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Abstract: The need of transforming scientific knowledge to material suitable for teaching school
students is a constant challenge for the educational community. Although it has been more than a
century since quantum mechanics and the theory of relativity were established, both topics continue
to be treated as modern physics, and only recently did they begun to be taught to students of levels
prior to higher education. The work at hand is part of a larger effort to introduce the general theory
of relativity in schools. To this end, we have devised appropriate experiments and computer simu-
lation software. In particular, we present an educational simulation software that we created for the
teaching of the Equivalence Principle. The implementation was applied to 120 undergraduate stu-
dents of the Pedagogical Department of the University of Athens, who do not major in physics but
will be expected to teach young students the basic principles of relativity. The simulation software
enables the user to measure forces inside a gravitational field and compare them to those exerted
on bodies being accelerated. The controls incorporated in the software aim to motivate students to
perform a variety of experiments, investigating every possible combination of parameters, in the
hope to help them overcome most of the learning difficulties highlighted by previous research. The
encouraging results of the research confirm the need to continue filling gaps in the fragmented in-
struction of physics in schools
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1. Introduction
1.1. Necessity

The Equivalence Principle (EP or Principle) was of major importance in the formula-
tion of the General Theory of Relativity (GR) by Albert Einstein. Its role is equally signif-
icant in teaching the subject. The inability to distinguish between an accelerated system
and a homogeneous gravitational field was considered by Einstein himself as the happiest
thought of his life [1]. Every textbook dealing with GR reference the Principle [2]. In their
vast majority, authors present the Principle in the introductory chapter in order to em-
phasize that a free fall is equivalent to inertial motion. It is also used as a means of inter-
preting bending of light, time dilation in gravitational fields and gravitational redshift.

1.2. Literature review

Researchers trying to promote the semantic link between Special and General Rela-
tivity [3] or introduce the General Theory in Secondary and University Education, suggest
that the EP, its consequences and the thought experiment of the elevator (with an ade-
quately simple mathematical formalism) suffice to familiarize students with the scientific
and cultural value of the GR [4]. Furthermore, they state that in order to derive results
from the Principle (light aberration and gravitational time dilation) one must introduce
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the notion of thought experiments [5]. In recent years research on the didactic transfor-
mation of the General Theory and its incorporation in all levels of education, has led to
methods aiding the teaching of the Principle, either as a thought experiment described in
class, or as a free fall experiment performed in the classroom or in special surroundings.
The next step is to make the connection with other “great ideas” of relativity. To this end
experimentation and educational software are frequently combined [6]. While, in attempt-
ing to teach the General Theory, one concludes that the Principle is suitable for motivating
students [7], unfortunately it is not free of comprehension difficulties. Students face diffi-
culties in applying the Principle [8], especially in areas where a gravity field is present [9],
because they tend to use their everyday experience or the idea that a body inside a room
located outside a gravitational field, hovers independently of the room’s movement [10].

2. Methods

This work is part of a larger research conducted internationally by a major part of the
research community, aiming to make Einstein’s physics accessible to undergraduate stu-
dents who do not major in Physics and to school students of all education stages. Here we
present and evaluate the combination of traditional experimentation in the classroom with
educational simulations used to teach the EP. At an earlier time, we constructed an im-
provised experimental device used by students to experiment in the classroom [11].
Through the educational evaluation of this device we found out that it has a positive im-
pact on learning results, but students face a number of limitation during the experimen-
tation process. To the end of lifting these limitations we developed appropriate simulation
software. The combination of real life experiments and computer aided simulations was
integrated in a teaching process focusing on the evaluation of achieved results.

2.1. Research question

Does the use of original demonstrative experimentation using simple means paired
with interactive computer simulations, incorporating control of variables that, according
to research, pose difficulties to students in reference to the EP, promote positive learning
outcomes of a higher level compared to those accomplished by usual ways of teaching?

2.2. Objectives

Our educational proposal and intervention aims at:

e creating digital simulations which complement traditional experimentation, in or-
der to facilitate students” understanding, while being suitable for use in every
modern device,

e composing an educational sequence — worksheet which utilize digital teaching
tools (video, images, sounds, text open for concurrent processing, hyperlinks, dig-
ital evaluation tools),

e conducting and evaluating a teaching intervention based on the proposed exper-
imentation.

2.3. Creating experiments

Using a simple cardboard box, we created an original improvised elevator (Figure 1),
which can perform free fall or move at constant acceleration with the aid of a simple sys-
tem of pulleys. We used it to demonstrate to students many results concerning the EP. A
camera, recording the interior of the box, shows the various readings on a spring scale or
the change of flow of a water current emerging from the side surface of a vessel. A number
of devices proposed by students performing the educational experimentation may be fit-
ted inside the spacious box.
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(b)

(c) (d)

Figure 1. Improvised elevator for conducting experiments concerning the EP: (a) Materials needed
to assemble the device, (b) elevator in free fall, (c) elevator moving upwards at constant accelera-
tion, (d) spring scale measurement during free fall equaling ON, Og, while a 100g body is sus-
pended from the spring’s free endpoint.

E]

im 3
£z
z2&
T
8% ]
22 &
H

» Eﬂ e @ o @

Figure 2. Indicative software snapshots showing a number of ways of elevator movement (various
values of velocity and acceleration as well as direction of movement), while measuring magni-
tudes of mass, weight, normal force and showing corresponding vectors.

A limitation of such a device is the inability to perform measurements for various
directions of movement and/or outside gravitational fields. To overcome this particular
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obstacle, we created appropriate simulation software (Figure 2), enabling the user to ex-
periment in various situations by controlling a number of variables (elevator moving at
constant velocity or constant acceleration, direction of movement) [http://us-
ers.sch.gr/ptsakon/RG elevator EN/RG elevator.html]. By changing the values of these
parameters and reviewing the results, students manage to overcome difficulties recorded
in previous research [9].

2.4. Digital environment and worksheet

The worksheet was created in the form of a typical interactive web page embedding
experimentation, simulations (Figure 3), images and videos, used to trigger students’ in-
terest, interactive co-authoring documents used to record assumptions, measurements,
conclusions and generalizations. The educational stages of the worksheet are the ones
proposed in the Scientific / Educational Method by Inquiry [12].

@) (b)

Figure 3. Sample steps of Experimentation and Generalization — Consolidation of knowledge from
the digital worksheet showing weightlessness in free fall flight, designs for future space stations
recreating gravity through acceleration and instructions on constructing an improvised “Einstein
elevator - box”. The rest of the steps are accessible via the left side buttons.

2.5. Research Sample and Evaluation tool

The research sample consisted of 120 (19 male and 101 female) undergraduate stu-
dents of the Department of Primary Education of the University of Athens, students de
facto not majoring in Physics. The sample was selected at random from the students avail-
able at the time the research was carried out.

In order to record the knowledge of the students along with their level of compre-
hension we composed a questionnaire consisting of five multiple choice questions, each
one presenting a set of three options. Students had to pick one of the suggested answers,
which were selected on the basis of addressing frequent misconceptions and difficulties.
In order to answer correctly, students were expected to have adequately comprehended
and being able to correctly apply the EP and its consequences in complex situations. Three
of these questions are reproduced in Figure 4.
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A traveler 15 onboard a rocket moving outside any
gravitational field, at an acceleration equal to the
acceleration of gravity experienced on the surface of

the Earth (a=g=10 m/s%).

According to the traveler, what is the magnitude of

the acceleration of gravity inside the rocket?

Choose the correct answer:
a) Zero
b) Equal to that on the surface of the Earth

¢} Twice the acceleration on the surface of the Earth.

According to the traveler, what is the magnitude of the acceleration of gravity

outside the rocket?

Choose the correct answer:

a) Zero

b) Equal to that on the surface of the Earth

Acceleration of gravity on planet Mars s equal to gu=3.7 m/s". Suppose
that a spaceship is located “above” on planet Mars (black rectangle in

figure). Should the passengers decide to experience zero gravity in x
positions A and B, they ought to: > 3
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a b [
a) Move the spaceship at an acceleration #=3,7 m/s* with the direction depicted in figure a

b} Mowve the spaceship at an acceleration a=3,7 m/s? with the direction depicted in figure b.

<j Move the spaceship at an acceleration 2=3,7 m/s? with the direction depicted in figure ¢

<) Twice the acceleration on the surface of the Earth.

(a)

(b)

Figure 4. Three ot the multiple choice questions from the evaluation questionnaire of the intervention: (a) Questions 3 and

4, (b) Question 5.

2.6. Research process

In order to check the validity of the educational and evaluation material of our ap-
proach, a group of specialists, consisting of two physics majors with a postgraduate title
on teaching science and a PhD specialized on the General Theory, were called upon to
offer their expertise. We afterwards conducted a formative — pilot research with 10 stu-
dents of the Department. After this step the educational material and the questionnaire
were given their definitive form.

To better serve our research requirements, two different sets of students were com-
posed, each one consisting of 60 individuals. The first served as the control group where
the traditional method of teaching was applied, while the other was the test group, the
members of which formed 20 smaller teams of three students each. Both groups were
handed questionnaires before (pre-tests) and after (post-test) our intervention.

3. Results and Discussion

We used the x2 test in order to perform the statistical analysis of the collected data
and reach conclusions, since our research variables are measured on a tactical scale and
include two nominal independent groups.

The statistical processing of the results showed that the two groups were equivalent
on their knowledge of the EP and its consequences, since no statistically significant differ-
ence was observed in any question of the pre-tests. After the teaching intervention, we
marked a statistically significant difference in the results of the post-test for the majority
of the questions with the test group improving the level of comprehension of the EP, as
shown in Table 1.

Table 1. Pre- and post-est comparative results.

Question #

Pre — test (x2 test)

Post — test  (x2 test)

Pearson Chi-Square 0.409, p

Pearson Chi-Square 7.566, p

! =0.522 =0.006

5 Pearson Chi-Square 0.240, p  Pearson Chi-Square 24.422, p
=0.624 =0.000

3 Pearson Chi-Square 0.136, p Pearson Chi-Square 0.891, p
=0.713 =0.345

4 Pearson Chi-Square 0.657, p Pearson Chi-Square 0.874, p
=0.418 =0.350

5 Pearson Chi-Square 0.376, p  Pearson Chi-Square 32.475, p
=0.540 =0.000
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Although in absolute numbers the test group appears to prevail, in two of the ques-
tion no statistically significant difference was observed. We included these questions (3
and 4) intending to address and inspect the findings of other researches who state “stu-
dents limit the area of the gravitational field inside the lab” [8], although the size of their
sample and their general approach allows for preliminary results and approximations,
rather than generalizations. At this stage but also in previous research concerning stu-
dents’ difficulties we were unable to validate this report [9,11].

4. Conclusions

Taking into account a) the course of implementation and educational use of an orig-
inal real life experimentation with simple materials, b) the development of simulation
software that, besides being scientifically accurate, is structured in order to contribute to
the elimination of difficulties students face, c) the synthesis of an integrated way for the
educational approach of the EP and d) the comparative assessment of our proposal in
view of similar work suggested in literature and used by teachers, we believe that our
work answers the research question proposed.

We nevertheless need to stress that in both educational and scientific research, a gen-
eralization of the findings is safe only to the extent that results are based on scientific
methodology requiring repeatability and application from independent researchers. In
this view, we believe that the proposal and its application must be tested on a large scale,
evaluated and published. Such actions are necessary to ensure the successful adaptation
of the scientific model of the General Theory of Relativity to an educational model, incor-
porating real and virtual experiments along with digital technologies , bridging a gap as-
certained internationally. Furthermore, we need an extensive research of learning out-
comes and an improvement of conceptual understanding, ensuring that students compre-
hend the principles of relativity in depth rather than experiencing an illusion of under-
standing. To this end, we agree that conducting interviews is of vital importance [7].

Concluding, we deem necessary to mention some easy to implement suggestions,
that will aid students to master the EP and in general the Theory of Relativity. Parts of the
curriculum may serve a dual purpose, i.e. function as pre-existing knowledge and as a
useful working process that leads seamlessly to the introduction of Relativity, make the
material taught less fragmentary and emphasize and highlight its unifying character. For
example, when teaching the Newton’s laws in Classical Mechanics, one may describe the
interesting yet “mysterious” equivalence between inertial and gravitational mass and re-
fer to phenomena that would be radically different if such an equivalence did not hold.
Additionally, in the study of Earth’s gravity, one may examine the effects of rotation in
the determination of weight and from there trigger a discussion about weightlessness in
spaceships.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
title, Table S1: title, Video S1: title.
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