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Abstract  
The Swedish school curriculum for physics education in upper secondary school emphasizes the 
importance of including digital tools in education. Experience gained from school teaching and 
educational research show that in order to increase pupils’ digital competencies it is not enough to 
invest in computers, tablets or similar devices. It requires searching for examples of good practices 
and further research on the implications of the use of digital tools in education. GeoGebra, a dynamic 
mathematics program might be such a tool. The software has already received a lot of attention in 
mathematics education. In our study we explore the possibilities to take advantage of GeoGebra also 
in physics education and explore pupils' cognitive learning processes during their interaction with the 
software. We used a freely available application where upper secondary school pupils examine the 
dynamic and static friction when a force acts on a block by varying the influencing factors in a 
systematic way. During the video analysis of the pupils’ interaction, we focused on how the program 
supported their learning. We could observe a high degree of interaction between the students and the 
software and that the students came to different levels of understanding of friction. 
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1 INTRODUCTION  

1.1 Digitizing in physics education 
In October 2017, the Swedish Government reached the decision to implement a digitalization strategy 
for the school system that contained three objectives. In the first objective it is stated that in all parts of 
the school system, “children and students should be given the opportunity to develop adequate digital 
skills“ [1]. 

The Swedish curriculum for physics education in upper secondary school states that physics 
education has to contribute, among other things, “to develop students' ability to work experimentally” 
and to “enable students to use computer-aided equipment for collection, simulation, calculation, 
processing and the presentation of data” [2]. The teachers in Sweden thus have the task of 
incorporating digital tools in physics education.  

However, it is not clear how digital tools can be embedded in physics education and what benefits can 
be gained from their use. The teachers in Sweden are in a jungle of websites, blogs and articles that 
present activities that require digital tools. What should they choose? There are studies that show that 
some of these activities have proved to have a confusing effect on the students [3]. 

Rios and Madhavan [4] divide the uses of the digital technology suitable for physics education into the 
following categories: 

1 Data logging to automatically collect and process data in real time, 

2 Experimental or theoretical modeling, 

3 Computer simulations that require drawing of graphs and 

4 Research-, reference-, presentation programs for collection, reporting and/or for displaying 
information. 

Among the most established digital tools used in physics teaching are PhET simulations. It is a set of 
simulations in physics and chemistry, with a focus on education in school and at university level. PhET 
has been developed at University of Colorado Boulder and is based in educational research on 
understanding of concepts and has received great international dissemination, not least by physics 
Nobel laureate Carl Wieman’s commitment to physics education. PhET simulations are controlled in 
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such a way that they provide certain phenomena and structures, with which the user can interact by 
changing some parameters [5]. 

The Swedish simulation program Algodoo is an example of an environment that gives users more 
opportunities to be creative [6]. It is a tool for constructing simulation scenes with simple drawing tools 
like boxes, circles, polygons, brushes, planes, ropes and chains. It is easy to link the objects by 
clicking and dragging, to edit and make changes by rotating, scaling, moving, cutting or cloning these 
objects. As you run the simulation, objects interact with each other under newtonian physics, which 
can be further illustrated by displaying, for example, force vectors or graphs. 

1.2 Dynamic Mathematic Software and GeoGebra in Physical Education 
Within categories II and III (experimental or theoretical modeling and computer simulations that require 
drawing of graphs), Dynamic Mathematics Software (DMS) such as Cabri, GeoGebra, Sketchpad, etc. 
can be included. DMS are designed to combine certain features of Dynamic Geometry Software 
(DGS), Computer Algebra System (CAS) and spreadsheets in a single package. DGS are computer 
programs that enable creation and manipulation of geometric constructions, primarily in 2D geometry. 
CAS are computer programs that enable creation and then manipulation of numeric and algebraic 
expressions in a manner similar to the traditional way of calculating.  

The result of this combination is a program that includes a wide range of features with a high degree 
of dynamic interaction between them.  Brunström [7] writes that “dynamic mathematics programs 
combined with exploratory tasks can stimulate mathematical reasoning where hypotheses are 
formulated, examined and refined in a cyclical process”. He also emphasizes that an important factor 
in promoting mathematically based reasoning is how the tasks are designed. 

GeoGebra is an open source software that offers dynamic mathematical representations [8]. Different 
representations of the same mathematical object are connected dynamically, so that users can go 
back and forth between these representations. The relations between these representations will for 
this reason become “more easily comprehendible when all representations are visible at once and 
linked to each other, i.e. when one makes a change in one representation, corresponding changes in 
other representations are offered by the program” [9]. When one of the representations changes, all 
the other representations adjust automatically in order to maintain the relationships between the 
objects. New objects can be created either by using the tools available in the geometry window or 
algebraic keyboard input. For example, when a line is drawn, in the geometry window the line equation 
is displayed in the algebra window. If the slope of the line is modified in one of the windows, it changes 
accordingly and automatically in the other window. A line can also be created by making a table of 
values in the spreadsheet window. Another example could be to insert a picture of a garden in the 
geometry window. With the help of the tools which are available in this window it is possible to 
construct a polygon whose corners are in all the corners of the garden. It is also possible to display the 
area, perimeter, angles, etc. of the polygon in the algebra window all these values are visible. If you 
want to cut a part of a certain size of the garden, you can do that in both windows because there is a 
dynamic interaction between all the representations in GeoGebra. 

There are many studies on how the use of DMS in general and, in particular, GeoGebra, can affect 
mathematics education. A common conclusion of many of these studies is that the program makes it 
easy to understand and use the simulations. Malgieri et al. [10] writes “GeoGebra makes the 
mathematical models behind the simulations completely transparent and easily accessible to the user 
and avoids producing the impression that complex and exotic algorithms are at work”. 

Lorena, in her role as secondary school teachers in mathematics and physics uses GeoGebra to a 
large extent, particularly in mathematics education. She uses the program both during the lectures and 
students’ practical activities. For example, there is a freely available application where students can 
practice with linear functions (https://www.geogebra.org/m/g9Ebeqm2#material/RTMPwKKX). The 
application randomly generates two points that are visible in a coordinate system.  The coordinates of 
those points are also visible in the algebra window. The task is to determine the equation of the line 
through these two points. When the pupil has an answer and types the equation in GeoGebra 
application, the line is drawn in the coordinate system. At the same time, the line that goes through the 
two points is also drawn. If the lines coincide, the student’s answer is correct. The application provides 
the opportunity to get some help if needed. If “Show Hint” is checked, see Figure 1, Δx  and Δy  will 
show up. 
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Figure 1. GeoGebra application for linear functions 

Another example can be used in working with quadratic polynomial functions. Figure 2 shows a picture 
of a water fountain inserted in a coordinate system. The task is to find the function that describes the 
trajectory of the water. The function is given in the form y = ax2 + bx + c  and the pupils will need 
to find out the coefficients a, b and c. These coefficients are entered as so-called sliders in GeoGebra, 
which means that the value of a parameter is varied by pulling a point located on a number line, where 
the coordinates of the point represent the value of the parameter. Due to the dynamic interaction 
between all representations, it is possible to see the connection between the value of the coefficient 
from the algebraic representation and the shape of the parabola in the geometric representation. 

 
Figure 2. GeoGebra app for quadratic polynomial function  

(https://www.geogebra.org/m/g9Ebeqm2 - material/AMvUTRWK) 

Here too, students can choose different ways to address the problem. They can guess the coefficients 
in the equation and then examine how each coefficient affects the shape of the parabola, or 
alternatively, calculate the equation algebraically and then test their equation directly in the GeoGebra 
application. Since all parts in GeoGebra are dynamically linked, the appearance of the curve changes 
instantaneously when the values of these coefficients are altered.  

This tool, the slider, makes it possible to quickly and easily vary one coefficient at a time and see the 
effect of the coefficient on the look of the curve. One of the consequences is that it is possible to 
investigate a large number of examples in very short time. The opportunity to change one parameter 
at a time combined with quick response and the opportunity to see the response in different 
representations in the application, is probably one of the most important features that DMS in general 
and GeoGebra, in particular, have to offer. 

Lorena has previously participated as a teacher in a school development project and practical 
research on GeoGebra in mathematics education. Some of the purposes of this project was to study 
these features of GeoGebra and if GeoGebra could help create activities where students were able to 
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practice mathematical reasoning. There were four teachers under the leadership of Mats Brunström 
and Maria Fahlgren at Karlstad University. Several student activities were developed and tested in the 
classroom. One of these activities is about a sunflower growing exponentially over time. The 
exponential growth varied and students would use the slider as a tool to select the values of 
exponential growth. 

One of the findings of the study was that “the slider played a significant role in students mathematical 
reasoning, partly because of the possibility to drag one of the sliders back and forth and observe how 
the graph is changing globally and partly by the ability to quickly and easily examine a large number of 
examples at different particular levels” [7,translated from Swedish]. But another conclusion of this 
thesis is that “there is a risk that the reasoning developed in a learning environment with dynamic 
mathematics software would be linked to the underlying mathematics in small extent” [7,translated 
from Swedish]. In other words, mathematics can get a little overshadowed when pupils use DMS. The 
reason for this may be that the results are made so clearly visible in the DMS that the student thinks 
this is good enough evidence and therefore they are not encouraged to mathematically prove their 
claims. This disadvantage may not play such a large role in physics education if one is aware of the 
weakness of these programs and uses them only to make the physical phenomenon visible.  

There also are not many studies concerning the use of GeoGebra in physics education. However, 
many of them advocated GeoGebra as software which facilitates student active tasks, that urges the 
students to further investigate their hypothesis and to get answers to questions which could not have 
been answered empirically using traditional tools. The process of questioning what appears “obvious” 
with dynamic software enables students to experience the unexpected and to get the priceless “Aha-
experience” [11]. In addition, GeoGebra is not difficult to use for the teachers. Walsh [12] writes: “I 
have long incorporated physics simulations in my teaching physics, and truly appreciate those who 
have made their simulations available to the public. I often would think of an idea for a simulation I 
would love to be able to use, but with no real programming background in did not know-how I could 
make my own. That was the case until discovered in GeoGebra…” 

2 METHODOLOGY 
DMS are being used to a large extent in mathematics education and are beginning to spread to 
physics and chemistry education. Several of these programs have their own forums and databases 
where it is possible to upload your own material or to find instructions, materials, or applications that 
have been created by other users. The choice of GeoGebra as a DMS in the present study was based 
on Lorena’s previous experience as a participant in the school development projects mentioned 
earlier. This experience led to the continuous use of the program and to the high degree of 
acquaintance with both the software and its forums where there are freely available materials. The 
pupils who participated in our study were in their first year of upper secondary school in the technology 
and natural science programs in Sweden. They had just started their first course on Physics, so their 
knowledge of physics had been gained at lower secondary school. We wanted to use a readily 
available physics application and found a suitable simulation of a block sliding on a surface. The 
weight of the block, the base area and the materials that the block and the surface are made of can be 
varied. A hand holding in a dynamometer pulls the block over the surface. The value of the dragging 
force is displayed and at the same time the graph of the force vs. time is drawn on the screen (see 
Figure 3). 

 
Figure 3. GeoGebra application on friction  

(https://www.geogebra.org/m/g9Ebeqm2 - material/jZeNyTTj) 
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With the help of this application, we have designed an activity that contains some pre-knowledge 
questions, instructions on how to change the parameters, prompts to use the Start, Pause and Reset 
buttons if necessary, and ends with a final question that would lead the students to think of real-life 
application of friction. 

The first part of this activity consists of three pre-knowledge questions. The purpose of those 
questions is to help students gradually come into the theme with the help of previous experience 
and/or knowledge of friction. Students should not feel that the content of the theme was entirely new 
as often happens when students change the type of school or school subject. We wanted the students 
to feel that the activity was an expansion of their previous knowledge within the friction force. They 
would probably work with more confidence and they would be able to have the aha experience being 
confronted with unexpected outcomes. 

When developing guidelines to a classroom activity there are many factors a teacher will need to take 
into account: the time factor, students’ previous knowledge, ways of communicating the instructions, 
etc. Another important factor in the design of a good activity is allowing the students  to see critical 
features of a learning object through variation [13]. In this case, variation refers to varying only one 
parameter at a time. In the selected application there are three parameters: the weight of the block, 
the base area of the block, and the material of the block and the surface. In the instructions we wrote 
the values the students should start with, for example that both the block and the surface would be of 
ice, the weight should be 3 N, and the base area should be 3 m2. After that the students ran the 
simulating were instructed to describe and explain the shape of the graph. In the next step another 
material was selected, while the weight and the base area would remain the same as in the previous 
attempt. Students would first predict the shape of the graph before they would test it in the application. 
After a few attempts with different materials, the students tested other values for the weight of the 
block, while materials and base area would remain constant. We chose the same procedure here as 
well, that students would try to anticipate the shape of the graph before they saw it in the application.  

At the end students had to draw their own general conclusions about the friction. Our intention was 
that the students should observe and explain that: 

• The weight and material, but not the base area, affect the friction force,  

• The force decreases when the block begins to move, due to the lower dynamic friction in 
comparison with the static friction, and  

• The unevenness in the graph. 

An example of how such a graph may look in GeoGebra application is shown in Figure 4. 

	
Figure 4. Example of a force-time graph in the GeoGebra application on friction 

Students worked together in pairs with one computer per student pair. A video camera was located 
behind each pair so that it could record the screen of the computer and the field just in front of the 
screen, e.g. the pupils’ gestures. The pupils’ voices were recorded at the same time. 

We did a pilot study with three pupils after which we made some changes to the activity. The final 
activity was then used by 19 other pupils (approximately the same number of boys and girls) in a one-
hour lesson. All pupils wrote down their reflections and explanations and they had to draw their 
predicted graphs on the paper they received at the beginning of class. Of these 19 pupils we filmed six 
pairs (12 pupils).  

In the initial analysis we have focused on three pairs and concentrated on the following aspects: 
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− The level of understanding of friction students expressed 
− The interaction between pupils and GeoGebra tools 
− Variation theory as a mechanism for learning 

3 RESULTS 
The study shows different degrees of understanding of friction among the students. Some students 
explained friction only at the macro level, while others came to a deeper insight, an understanding at 
the micro level. One of the student pairs that initially showed a high degree of self-security, quickly 
answered the pre-knowledge questions, where they indicated that the friction force is a constricting 
force and that the factors affecting this force are the material and speed. During class these students 
observed the shape of the graph and noticed that the value of force decreased when the block began 
to move. They explained that by using inertia. These students also observed which parameters affect 
the friction force, but they gave no explanations on the unevenness of the graphs. They remained on a 
macro level of understanding. The other students got further in their reasoning. They also realized 
what parameters affect the friction force and explained the decrease in the graph when the block 
began to move. In addition, they took off from the unevenness of the graphs to try to understand the 
underlying mechanism of the friction. Ultimately the students agreed to write this down:  

If the material is rough, then it is going to get stuck sometimes in the surface on which it 
is drawn toward and more effort is needed to pull it. 

One of the students in this group said: 

If the surface is very like this... for the rougher it is ... it is ... yeah...they can line up like 
this (see Figure 5), they like…… like get stuck like this (displays with hands where the 
fingers get stuck in each other) each time they line up, is like cogwheels getting stuck in 
each other. 

 
Figure 5 Student that shows the material unevenness using her hands  

where the fingers represent these irregularities 

Here we see an example of understanding at the micro level, where the student expressed an 
explanation of how the friction force occurs. Several groups came to this level of understanding, but 
not all of them explained it in this nuanced way. 

We have also studied how pupils interact with GeoGebra as a tool. None of the students had 
previously used the software, some of them had seen it in the primary or secondary school in 
mathematics class when the teacher had used it during lectures. The study shows clearly that the 
students understood very quickly how the various tools in the application can be used. The exercise 
went on uninterrupted as the software never malfunctioned nor did the class stop due to lack of 
understanding b the pupils. We were also able to notice a high level of interaction between students 
and the GeoGebra application, where the students would sometimes point at the screen and 
sometimes magnify the graph. An example of this kind of interaction is shown in Figure 6. 
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Figure 6. The interaction between the student and GeoGebra as a tool 

Pause and Reset buttons where frequently used to run some parts of the experiment over and over 
again. The other phenomenon we observed in these films are the pupils’ verbal reactions when they 
discover something new or unexpected. These verbal reactions took the form of different interjections 
as "oh", "hmmm…", "aha…", etc. After such a reaction some of the students went back and did the 
attempt again to ensure that what they had seen was no coincidence. After such an experience, the 
student’s enthusiasm increased and he or she proceeded eagerly to the next step in the activity, which 
gives support to Milner-Bolotin [11] finding that GeoGebra can stimulate students’ aha experiences. 

One of the intentions of the activity was to provide clear instructions on which parameters pupils 
should choose and when they should change these parameters. According to the theory of variation 
[13], we strived for the students to vary only one parameter at a time during this initial phase of the 
experiment. All students first varied the parameters according to the instructions and drew correct 
conclusions about the importance of the parameters for the frictional force, i.e. that the mass and the 
material matters, but not the base area. At the end of the class, however, some students took the 
initiative to vary several parameters at the same time, although not systematically, and did not make 
any further conclusions from this. 

4 CONCLUSIONS 
Our first experience of introducing GeoGebra into physics education is an inspiration to continue 
studying it. 

There are many freely available GeoGebra applications, but few of them can be used directly in 
physics education. Many of them do not go far beyond the use of mathematics teaching, and as such 
applications are created for physics education, many of them can only be used as demonstrations. 
The used application around friction embedded in a student activity can be seen as a positive 
exception. 

In the next step, we want to develop custom tailored GeoGebra applications, in collaboration with 
active physics teachers, as the basis for practical research. We also want to involve upper secondary 
students at the technology program as developers of GeoGebra applications within the framework of 
their final school project, which gives them the opportunity to apply their skills in system development 
and programming. 

This text is based on a contribution to the conference Forum för forskningsbaserad NT-undervisning in 
Norrköping, Sweden, 13-14 March, 2018, translated from Swedish to English. 
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