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Abstract. In accordance with the concept of project-based learning, the project activities of
computer modeling and simulation are organized in the physics course for the students of
Novosibirsk State Technical University NETI. The students’ teams develop interactive virtual
labs with 3D dynamic visualization of physical systems and processes. The program developing
of the interactive virtual lab work “Precession and nutation of a gyroscope” is demonstrated. A
feature of the program development is the use of concepts of the object-oriented approach when
creating the software product. The program'’s interactive abilities allow doing a large number of
virtual experiments to study gyroscope behavior. You can observe and investigate various
gyroscope motions as unidirectional precession, looping precession and cuspidal motion.
Dynamic visualization of the gyroscope motion, supplemented by graphs, allows you to analyze
the processes in detail. The students' software developments find their applications in the
physical laboratory practicum and in the lecture course of the university physics as additional
didactic tools.

1. Introduction

In recent years, project-based learning (PBL) has attracted increasing attention of educational
organizations — schools, lyceums and universities. PBL is an active student-centered form of instruction
which is characterized by students’ autonomy, constructive investigations, goal-setting, collaboration,
communication and reflection within real-world practices [1]. It is considered to be a particular type of
inquiry-based learning where the context of learning is provided through authentic questions and
problems within real-world practices that lead to meaningful learning experiences [1]. Technical
universities are particularly interested in this learning practice [2, 3].

PBL is actively used in the organization of educational processes at the faculties and departments
of the Novosibirsk State Technical University NETI (NSTU NETI). At the Department of General
Physics, PBL is organized with the students’ project activities of computer modeling and simulation
of physical systems and processes. In our PBL practice, we support the idea of Marc Prensky that
students can become developers of educational software products [4]. When choosing the direction
of PBL we also relied on the concept of the importance of virtual interactive laboratories in training
of physics [5]. Therefore, our students’ teams develop interactive virtual laboratories with 3D dynamic
visualization of physical systems and processes [6, 7]. The example of developing the interactive virtual
lab work “Precession and nutation of a gyroscope” is demonstrated. A distinctive feature of the student's
program development is the use of concepts of the object-oriented approach when creating the software
product.
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2. Students’ project activity of computer modeling and simulation

Project activity of computer modeling and simulation is organized on a voluntary basis. All teams are
formed from second-year students (3-4 people). Each student team implements every project
independently. The teacher only plays the role of organizer, consultant, assistant and referee.

In advance, the uniform requirements are formulated and put up on the NSTU NETI website for the
program projects and the presentation form of finished developments. One of the basic requirements is
the availability of an interactive, friendly graphical user interface (GUI) that enables users to adapt
quickly to it and provides a means of interactive interaction. Most preferred is the execution of the
interface in the style of well-known and familiar Windows interfaces.

In the process of working on the projects, the students' teams have the opportunity to exchange
information about the progress of work, useful links to information sources, programming technigques
and design findings. The exchange of information occurs both at regular consultations of the teacher,
and in groups on social networks.

The main stages of the organized project activity and the tasks solved by the developers [6]:

1. Familiarity with information about simulated systems and processes.

2. Formation of the conceptual physical and mathematical models of the analyzed systems and
processes.

3. Definition of methods for solving equations of mathematical models.

4. Formation of the concept of the algorithm for software implementation.

5. Definition of graphic and functional formats of the program interface.

6. Creating the virtual 3D model using a graphical editor.

6. Software product development.

7. Testing the finished software product - performing virtual computer experiments.

8. Preparation of the report and presentation.

For the software implementation of projects, our students use: high-level languages C++ or C#,
Visual Studio, Qt Creator or NET Framework, the OpenGL open graphics library, and the Blender
graphics editor.

3. Students’ project development of the virtual lab work

3.1. Mathematical model of gyroscope motion

According to Merriam-Webster dictionary [8], gyroscope is a wheel or disks mounted to spin rapidly
about an axis and also free to rotate about one or both of two axes perpendicular to each other and to
the axis of spin. So a rotation of one of the two mutually perpendicular axes results from application of
torque to the other when the wheel is spinning and so that the entire apparatus offers considerable
opposition depending on the angular momentum to any torque that would change the direction of the
axis of spin [8].

If the axis of a spinning gyroscope is inclined to the vertical, its axis generates in space a circular
cone, so that the angle between the axis and the vertical remains constant during rotation. This kind of
motion of a gyroscope that is subjected to an external torque is called forced or torque-induced
precession. In the general case, i.e., for arbitrary initial conditions, the motion of a gyroscope is a
superposition of forced regular precession and nutation. Nutation of a fast-spinning gyroscope reveals
itself as (small) vibration and shivering of the precessing axis [9].

Figure 1 schematically shows a gyroscope, the mechanical motion of which is associated with
rotation around its own axis, precession and nutation.
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Figure 1. Gyroscope.

The Euler angles ¥, ¢ and 6 are used to describe the gyroscope motion. The angle i describes
the gyroscope rotation around its own axis, the angle ¢ describes the gyroscope precession, and the
angle 6 describes the gyroscope nutation.

The Lagrange method was used to construct a mathematical model of gyroscope motion. The
method allows obtaining differential equations of motion for the Euler angles. We used the
approximation of the weightless axis and the absence of friction. The Lagrange function is the
difference between the kinetic and potential energies of the gyroscope [10]:

£ (0% + gsin0) + ) + eosty: — moteosd) 0

where:

I, — the moment of inertia of the gyroscope about the x;- and y, -axes, perpendicular to the z;-axis,
I, — the moment of inertia about the z;-axis,

m — the disk mass,

[ — the distance from the origin of coordinates to the disk.

The moment vector of the force is directed perpendicular to the directions of gravity and the axes
z and z;. Hence [11]:
oL ; ,
Ly =35= Iy( + ¢cosh) = const, (2)
L, = g—; = (Iysin?6 + Lycos%60) ¢ + Iycosd = const, (3)
where:
Ly, is the angular momentum of the disk along the z;-axis,
L, is the angular momentum along the z-axis.
From equations (2) and (3) we obtain:
Ly—Lycosb
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3.2. Software product implementation
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From the Euler-Lagrange equation, we obtain the third equation of motion [11]:

(Lop—LycosO)Ly
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Equations (4) - (6) are differential equations of the gyroscope
representation. In our program, the obtained differential equations are integrated using the well-
known numerical Runge-Kutta 4" order method. This method is stable and gives small errors [12].
The results of numerical solutions are used for dynamic step-by-step visualization of a 3D model of
the gyroscope.

+ mglsiné
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motion in the Euler angles

We chose an object-oriented approach for program implementation. That allows us to map abstract
objects described by classes to real physical objects [13]. The basis for this was the C++ language
with the Qt framework [14].

Figure 2 shows the class diagram of our program implementation.
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Figure 2. Program class diagram.

The following classes are presented in the diagram:
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The MainWindow class is responsible for rendering windows and scenes.
The Gyroscope class includes gyroscope characteristics and numerical integration functions.
The CameraController class is responsible for controlling the camera.
The Plot class implements charting.
The Trajectory class renders the trajectory of the gyroscope axis endpoint.

The gyroscope of 3B Scientific Company was chosen as a real prototype for a 3D computer
simulation object. The virtual 3D model of the prototype gyroscope was created in the Blender3D
editor [15], and it was exported as files with the obj extension and files with textures.

3.3. GUI and capabilities
Figure 3 shows the GUI of the virtual lab “Precession and nutation of a gyroscope”. The GUI
contains two areas: the main graphic window and the control panel.

| e p— T

File Graphs About

Start Pause Reset
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1
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|
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|
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Inclination angle in relation to the vertical axis: 67°

Time: 00:00:000

Start Pause Reset
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Figure 3. The GUI of the virtual lab “Precession and nutation of a gyroscope”.

The menu item «File» contains a button to exit the program.

The menu item «Graphsy includes graphs of the angle 8 as a function of ¢ and as a function of time,
as well as graphs of the kinetic, potential, and total energies of the gyroscope as functions of time.

The menu item «About» contains the user manual, theoretical information and information about the
authors of the software product.

The control panel is responsible for interacting with the 3D model and allows changing the
characteristics of the gyroscope. Under the «Starty», «Pause» and «Reset» buttons there are six sliders:
* The first slider is responsible for changing the distance from the vertical axis to the disk. The interval
of change is from 0.15 to 0.2 m. The step of change is 0.01 m.
* The second slider is responsible for changing the mass of the disk. The interval of change is from 0.1
to 2 kg. The step of change is 0.1 kg.
* The third slider is responsible for changing the radius of the disk. The interval of change is from 0.05
to 0.08 m. The step of change is 0.01 m.
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* The fourth slider is responsible for changing the rotation speed of the disk. The interval of change is
from 500 to 1000 rad/s. The step of change is 1 rad/s.
* The fifth slider is responsible for changing the initial precession speed. The interval of change is from
-3 to 3 rad/s. The step of change is 0.1 rad/s.
* The sixth slider is responsible for changing the inclination angle in relation to the vertical axis. The
interval of change is from 45 to 90 degrees. The step of change is 1 degree.
The “Start” and “Pause” buttons start and stop the process of dynamic visualization in real time. The
presence of a virtual timer makes it possible to determine the current time of the experiment.
An image of the trajectory of the gyroscope axis end accompanies real-time visualization of the
gyroscope motion.
Minimum system requirements for running the program:
OS: Windows 7.
CPU: Intel Core i5-2500 3.3 GHz Processor.
RAM: 150MB.
HARD DRIVE: Minimum 60MB of free space.
VIDEO CARD: 256 Mb NVIDIA GeForce 8300 GS.

The program's interactive abilities allow doing a large number of virtual experiments to study the
gyroscope behavior. You can observe and investigate various gyroscope motions as unidirectional
precession, looping precession and cuspidal motion [11]. Dynamic visualization of the gyroscope
movement, supplemented by graphs (menu “Graphs™), allows you to analyze the processes in detail.

4. Conclusion

The technical university students’ teams can develop interactive virtual labs with 3D dynamic
visualization of physical systems and processes. As an example, the students’ program developing of
the virtual lab “Precession and nutation of a gyroscope” is demonstrated. The program's interactive
abilities allow doing a large number of virtual experiments to study gyroscope behavior.

Our students really become designers and developers of educational software applications. The
experience of team development of an interactive software product lays the foundation for professional
competency components at an early stage of training the students. The students who took part in the
project activities demonstrated more successful training in a number of disciplines: physics,
mathematics, numerical methods, computer science.

The students' software developments find their applications in the physical laboratory practicum and
in the lecture course of the university physics as additional didactic tools.

References

[1] Kokotsaki D, Menzies V, Wiggins A 2016 Improving Schools 19 267
[2] Yadav A, Subedi D, and Lundeberg M A 2011 J. Eng. Educ. 100 253
[3] Zhang Z, Hansen C T, and Andersen M A E 2016 IEEE Transactions on Education 59(1) 32
[4] Prensky M 2008 British Journal of Educational Technology 39 1004
[5] DelJongT, Linn M C and Zacharia C Z 2013 Science 340 305
[6] Baranov AV 2016 Virtual students’ laboratories in the physics practicum of the technical
university 13th International scientific-technical conference on actual problems of electronic
instrument engineering (Proceedings APEIE vol 1) (Novosibirsk: NSTU) part 1 pp 326-328
[7] Baranov AV 2018 Students' project developments of wave optics virtual labs 14th International
scientific-technical conference on actual problems of electronic instrument engineering
(Proceedings APEIE vol 1) (Novosibirsk: NSTU) part 2 pp 240-242



EDCS 2019 IOP Publishing

Journal of Physics: Conference Series 1488 (2020) 012005  doi:10.1088/1742-6596/1488/1/012005

(8]
[9]
[10]
[11]

[12]
[13]

[14]
[15]

https://www.merriam-webster.com/dictionary
Butikov E 2006 European Journal of Physics 27 1071
Landau L D and Lifshitz E M 1976 Mechanics (New York: Pergamon Press)
Marion J B and Thornton S T 1995 Classical Dynamics of Particles and Systems (Saunders
College
Publishing)
Landau R H and Bordeianu C C 2015 Computational Physics: Problem Solving with Computers
(WILEY-VCH Verlag GmbH & Co. KGaA)
Booch G 2007 Object-Oriented Analysis and Design with Applications (Addisson-Wesley)
Blanchette J and Summerfield M 2008 C++ GUI Programming with QT 4 (Prentice Hall)
Flavell L 2017 Beginning Blender (Apress)



