superposition principle.

3. Demonstrate that a wave does not cause matter to move towards it distribution.
Optics:

1. Experimentally demonstrate the law of reflection.

2. Show the refraction of light.

3. Demonstrate that the light always travels via a straight line.

Fig. 7 Examples of simple experiments tasks
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Table 1 Student self-assessment questionnaire

Question 1-6 scale

Were you involved in the group work? Communication skills

Did you communicate adequately with the group?

Did you take part in the discussion on the problem?

Did you take into account the opinion of other students?

Did you prepare for the test beforehand? Subject matter contribution
Did you participate in solving problems and tasks?

Did you have sufficient knowledge to solve the issues?

Did you contribute to the final result of the group?

1. The mean average score was calculated based on the “subject matter contribution” and,
separately, “communication skills” points in the self-assessment results (S).

2. The average score was calculated based on the “subject matter contribution” and,
separately, the “communication skills” points ascribed to the student by the other mem-
bers of the group (the peer-assessment, P).

3. At the end, the “subject matter contribution” and “communication skills” scores were
obtained separately as follows:

1. If|S—P| <1 (a consistent evaluation): take P as the final score

2. if not (an inconsistent evaluation): take P — 0.5 as the final score

The percentage score for each team was calculated by dividing the number of points
(number of fields) accumulated by the group by the maximum number of points available to
obtain. The final overall score given to each student consisted of three parts:

1. the group common percentage result from the board game—with the weight of 0.5,

2. the questionnaire-based assessment percentage result for the “subject matter
contribution”—with the weight of 0.3,

3. the questionnaire-based assessment percentage result for the “communication skills”—
with the weight of 0.2.

The final score for each student after the game, calculated according to the algorithm above
and expressed in a percentage form, is henceforth referred to as game score (GS).

Post-test

An unannounced post-test was conducted in the experimental groups 1 week after the game.
The same test was given to students from the control groups, just after finishing the unit. It was
prepared in a traditional written form. There was neither a review of the relevant content
knowledge during regular classes nor a post-game discussion of the game problems and results
before this test. The post-test (PT) score is expressed in percentage terms.

Students’ Opinions Questionnaire
Students from the experimental groups received an anonymous short evaluation questionnaire
a week after the game (just after the post-test). It consisted of six questions asking “How the

knowledge assessment method influences your...”, and each answered on a linear point scale
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ranging from —5 to +5, with the numbers indicating the most negative (—5), through none (0) to
the most positive (+5) impact. The evaluated aspects covered pre-test preparation, engagement
in team work, answer difficulty, test anxiety, final acquisition of knowledge, and motivation for
future learning. It was also a space for students to present opinions on the game. Exact
questions are presented in the results section together with students’ answers.

Data Analysis
Basic Statistical Analysis

Below, a statistical analysis of the data is carried out, firstly for the experimental groups, and
then in comparison with the control groups. In Table 2, we present basic descriptive statistics
and empirical distributions (in the form of histograms, with normality tested by the Shapiro-
Wilk tests) for each set of results, i.e., the FA, GS, and PT, for both experimental groups. The
numbers 1 and 2 in superscripts indicate the schools.

All examined variables have normal distribution. Student ¢ test showed that the differences
among each variable means are statistically significant (in each case p value <0.05). This
allowed for comparison of the students’ results in different tests. On average, the students from
experimental groups scored 47%/59% (school 1/school 2) in the former test, 70%/80% in the
game, and 58%/68% in post-test. An increase of almost 23 percentage points (pp.) between FA
and GS in both experimental groups might emerge as the result of student cooperation during
the game. The PT results are lower than GS. However, they are still statistically significantly
higher than the FA results (p <0.05), which may suggest a positive impact of game-based
assessment on students’ achievements. It should be noticed, however, that at each stage the
results of students from the first school are lower than those from the second. This is consistent
with the author’s observation about the educational standards in each school. Therefore, in
what follows, both groups will be analyzed independently, in comparison to adequate control
groups from the same schools.

In both schools, control groups were formed from the students who studied with the same
teacher and who completed the same courses. In Tables 3 and 4, basic descriptive statistics for
control and experimental groups former achievements (FA) and results in post-test (PT) are
presented. In each school, average former achievements of the students from both the

Table 2 Basic statistics of the results obtained by students from experimental groups

Variable Characteristics
Mean 95% Confidence Median Lower Upper Standard
interval for mean quartile quartile deviation
FAl [%] 47.05 (44.38; 49.72) 4541 40.31 54.67 8.00 School 1
[ 0] 69.74 (66.46; 73.03) 69.71 64.58 7747 9.86
T' [%] 58.44 (54.29; 62.56) 57.58 48.48 69.70 12.44
FA2 [%] 58.58 (53.07; 64.07) 55.37 46.68 68.54 16.25 School 2
GS? [%] 80.01 (76.27; 83.76) 79.81 71.56 87.84 11.07
PT? [%] 67.76 (62.56; 72.97) 68.36 56.78 76.82 15.38

Superscripts indicate the schools

FA average former achievements, GS the final score in the game, PT the result in the post-game test
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experimental and the control group are similar. As proved by the ¢ test (each data are normally
distributed), there are no statistically significant differences (p > 0.05) between FA in experi-
mental and control group within one school.

The former achievements and post-test results within the control groups were tested in the
same way. Results indicate (p > 0.05) that there is no statistically significant difference between
former achievements (FA®) and post-test results (PTC) in control groups. It implies that the
post-test can be considered as a reliable tool, neither harder nor simpler than the former test. It
allows the comparison of the PT results between experimental and control group. In school 1,
the difference between mean results is close to 8 pp. (p =0.0000), and in school 2, it is a little
bit above 10 pp. (p =0.0003). It clearly shows that experimental groups obtained statistically
higher results in PT than their colleagues from the control groups. In other words, students
from the experimental groups gained significantly more knowledge than their colleagues from
the control groups.

Students’ Opinions

Students’ opinions about the board game were collected just after the post-test, but before
providing them with the information about their final marks. Participants filled in a question-
naire (on —5 to +5 scale, where 0 means no impact) and expressed their comments anony-
mously in an open, descriptive form. Mean results for the questionnaire questions in both
schools are provided in Table 5.

Because the answers for each were normally distributed (tested by Shapiro-Wilk test), the
comparisons of the Hy: mean against zero was calculated using the Student ¢ test. The test showed
(p <0.05) that in each question students’ answers differ significantly (were higher or lower) than
“0” value, which means no impact. In other words, for each question, students state significant
influence of the board game on the tested issue. Students in both schools judged the assessment in
the form of a group board game beneficial for their preparation, and pre-test preparation was
marked by students from each school as positive. This means that students would spend more time
preparing for the game, as opposed to spending time on preparation for a traditional test. Both
experimental groups agreed that the level of engagement of their team-mates was high and that
answering questions was easier than in traditional, individually taken tests. It corresponds with the
students’ opinions that this new form of assessment prompts them to give answers, even if they
feel uncertain about their correctness. Anxiety during the test was assessed at —3.1 and —2.3 in
both experimental groups, respectively, which means that this form of assessment reduces the

Table 3 Basic statistics of the students from the first school

Variable Characteristics

Mean 95% Confidence Median Lower Upper Standard t test

interval for mean quartile quartile deviation
FA' [%] 47.05 (44.38; 49.72) 45.41 40.31 54.67 8.00 p=03120
FA'C [%] 49.43 (45.31; 53.55) 48.28 42.07 58.12 11.23
PT [%] 58.44 (54.29; 62.56) 57.58 48.48 69.70 12.44 p=0.0000
PT'C [%)] 50.67 (46.43; 54.92) 49.34 41.03 61.03 11.57

Superscripts differentiate experimental (' ) and control group (') within first school

FA average former achievements, PT the result in the post-game test
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Table 4 Basic statistics of the students from the second school

Variable Characteristics

Mean 95% Confidence Median Lower Upper Standard t test

interval for mean quartile quartile deviation
FA? [%] 58.58 (53.07; 64.07) 55.37 46.68 68.54 16.25 p=0.6539
FA*[%] 5681  (51.21;62.41) 56.49 51.78 64.11 14.16
PT? [%)] 67.76 (62.56; 72.97) 68.36 56.78 76.82 15.38 p=0.0003
PT* [%)] 57.65 (51.43; 63.87) 58.52 44.04 65.76 15.72

Superscripts differentiate experimental (*) and control group (*“) within second school

FA average former achievements, PT the result in the post-game test
anxiety normally associated with traditional exams. Students also indicated, both in the question-
naires and open opinions, that the board game improved their final level of knowledge. Students
also felt motivated by the game to continue learning.

A few examples of the opinions are presented below:

e Student A:

This is a good option to test for people who are weaker in calculation. Not everyone is able
to solve a complex task, but anyone can learn theory.

e Student E:

This form of the test was very good, because you could learn also during the test. It teaches
cooperation in the way you could have fun.

¢ Student K:

1 think that we learned and invented more during this game than during a written test. It
was a very good possibility for integration.

¢ Student O:

Each group should get all kinds of questions. Then it would be more fair. Questions should
be more focused on physics, without connections to history.

Table 5 Mean results for each question in the questionnaire for both experimental groups

How the form of the assessment influences your School 1 School 2

1. Pre-test preparation 32 (1.1) 2.8 (1.6)
2. Engagement into team work 3.6 (0.9) 3.7 (0.8)
3. Easy of answering 2.9 (1.8) 34(1.2)
4. Test anxiety -3.1(1.6) =23 2.1
S. Final acquire of knowledge 2.4 (1.8) 39(1.2)
6. Motivation for future learning 3.5(0.9) 34 (1.7)

Numbers in brackets denote standard deviations
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The vast majority of students’ opinions were positive and enthusiastic. A few of them used
the feedback to provide helpful and insightful comments for improving the assessment. In the
discussion section, we relate them to the findings commonly presented in the literature on
collaborative testing and gamification.

Discussion

The main purpose of this research was to investigate the influence of assessing students’
achievements in the form of a group board game in comparison to their former achievements
and traditional tests. The first important finding is a statistically significant increase in students’
achievements in the game in comparison to their former achievements. This result is consistent
with research on the positive impact of collaborative testing, which shows that students’ results
obtained in collaborative taken exams are higher than in individual ones (Bloom 2009;
Haberyan and Barnett 2010; Kapitanoff 2009; Lusk and Conklin 2003). Some authors
controvert, however, the ability of collaborative testing to improve content retention (Leight
et al. 2012; Woody et al. 2008), pointing out that only their performance during the collab-
orative exam is higher. Our second results addressed this problem. We found that students from
experimental groups gained higher results in the post-test taken 1 week after the game with
respect to the results obtained by the control groups. In other words, the students assessed by
the game obtained not only high performance in the game but also in a knowledge test taken
after the game. This finding is encouraging with respect to other research that shows improve-
ment in students’ achievement after the collaborative exam in the long run (Cortright et al.
2003; Jensen et al. 2002; Simpkin 2005). The results show also that the assessment method is
efficient independently of the level of students’ performance.

The students’ opinions were encouraging and supported findings in the literature. Board
games can be perceived as a form of activity in which group work skills are exploited and
play an essential role in accomplishing tasks (Dallmer 2004; Kapitanoff 2009; Lusk and
Conklin 2003; Sandahl 2010; Seaborn and Fels 2015; Shindler 2003). Some researchers
(Dicheva et al. 2015; Sadler et al. 2013) suggested that gamification could improve the
learning process, which can be inferred from the increase in students’ results in post-test. By
playing the game, the students learn to listen to everybody else’s answers, provide fellow
players with their know-how, and respond to ideas proposed in discussions. According to
Hanus and Fox (2015) and Jolliffe (2007), the above can stimulate knowledge assimilation.
In the students’ opinions expressed in the questionnaire and open-descriptive form, the
board game assessment has a positive impact on their motivation and social interactions,
which also corresponds to the literature findings (Banfield and Wilkerson 2014; Bragg
2006; Seaborn and Fels 2015). Furthermore, the assessment in the form of a game induces
far less test anxiety by giving students a sense of being supported by the other team
members (Banfield and Wilkerson 2014; Kapitanoff 2009; Lusk and Conklin 2003;
Sandahl 2010; Zimbardo et al. 2003). Similar results can be found in other research, in
which results from student’s attitude surveys confirm that collaborative testers have more
positive attitudes towards the testing process in general compared to students who take
assessments individually (Bovee and Gran 2005; Giuliodori et al. 2008; Meseke et al.
2009). Finally, an active involvement in the self- and peer-assessment process may increase
the students’ self-assurance and adequate self-esteem (Hendrix 1996), thereby enhancing
retention of knowledge (Sawtelle et al. 2012).
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Comments on Organization of the Game

Preparation of the board game has a few important aspects, which should be described in order
to give the reader the impression of how to adapt the idea to her/his own purpose. The most
important is to decide on the topic, which should give considerable benefits for assessing
knowledge in a non-standard form. A board game has to have clear rules, provide a sufficient
rationale for collaboration, be a challenge for participants, and provide different types of
activities and experiences. It is connected with the next important step, which is to precisely
define the goals of the event, regarding prepared tasks. Chosen activities should allow
assessment not only the content knowledge but also all other aspects (e.g., Science as a
Human Endeavor and Science Inquiry Skills) chosen by the teacher. Breedlove et al. (2004)
reported that the effects of collaborative testing were directly related to the level of cognitive
processing required by the test questions. The activities, rules, and scoring system should be
modified and matched to the groups. Particularly, in our research, one student claimed that
there was a possibility to guess the proper word in the charades without physics knowledge.
This can be improved by additional rules or modifying the charades questions with other types
of activities. Because the effectiveness of the collaborative testing may depend on students
earlier teaching strategies and improve over time as students become more familiar with the
collaborative process (Castor 2004), the modification of the game seems to be natural
consequence.

Further Issues

The study examined only the short-term effect on students’ retention knowledge. One can
suppose that because the initial level of the forgetting curve was higher in experimental groups
than in control groups, after a few months, experimental groups should also obtain better
results. This assumption has to be, however, tested in future work. The method could be also
implemented and verified in subjects other than physics as well as in a wider spectrum of
school levels. Even though literature findings about collaborative testing and board games in
many science subjects are very enthusiastic, only few of them focus on the distinction between
high- and low-performing students (Giuliodori et al. 2008). This question should be also
examined in future work.

Another issue is the claim that a teacher could influence the results, e.g., by focusing on the
experimental group or neglecting control groups. In our research, control group results in the
post-test were similar to their results in all other tests taken before, taken in average as former
achievements. This approach, unlike the typical pre-test, allows us to address this remark.
Comparison between pre- and post-test provides clear information about students gain in the
examination topic, but can be easily influenced by the teacher, which will be found only in the
lower achievements for the control group. In our approach, we assumed that an uninfluenced
teaching style will have an effect in unchanged students’ results in the post-test, which is
assumed to be allowed. However, the implementation of the method under different circum-
stances could also provide worth worthwhile information.

Future research could also examine collaborative testing as a more effective standard
assessment strategy across a curriculum (Meseke 2010). Because the game always has to be
a challenge for students, some modifications should be introduced in the type of questions
and rules or the board game should be used interchangeably with another collaborative
method.
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Concluding Remarks

This paper studied the influence of a board game as an assessment method on high school
students’ achievement. Students from experimental groups performed better in the game than
in the former tests. Simultaneously their achievement in a traditional test taken 1 week after
was significantly higher than for students from control groups. It implies that assessing
students’ achievement in the form of a game may improve their performance and short-term
achievements.

The improvement of students’ achievements may result in combining collaborative testing
with gamification. Apart from quantitative results, the students’ enthusiastic opinions are also
indicative of the social benefits of the approach, such as the development of group work skills,
supporting weaker students through collaboration with others, and, in addition to these,
integration of the class. It appears that game-based assessment enhances students’ retention
of knowledge and provides opportunities for improvement for each student, regardless of their
former performance. Moreover, it helps to improve students’ attitudes towards their learning
and add valuable collaborative learning experience to enhance the school curriculum.

The approach can be easily modified and adapted as a testing method in fields other that
physics, especially natural sciences, in which assessing the experimental skills and socio-
historical context are also under consideration.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and repro-
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References

Adams, P. (2006). Exploring social constructivism: Theories and practicalities. Education, 34(3), 243-257.

Akl, E. A., Kairouz, V. F., Sackett, K. M., Erdley, W. S., Mustafa, R. A., Fiander, M., Gabriel, C., &
Schunemann, H. (2013). Educational games for health professionals. Corhane Database of Systematic
Reviews, 3, 1-46.

Allery, L. (2004). Educational games and structured experiences. Medical Teacher, 26(6), 504-505.

Apostol, S., Zaharescu, L., & Aleze, 1. (2013). Gamification of learning and educational games. eLearning &
Software for Education, 2, 67.

Banfield, J., & Wilkerson, B. (2014). Increasing student intrinsic motivation and self-efficacy through
gamification pedagogy. Contemporary Issues in Education Research CIER, 7(4), 291.

Bloom, D. (2009). Collaborative test taking. College Teaching, 57(4), 216-220.

Bovee, M., & Gran, D. (2005). Effects of collaborative testing on students satisfaction survey. Journal of
Chiropractic Education, 19(1), 47.

Bragg, L. A. (2003). Children’s perspectives on mathematics and game playing. In L. Bragg, C. Campbell, G.
Herbert, & J. Mousley (Eds.), Mathematics Education Research: Innovation, Networking, Opportunity:
Proceedings of the 26th Annual Conference of the Mathematics Education Research Group of Australasia
(Vol. Vol. 1, pp. 160-167). Geelong: Deakin University.

Bragg, L. A. (2006). The impact of mathematical games on learning, attitudes, and Behaviours. Bundoora: La
Trobe University.

Breedlove, W., Burkett, T., & Winfield, 1. (2004). Collaborative testing and test performance. Academic
Exchange Quarterly, 8(3), 36-40.

Bright, G. W., Harvey, J. G., & Wheeler, M. M. (1983). Use of a game to instruct on logical reasoning. School
Science and Mathematics, 83(5), 396-405.

Burguillo, J. C. (2010). Using game theory and competition-based learning to stimulate student motivation and
performance. Computers & Education, 55(2), 566-575.

@ Springer



860 Res Sci Educ (2020) 50:845-862

Castor, T. (2004). Making student thinking visible by examining discussion during group testing. New Directions
for Teaching and Learning, 100, 95-99.

Conklin, A. (2006). Cyber defense competitions and information security education: An active learning solution
for a capstone course. In System Sciences, 2006. HICSS'06. Proceedings of the 39th Annual Hawaii
International Conference on (Vol. 9, pp. 220b-220b). IEEE.

Cortright, R. N., Collins, H. L., Rodenbaugh, D. W., & Dicarlo, S. E. (2003). Student retention of course content
is improved by collaborative-group testing. Advances in Physiology Education, 27(3), 102—108.

Dallmer, D. (2004). Collaborative test taking with adult learners. Adult Learning, 15, 4-7.

Damon, W., & Phelps, E. (1989). Critical distinctions among three methods of peer education. International
Journal of Educational Research, 13, 9—19.

Deterding, S., Sicart, M., Nacke, L., O'Hara, K., & Dixon, D. (2011). Gamification: Using game-design elements
in non-gaming contexts. In Proceedings of the 2011 Annual Conference on Human Factors in Computing
Systems (p. 2425). Vancouver, Canada.

Dicheva, D., Dichev, C., Agre, G., & Angelova, G. (2015). Gamification in education: A systematic mapping
study. Educational Technology & Society, 18(3), 75-88.

Dienes, Z. P. (1963). An experimental study of mathematics learning. New York: Hutchinson.

Doolittle, P. (1997). Vygotsky’s zone of proximal development as a theoretical foundation for cooperative
learning. Journal on Excellence in College Teaching, 8(1), 83—103.

Duane, B. T., & Satre, M. E. (2014). Utilizing constructivism learning theory in collaborative testing as a creative
strategy to promote essential nursing skills. Nurse Education Today, 34(1), 31-34.

Durden, T., & Dangel, J. (2008). Teacher-involved conversations with young children during small group
activity. Early Years, 28, 251-266.

Dziob, D., Kwiatkowki, L., & Sokolowska, D. (2018). Introducing a class tournament as an assessment method
of student achievements in physics courses. EURASIA Journal of Mathematics, Science and Technology
Education, 14(4), 1111-1132.

Emest, P. (1986). Games: A rationale for their use in the teaching of mathematics in school. Mathematics in
School, 15(1), 2-5.

Eskelinen, M. (2001). Towards computer game studies. Digital Creativity, 12(3), 175-183.

Gilley, B., & Clarkston, B. (2014). Research and teaching: Collaborative testing: Evidence of learning in a
controlled in-class study of undergraduate students. Journal of College Science Teaching, 043(03), 83.
Giuliodori, M. J., Lujan, H. L., & DiCarlo, S. E. (2008). Collaborative group testing benefits high- and low-

performing students. Advances in Physiology Education, 32(4), 274-278.

Griffin, S. (2004). Building number sense with number worlds: A mathematics program for young children.
Early Childhood Research Quarterly, 19, 173—180.

Guest, K. E., & Murphy, D. S. (2000). In support of memory retention: A cooperative oral final exam. Education,
121, 350-354.

Haberyan, A., & Barnett, J. (2010). Collaborative testing and achievement: Are two heads really better than one?
Journal of Instructional Psychology, 37(1), 32-41.

Hanus, M., & Fox, J. (2015). Assessing the effects of gamification in the classroom: A longitudinal study on
intrinsic motivation, social comparison, satisfaction, effort, and academic performance. Computers &
Education, 80, 152-161.

Harlen, W., & James, M. (1997). Assessment and learning: Differences and relationships between formative and
summative assessment. Assessment in Education: Principles, Policy & Practice, 4(3), 365-379.

Hendrix, J. C. (1996). Cooperative learing: Building a democratic community. The Clearing House: A Journal
of Educational Strategies, Issues and Ideas, 69(6), 333-336.

Hodges, L. (2004). Group exams in science courses. New Dir Teach Learn, 2004, 89-93.

Ifenthaler, D., Eseryel, D., & Ge, X. (2012). Assessment in game-based learning: Foundations, innovations, and
perspectives. New York: Springer.

Jensen, M., Moore, R., & Hatch, J. (2002). Cooperative learning: Part I: Cooperative quizzes. The American
Biology Teacher, 64(1), 29-34.

Jolliffe, W. (2007). Cooperative learning in the classroom: Putting it into practice. London: Paul Chapman.

Kapitanoff, S. H. (2009). Collaborative testing: Cognitive and interpersonal processes related to enhanced test
performance. Active Learning in Higher Education, 10(1), 56-70.

Ko, S. (2002). An empirical analysis of children’s thinking and learning in a computer game context. Educational
Psychology, 22(2), 219-233.

Leight, H., Saunders, C., Calkins, R., & Withers, M. (2012). Collaborative testing improves performance but not
content retention in a large-enrollment introductory biology class. CBE Life Sciences Education, 11(4), 392—
401.

Ligeikis-Clayton, C. (1996). Shared test taking. J NY State Nurses Assoc, 27(4), 4-6.

Looney, J. (2011). Integrating Formative and Summative Assessment. OECD Education Working Papers, 58(5).

@ Springer



Res Sci Educ (2020) 50:845-862 861

Lusk, M., & Conklin, L. (2003). Collaborative testing to promote learning. Journal of Nursing Education, 42(3),
121-124.

McTighe, J., & O'Connor, K. (2005). Seven practices for effective leaming. Educational Leadership, 63(10), 10—
17.

Meseke, C., Nafziger, R., & Meseke, J. (2008). Student course performance and collaborative testing: A
prospective follow-on study. Journal of Manipulative and Physiological Therapeutics, 31(8), 611-615.
Meseke, C. A., Bovee, M. L., & Gran, D. F. (2009). The impact of collaborative testing on student performance
and satisfaction in a chiropractic science course. Journal of Manipulative and Physiological Therapeutics,

32,309-314.

Meseke, C., Nafziger, R., & Meseke, J. (2010). Student attitudes, satisfaction, and learning in a collaborative
testing environment®. Journal of Manipulative and Physiological Therapeutics, 24(1), 19-29.

Michaelson, L. K., Knight, A. B., & Fink, D. L. (2002). Team-based learning: A transformative use of small
groups. Westport, CT: Preager.

Millis, B. J., & Cottell, P. G. (1998). Cooperative learning for higher education faculty. Phoenix: American
Council on Education and Oryx Press.

Moncada, S., & Moncada, T. (2014). Gamification of learning in accounting education. Journal of Higher
Education Theory and Practice, 14, 9.

Neame, R., & Powis, D. (1981). Toward independent learning: Curricular design for assisting students to learn
how to leamn. Journal of Medical Education, 56(11), 886—-893.

Oldfield, B. J. (1991). Games in the learning of mathematics—Part 1: Classification. Mathematics in School,
20(1), 41-43.

Ramani, G. B., & Siegler, R. S. (2008). Playing linear numerical board games promotes low-income children’s
numerical development. Developmental Science, 11(5), 655-661.

Richardson, D., & Birge, B. (1995). Teaching physiology by combined passive (pedagogical) and active
(andragogical) methods. The American Journal of Physiology, 268, S66—S74.

Rieber, L., & Noah, D. (2008). Games, simulations, and visual metaphors in education: Antagonism between
enjoyment and learning. Educational Media International, 45(2), 77-92.

Royse, M. A., & Newton, S. E. (2007). How gaming is used as an innovative strategy for nurse education.
Nursing Education Perspectives, 28(5), 263-267.

Sadler, T. D., Romine, W. L., Stuart, P. E., & Merle-Johnson, D. (2013). Game-based curricula in biology classes:
Differential effects among varying academic levels. Journal of Research in Science Teaching, 50(4), 479—
499.

Sandahl, S. S. (2010). Collaborative testing as a learning strategy in nursing education. Nursing Education
Perspectives, 31(3), 142—-147.

Saunders, N. A., & Wallis, B. J. (1981). Leaming decision-making in clinical medicine: A card game dealing
with acute emergencies for undergraduate use. Medical Education, 15(5), 323-327.

Sawtelle, V., Brewe, E., & Kramer, L. H. (2012). Exploring the relationship between self-efficacy and retention in
introductory physics. Journal of Research in Science Teaching, 49(9), 1096-1121.

Seaborn, K., & Fels, D. I. (2015). Gamification in theory and action: A survey. International Journal of Human-
Computer Studies, 74, 14-31.

Shanklin, S. B., & Ehlen, C. R. (2007). Using the monopoly board game as an in-class economic simulation in
the introductory financial accounting course. Journal of College Teaching & Learning, 4(11), 17-22.

Shindler, J. V. (2003). “Greater than the sum of the parts?” examining the soundness of collaborative exams in
teacher education courses. Innovative Higher Education, 28(4), 273-283.

Simpkin, M. G. (2005). An experimental study of the effectiveness of collaborative testing in an entry-level
computer programming class. Journal of Information Systems, 16, 273-280.

Slusser, S. R., & Erickson, R. (2006). Group quizzes: An extension of the collaborative learning process.
Teaching Sociology, 34(3), 249-262.

Steinman, R. A., & Blastos, M. T. (2002). A trading-card game teaching about host defence. Medical Education,
36(12), 1201-1208.

Sullivan, P. (1993). Short flexible mathematics games. In J. Mousley & M. Rice (Eds.), Mathematics of primary
importance (pp. 211-217). Brunswick, Victoria: The Mathematical Association of Victoria.

Sung, H., & Hwang, G. (2013). A collaborative game-based learning approach to improving students’ learning
performance in science courses. Computers & Education, 63, 43-51.

Talanquer, V., Bolger, M., & Tomanek, D. (2015). Exploring prospective teachers’ assessment practices: Noticing
and interpreting student understanding in the assessment of written work. Journal of Research in Science
Teaching, 52(5), 585-609.

Wasik, B. A. (2008). When fewer more: Small groups in early childhood classrooms. Early Childhood Education
Journal, 35, 515-521.

@ Springer



862 Res Sci Educ (2020) 50:845-862

Wiliam, D., & Black, P. (1996). Meanings and consequences: A basis for distinguishing formative and
summative functions of assessment? British Educational Research Journal, 22(5), 537-548.

Wininger, S. (2005). Using your tests to teach: Formative summative assessment. Teaching of Psychology, 32(3),
164-166.

Woody, W., Woody, L. & Bromley, S. (2008). Anticipated group versus individual examinations: a classroom
comparison. Teach Psychol. 35, 13—17.

Zagal, J., Rick, J., & Hsi, 1. (2006). Collaborative games: Lessons learned from board games. Simulation &
Gaiming, 37(1), 24-40.

Zimbardo, P. G., Butler, L. D., & Wolfe, V. A. (2003). Cooperative college examinations: More gain, less pain
when students share information and grades. The Journal of Experimental Education, 71(2), 101-125.

@ Springer



	Introduction
	Theoretical background
	3D percolation
	2D percolation

	Proposed activity
	Biological sample
	Experimental setup

	Examples of students’ results
	Extension of the laboratory experiment
	Conclusions
	References
	Simple method for measuring thermal conductivity
	1. Introduction
	2. Thermal conductivity and cooling of water
	3. The experimental setup
	4. The measured coefficients of the thermal conductivity
	5. Conclusions
	References

	INTRODUCTION
	RESEARCH DESIGN
	Tournament Schema
	Simple open questions (1 point)
	Multiple-choice questions (2 points)
	Open questions (3 points)
	Calculus tasks (4 points)
	Practical tasks (4 points)
	Extra task (10 points)
	Assessment questionnaires

	Evaluation Process

	DATA COLLECTION AND ANALYSIS
	Post-test
	Former Tests
	Basic Statistical Analysis
	Control Group
	Correlation and Regression Analysis
	Qualitative Analysis of Students’ and Teachers’ Opinions
	Students’ opinions
	Teachers’ opinions


	DISCUSSION
	Social Benefits
	Academic Benefits
	Comments on TNT Grading
	Organizational Considerations
	Self- vs. Peer-assessment
	Gender Differences

	CONCLUDING REMARKS
	ACKNOWLEDGEMENTS
	REFERENCES
	Board Game in Physics Classes—a Proposal for a New Method of Student Assessment
	Abstract
	Introduction
	Methodology
	Participants
	Intervention
	Intervention Organization
	Game Board—Organization
	Physics Phenomena Charades
	Famous People Charades
	Short Answer Questions
	Multiple-Choice Questions
	Simple Experiments
	Algebra Tasks
	Experimental Task

	Instruments and Data Collection
	Former Achievements
	Assessment Questionnaires
	Evaluation Process
	Post-test
	Students’ Opinions Questionnaire


	Data Analysis
	Basic Statistical Analysis
	Students’ Opinions

	Discussion
	Comments on Organization of the Game
	Further Issues

	Concluding Remarks
	References


