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Abstract. In one of the standard laboratory exercises a system of two bodies is
studied – a flywheel and a weight connected to its axis by means of a cord. Our aim
is to verify that the moment of the frictional forces in the flywheel bearing is constant.
In order to achieve this goal, we study the movement of the weight and investigate it
through video recording. Through a statistical test, the coefficient of determination R2,
we prove that the acceleration of the weight is constant and, hence, the flywheel also
rotates with constant acceleration which, on its side, means that the moment of friction
is constant.
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1. INTRODUCTION

General physics is one of the main courses for engineering students [1, 2]. The
discipline itself, by definition, gives young researchers a broad view of the appli-
cation of various natural phenomena and laws in technology and industry. On the
one hand, this goes hand in hand with mathematics and precise theoretical descrip-
tions, but on the other hand, emphasis should be placed on the students’ practical
skills in verifying the various laws. These skills are learned and developed through
the laboratory practicum of the physics course. The rapid development of science
and technology, however, necessitates the periodic updating of this practicum. Some
exercises should be dropped, others should be renewed, and new ones should be
introduced. Here, the new capabilities of technology must be used for the measure-
ment of various quantities and for the analysis of the results. Often, the automation
required for this involves rather expensive resources, such as computer interface, and
is unaffordable for one department, especially when it has to be implemented for
several new exercises.
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Then comes the idea of using much more accessible means available to each of
us. These are our cell phones [3–6]. Every student has a phone with a camera, they
can take pictures, shoot videos and upload them to a computer. There are programs
available to view these time-stepped videos. This allows for much larger data sets
to be available and analyzed using affordable statistical programs. This gives us the
opportunity to study various dependencies in more detail to calculate their magni-
tudes, and to evaluate their statistical significance. This means that we can take an
idea from an old lab exercise, develop it in a new way, and renew that exercise using
affordable but reliable technical means. In the Department of Applied Physics of the
Technical University of Sofia, we have already made such updates more than once
[7, 8].

Another exercise from our general physics laboratory is considered in the pre-
sent work. Here, we focus on friction forces in bearings. In the classic exercise, a
system of two bodies is considered: a flywheel and a weight connected to it by a
cord. The flywheel is fixed at a certain height so that it can rotate freely with the
help of a bearing. The weight descends and sets the flywheel in motion through the
cord. The time for the weight to reach the floor and the time for the flywheel to stop
after that is measured. From there, using the measured times and also the values of
other quantities [9, 10] the moment of inertia of the flywheel and the moment of the
frictional force in the bearing can be calculated.

In this experiment it is assumed that the frictional force in the bearing is con-
stant with time, and hence the downward motion of the weight is uniformly acceler-
ated. This is not checked in the classical exercise and there is no way to do it with
the available equipment. Our idea is to use a cellphone to record the descent of the
weight and, through statistical analysis of the data, to check whether the acceleration
is constant and hence whether the frictional force in the flywheel bearing is constant
over time. This becomes a new and easy to measure and implement exercise, using
the old experimental setup, but with a new way of acquisition and analysis of data
and a new general idea. It also helps that the flywheel is sufficiently inertial and the
descent of the weight is very slow. No need to use a high-speed camera. An ordinary
phone does the job. Here the flywheel is used only as an aid. In motion analysis, we
consider only the weight and use the relationship of the constant frictional torque in
the bearing with the constant downward acceleration of the weight.

In addition to this Introduction, the present work contains: a rationale for the
study – evidence of the relationship of the constant moment of frictional force in
the bearing to the constant acceleration of the weight, Section 2; description of the
experiment, Section 3; weight motion model, Section 4; statistical processing of
experimental data, Section 5; and Conclusion.
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2. THEORETICAL JUSTIFICATION OF THE STUDY

Fig. 1 – Scheme of the experimental setup.

In this Section we present a short theoretical consideration of the physical pro-
cesses in regard∗. In Fig. 1 are displayed the flywheel and the weight, attached to it
by a cord. This cord we regard as very thin and massless. So, there are two equations
of motion, one for the flywheel and one for the weight, which describe the motion of
the system. Let us assume that the positive direction of the flywheel’s axis is directed
to the reader, and the positive direction of the vertical axis regarded to the motion
of the weight is directed downwards. In this manner, the two positive directions are
consistent in respect to the right-hand rule. The two equations of motion read as
follows:

~τ +~r× ~T = I~α , (1)
∗For theoretical analysis of similar physical systems we refer the reader to [11, 12].
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and
−~T + ~G=m~a , (2)

where the equation (1) describes the rotation of the flywheel, and the equation (2)
corresponds to the motion of the weight. In the first equation ~τ denotes the friction
torque in the bearing, ~T is the tension of the cord, ~r is the radius-vector from the
flywheel axis to the cord, I is the moment of inertia of the flywheel, and ~α is the
angular acceleration. In the second equation ~G =m~g is the gravity force acting on
the weight, m is the mass of the weight, and ~a is its linear acceleration.

Our goal is to study the friction torque ~τ in regard to the motion of the whole
mechanical system. As ~τ is directed to the negative direction of the flywheel’s axis
during all the time of motion, then we need to obtain an equation, which presents τ
as a function of the linear acceleration a (which is measured), and the other param-
eters of this system: the moment of inertia I , the mass m, the radius r, and gravity
acceleration g, which are constants, accordingly. To achieve this goal we project the
above equations on the flywheel’s axis and vertical axis, respectively, keep in mind
the chosen positive directions. Then we get the projected equations as follows:

−τ + rT = Iα , (3)

and
−T +mg =ma . (4)

After that one can express the tension from equation (4) and it reads: T =m(g−a).
The latter formula we replace in equation (3) and also we make use of the relation
α= a/r. Finally, we obtain the wanted equation for the friction torque:

τ = rm(g−a)− I a
r
. (5)

The main conclusion that we could make is that if the linear acceleration a is a con-
stant during the motion, then the friction torque τ in the bearing is a constant, too.

3. EXPERIMENT

As it was mentioned above that the experimental set-up consists of two parts:
an inertial flywheel and a weight that sets the flywheel in motion by means of a
cord, Fig. 1. The laboratory instruction manual [9, 10] describes the motion of the
system and derives the main dependencies using an energetic approach. The idea
is to realize two motions. First, uniformly accelerated motion without initial speed
of the weight, which descends from a certain height downwards and at the end of
the first motion falls on the floor. During this stage of the motion, through the cord,
the weight sets the flywheel in a uniformly accelerated rotational motion. Second,
uniformly accelerated rotation of the flywheel until it stops under the action of the
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friction torque in the bearing. From the two motions, expressions can be derived for
the moment of inertia of the flywheel and for the moment of frictional forces in the
bearing.

As already stated above, in the derivations it is assumed that the moment of
the frictional force is constant with time, which means that the acceleration of the
system is also constant. Accordingly, the downward motion of the weight is with
constant acceleration. This is a good assumption and makes the task model easier,
but we decided to test it. We concentrate only on the first motion – the uniformly
accelerated descent of the weight.

Due to its connection by the cord to the flywheel and due to its great inertia,
the acceleration of the weight is very small, and since the motion starts from rest,
the values of its speed are also small. This led us to the idea that the descent of the
weight could be recorded with the camera of a simple mobile phone as a video and
the necessary data could be downloaded from it.

Filming is done as follows. A linear metric scale is placed just behind the cord
with the weight, Fig. 2, so that when the video is taken, it shows the position of the
descending weight at any given moment. The data is taken from the video, namely
the position of the weight at different time values. This is done over a certain time
step. This method of operation allows the capture of a larger set of data, and, hence,
statistical processing.

To analyze the resulting video file we use OpenShot Video Editor†. It is free
and open-source, available for download on Linux, OS X, and Windows. First, we
launch OpenShot Video Editor. From File/Import Files we load the video file in
Project files. With the right mouse button, we click on the selected file and select
Add to Timeline, Fig. 3. The video file is loaded in the Timeline and in the Video
Preview, where we can zoom in or out using the scroll wheel of the mouse. The video
is started and stopped with the Space bar, and with the left and right arrows steps of
0.01 seconds can be made.

4. MODEL

As a consequence of our main hypothesis, that the friction torque in the bearing
is constant, the motion of the weight is uniformly accelerated. It also starts with zero
velocity. Hence, the path h travelled in vertical direction by the weight is a quadratic
function of time

h=
1

2
at2. (6)

† https://www.openshot.org.
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Fig. 2 – Photo of the experimental setup.

If we take the square root of both sides we obtain the following linear model

y ≡
√
h=

√
1

2
at≡ bx, (7)

which has one parameter b=
√

(1/2)a.

5. REDUCTION OF DATA

Our aim is to apply the chosen model (Sec. 4) to fit the experimental data,
to obtain an estimate for the value of the parameter of the model b, and, hence, to
estimate the acceleration a, and, at the end, to access the quality of the model. If the
chosen model for the law of motion of the weight is adequate that would support the
hypothesis that the acceleration is constant and hence the torque of the friction forces
in the bearing of the flywheel is also constant.

The statistical analysis of the experimental data that we make here follows the
steps given in [7]. To model the experimental data obtained from the video we apply
the simple regression package implemented in Excel. For details on the production

(c) 2025 RRP 77(0) 901 - v.2.0*2025.2.17 —ATG



7 Study of the friction torque in the bearing of a flywheel Article no. 901

Fig. 3 – Interface of OpenShot Video Editor.

of the plots, we can refer the reader to the following video lecture [13]. In this same
lecture, and also in [14–16], detailed descriptions of the interpretation of the results
obtained by the Regression function of Excel can also be found‡.

On the role of the standardized residuals for the identification of outlier, on the
application of the F-test for the estimation of the overall significance of the fit, and
in general on simple regression analysis please refer to the following books [21–23]
and video lectures [13, 15].

The results from the regression conducted in Excel are given on Fig. 4. One of
the major criteria used to evaluate the quality of the approximation, i.e. the extent to
which the selected model can explain the obtained experimental data is the coefficient
of determination R2. Its value is R2 = 0.999, circled in blue in Fig. 4. It means that
the variance of 99.9% of the experimental points can be explained by the model
which, we can say, is a pretty good result. As an additional estimate of the overall
goodness of the fit we can consider the “Significance F”. Its value, circled in blue in
Fig. 4, is practically zero up to 88 decimal places. This assessment also does not give
us reason to question the applied model.

‡Excel can be very useful for data reduction [17–20]. Besides, its broad implementation makes it
easily accessible.
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Fig. 4 – Results of the “Regression” procedure.

Fig. 5 – The experimental points and the model line.

Figure 5 shows the experimental points and the model line. Visually we can
establish a good match, i.e. most of the experimental points lie close to the model
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Fig. 6 – The residuals plus a reference line.

line.
The residuals from the approximation are shown in Fig. 6. In this plot we have

included also as a reference a horizontal line through the zero. If the residuals show
some pattern or non-constant variance (heteroscedasticity), it would be an indication
that they are not independent. The latter would question the adequacy of the chosen
model. If we neglect the second point as an obvious outlier we could say that the
residuals are randomly distributed around the zero value. For more details on residual
analysis we refer the reader to [14].

The second and the last point are apparent outliers. Indeed, their standardized
residuals are −2.98 and 2.48, respectively, and, as usually accepted, values greater
than 2-3 imply that the corresponding points are outliers.

6. CONCLUSION

In the present paper, we propose a modification of one of the standard labora-
tory exercises for the university course in general physics. In the laboratory exercise,
a system of two bodies is considered – a flywheel and a weight connected to it by
means of a cord. The standard laboratory exercise is aimed at investigating the ro-
tational motion of the flywheel and related quantities such as moment of inertia and
work done by the moment of frictional forces. The study we present is a verification
of one of the main assumptions made in the theoretical description of the system’s
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motion in this laboratory exercise, namely that the moment of the frictional forces in
the flywheel bearing is constant.

We achieve this in the following way. We focus on the movement of the weight
and investigate it through video recording. We model the position of the weight
as a function of time using a quadratic law. Then we perform a statistical test that
confirms that the experimental data are well modelled using a quadratic time law of
motion. The conclusion that can be made is that the acceleration of the weight is
constant, and it follows that the flywheel also rotates with a constant acceleration.
In other words, we were able to prove experimentally that the moment of friction is
constant.

Our proposed research can be considered, on the one hand, as a supplement to
the standard laboratory exercise, and on the other hand, as an independent laboratory
exercise that is focused on the kinematics of constant acceleration motion. In the
second case, the flywheel acts as a retarder, which allows us to study the movement
of the weight without using a high-speed camera.
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4. Marilena Colţ, Corina Radu, Ovidiu Toma, Cristina Miron, Vlad-Andrei Antohe, Integrating

smartphone and hands-on activities to real experiments in physics, Rom. Rep. Phys. 72, 905
(2020).

5. M. Hart, M. G. Kuzyk, Collecting data with a mobile phone: Studies of mechanical laws such as
energy and momentum conservation, Am. J. Phys. 88, 948 (2020).

6. Corina Radu, Ovidiu Toma, Stefan Antohe, Vlad-Andrei Antohe, Cristina Miron, Physics classes
enhanced by smartphone experiments, Rom. Rep. Phys. 74, 908 (2022).

7. Ivan Z. Stefanov, Sava Donkov, Nikolay Denev, Isochoric cooling of air in the university physics
laboratory, Rom. Rep. Phys. 76, 902 (2024).

8. Ivan Z. Stefanov, Nikolay Denev, Sava Donkov, Video analysis of the damped oscillations of Pohl’s
pendulum, Rom. Rep. Phys. 74, 909 (2022).

9. R. Tasheva, I. Minkov, T. Petrov, Hr. Hristov, Physics – manual for laboratory exercises, Simolini-
94, Sofia (2016) (in Bulgarian).

10. David H. Loyd, Physics Laboratory Manual, Third Edition, Thomson Brooks/Cole (2008).
11. R. Hurtado-Velasco, Y. Villota-Narvaez, D. Florez and H. Carrillo, Video analysis-based estimation

of bearing friction factors, Eur. J. Phys. 39, 065807 (2018).
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