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ABSTRACT

Free fall motion without initial velocity is a mechanical concept that can be
analyzed using analytical, experimental, and computational methods. Free fall
motion is difficult to analyze analytically if air friction is not neglected. The aim
of this research is to explain computational free fall motion analysis procedures
with air friction. Air friction disturbance in free fall motion is represented by the
coefficient C which states the drag coefficient is time dependent. In this
scientific study, the application used for computational analysis is IDE Spyder
with various library support. With the help of this application, a significant
difference in the output vmax and tmax is obtained between the two cases of free
fall based on the interpretation of the graph that appears.

INTISARI

Gerak jatuh bebas tanpa kecepatan awal merupakan konsep mekanika yang
dapat dianalisis menggunakan metode analitik, eksperimen, maupun komputasi.
Gerak jatuh bebas sulit untuk dianalisis secara analitik apabila gesekan udara
tidak diabaikan. Tujuan dari penelitian ini adalah menjelaskan prosedur analisis
gerak jatuh bebas dengan gesekan udara secara komputasi. Gangguan gesekan
udara pada gerak jatuh bebas diwakili oleh koefisien C yang menyatakan
koefisien drag bergantung pada waktu. Dalam kajian ilmiah ini, aplikasi yang
digunakan untuk analisis secara komputasi adalah IDE Spyder dengan berbagai
dukungan library. Dengan bantuan aplikasi ini, didapatkan perbedaan output
Vmax dan tmax yang berbeda secara signifikan antara kedua kasus gerak jatuh bebas
berdasarkan interpretasi grafik yang muncul.
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A. Introduction

Free fall is the movement of a particle caused by disturbances in the Earth's
gravitational force which is considered constant. This condition causes particles
moving in a straight line to experience a uniform change in the vertical y coordinate.
This motion occurs assuming the distance traveled is not too far, external forces are
ignored, and the initial speed is zero. The free fall motion variable is denoted by h as
the distance traveled, g is the gravity acceleration, v indicates the speed of the object
after traveling a distance of h, and t is the travel time, so the following equation

applies:
v=2gh (1)
h=2gt? 0)
The geometric shape of the earth occupied by humans is not perfectly round,
and there is a large difference in the earth's radius at the equator and the radius at the
poles of + 21.10° meters [1]. This difference makes variations in the height of places
on the face of the earth affect the value of gravitational acceleration inversely[2].
Several theories state that the value of the constant g is influenced by the height of the
object [3], where this is caused by the influence of the centrifugal force at the equator
which is greater, thus influencing the value of the speed of the free-falling object.

The increasing development of science has an impact on the development of
technology which produces various kinds of devices that help in carrying out analysis
[4], including numerical and computational analysis for physical phenomena [5].
Several devices have been developed, such as using free fall motion video-based
trackers and obtaining an average value of gravitational acceleration of (9.63 £ 0.33)
m/s? [6], [7]. To make it easier to understand the subject of free fall motion, a set of
experimental tools was created with two different cases with the help of Audacity as
a time sensor. The processing results obtained provide a value of 9.78 m/s? with an
accuracy of observation and numerical results of 92% [8], [9].

In accordance with increasing precision and measuring tools, demands for the
correctness of physical concepts and analysis are increasingly receiving attention and
are urgent to be achieved. Including the analysis of free fall motion which previously
ignored some forces and is now considered [10]. Analysis of free-fall motion by
considering external forces that might influence the state of motion is rarely carried
out because the concept of free-fall motion that is taught uses the assumption that free-
fall motion occurs in a vacuum [11], [12]. This review eliminates the influence of
external forces in the form of air friction which occurs due to friction between falling
objects and small air particles [13], [14].

Reviewing vertical free fall motion with air friction disturbances is a complex
series of analyses because it involves variables of size and mass of objects. In addition,
the parameters used empirically do not necessarily show real results because they
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depend on the surrounding conditions [15], [16]. Air friction is modeled using a linear
velocity variable and calculated assuming the object moves without initial speed, is
influenced by the force of gravity, and the magnitude of the friction is proportional to
the square of the velocity (v?) in the opposite direction [17], [18].

Oxygen (Oy) is categorized as a fluid so that it influences the form of friction
or air resistance, so the empirical properties of the fluid need to be considered. The
magnitude of the air friction force is different from the standard friction model for
solid objects because it depends on the relative speed experienced by the object due
to its movement in the liquid [19], [20]. The speed aspect has high complexity and
only certain cases can be explained analytically [16], [21]. Very low velocities occur
in small-sized particles where the air resistance is proportional to the speed expressed
in the following equation:

f=-bv @)

where the negative sign of the above equation implies that the friction force always
has the opposite direction to the object's speed. For cases with larger objects and
higher speeds, the force exerted on the air is proportional to the square of the relative
speed of the object and the air [16], [22].

f = —3;PACV? (4)

where p is the density of the object, A is the cross-sectional area of the object, and C
is the numerical drag coefficient. Meanwhile, for spherical objects, the empirical
coefficient C value is 0.47 [23].

Analysis with equations 3 and 4 can of course be carried out simply if the
value of the dependent variable is known. Assume that friction occurs for a falling
object with no initial speed, with the value of the friction force being proportional to
the square of the acceleration (v?) which has the opposite direction. So, the total
vertical force acting is:

F =mg — kv? (5)
dv dh
F—m.a—m.a danv—z

where h is the vertical distance of the object from the falling position to the earth's
surface, so we get:

wy ko

ST vt =g (6)

However, sometimes this mathematical expression is only described numerically,
giving the impression that there is no other method for analyzing free fall motion [24],
[25].
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Analysis in physics is generally divided into two, namely numerical and
computational analysis. Physics analysis using computational methods using
computer assistance with programming language input, such as Java, Matlab [26],
Phyton, and etc [27], [28]. The use of this analysis is seen to facilitate mathematical
calculations for cases with complicated variables where the user is only required to
define the desired quantities and operations [29], [30]. This research aims to explain
how to analyze the free fall motion of objects with air friction constraints using the
IDE Spyder.

B. Method

The research method used is computational free fall motion analysis carried out
using IDE Spyder software with a Python-based programming language. Use this
software as a tool in carrying out computational-based analysis with Numpy,
Matplotlib, and Matplotlib.pyplot libraries.

C. Result and Discussion

Computational physics case analysis this time uses IDE Spyder software in free
fall cases by installing the application first on the computer. This application can be
downloaded for free on several internet sites. Spyder is a Python language-based
interactive development environment (IDE) that has a variety of advanced editing
features, interactive testing, debugging analysis, evaluation, and numerical
application space. Spyder can also be used as a library feature that provides widgets
related to console settings support from IPyton, NumPy, SciPy, or matplotlib [27],
[28]. This support allows users to integrate the debugging console into program
designs directly. Spyder's capabilities can be expanded by integrating with a variety
of plug-ins and instruments, such as Pyflakes, Pylint, and Rope.

The first step that needs to be taken is to download and install the IDE Spyder
software. This is because this application is not the default software for Windows OS
or Mac OS. Once installed, the user will enter the Spyder display as shown in the
following figure:
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Figure 1. Interface of Spyder application

The initial appearance of Spyder is divided into 3 bars. The left bar is a
worksheet for users where in this section the user can compile programming, analysis,
or coding. The top right bar is a part of the library that displays the processes carried
out, definitions of variables, or other important information. The bottom right bar is
the view of an application of the program created [26].

The next step is to prepare the work environment on the worksheet by
inserting a library as a program library so that the programming that has been created
can be function as intended [30], [31], [32]. The library input is as follows:

@author: User

mwir

n Li

t numpy as np

t matplotlib as mpl
ort matplotlib.pyplot as plt
pylab import*

Figure 2. Work Environment Preparation

Input the library using the “import" command. Then continue with the
command "as" to provide initials to make it easier to use later. Numpy contains a
package of commands related to numbers to operate scientific computing, matplotlib
contains visualizations related to mathematical operations and matplotlib.pyplot
contains commands to provide additional information on visualizations from previous
library [32]. This work environment preparation needs to be done before the coding
is input so that it is a reference for the coding language in carrying out operations at
the next stage.
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The next step is to create parameters for the case to be resolved. This process
is like the steps in mathematical representation, namely finding the value of the
variable quantity contained in the problem [32], [33]. The specified parameters then
become a reference in the operations carried out by NumPy. As for this physics case,
the parameters are determined as follows:

vB=0

t0=0
dt=6.1
Cd=0.47

Figure 3. Phenomenon Parameter Determination

Referring to Equations 1 and 2, it is explained that the free fall motion of an
object is influenced by several variables, namely g (gravitational acceleration), h/yo
(height), vo (initial speed), and t (time). Meanwhile, for cases with air friction,
according to Equation 4, there is an entity C (drag coefficient) which is a factor
inhibiting movement [34]. Figure 3 shows the influencing variables along with the
desired values. This value can be varied according to needs

Then, define the previously created parameters into the programming
language by formulating numpy library (represented by np) with a data structure
(array) for each parameter. This is necessary so that the previous parameters can be
formulated using scientific computing.

#Membuat Variabel
v=np.array([ve])
y=np.array([y@])
t=np.array([t0])

#Inisiasi Gerak M
ketinggian=y@
waktu=t@
kecepatan=ve@

Figure 4. Creating Variables on the Worksheet

It should be noted that the variables operated must match the parameters in Figure 4
because they are interconnected. Apart from that, variables are also created
specifically for the parameters that change, in this case speed (vo), height (yo), and
time (to). Then in the "Inisiasi Gerak Mula mula™ section, there is a variable input bar
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for the initial state of motion with a value that can be changed according to the desired
initial condition. Free fall motion is motion without initial velocity vertically so that
the initial input is the same as the parameters that have been created as in Figure 3.

The next process is to carry out mathematical operations using computational
analysis. This stage is carried out to find the numerical integral of the free-fall motion.

ketinggian A:
kecepatan = kecepatan - ((g-Cd*kecepatan**2)*dt)
v = np.append(v, kecepatan)

ketinggian = ketinggian + kecepatan*dt
v = np.append(y, ketinggian)

waktu = waktu + dt

t = np.append(t, waktu)

Figure 5. Finding the Numerical Integral of Free-Falling Motion

Figure 5 shows the numerical analysis by finding the integral of the free fall motion
case. The operation uses Numpy formulation with append function so that variable
values can be added to the final array. The operation of the variable v is influenced by
the value of the time-dependent friction force, the operation of the variable y depends
on the time-dependent fall speed at the current height, and the operation of the variable
t changes by dt.

‘lencarl pe

print(v[-1]]

print(t[1])

Figure 6. Calculations to Find the Maximum Value

The next stage is to find the maximum v and t values. The values of these two
variables indicate the speed immediately before hitting the ground (yo = 0) and the
duration of the object until it hits the ground [3]. Values in the form of numbers are
displayed using the print function, a function to display the investigated output from
the coding that has been created. This function is applied to the variables v and t.

ftig, ax = plt.subplots(2,:
a7 tig.subplots_adjust(hspace=0.6)
Figure 7. Programming coding to display calculation results

To display the results graph, a previously imported library is used, namely plt
(matplotlib.pyplot). Before you can display the results as required, it is necessary to
first create a graphic framework that will be used to display the output of the previous
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operation. Two graphic frames have been created with a vertical downward
arrangement with 2 (vertical) x 1 (horizontal) configuration with coding fig, ax =
plt.subplots(2,1,sharex = True). Then create a separation distance with the
coding fig.subplots_adjust(hspace=0.6). The hspace value states the desired
distance between two graph frames, the smaller the value entered, the closer the graph
frames will be.

ax[0].plot(t,y)
ax[0].set_xlabel( "I
ax[@]. '
ax[8].set_

ax[@].set ylim(0.0,11.0)

ax[1].plot(t,v)
ax[1].set_xlabel( "IV
ax[1].set _ylabel(
ax[1].set_title("Kecepc
show()

plt.savetig(r'D: \User")

Figure 8. Determination of the Coordinate Axis on the Output Graph

After the graphic framework is created, the next step is to create an identity
for each framework. The first graph is symbolized by ax[0] with an explanation
regarding the coding entered as follows:

ax[0].plot(t,y) > Create an axis plot
ax[0].set_xlabel(“Waktu, t(s)™) » X axis identity
ax[0].set_ylabel(“Ketinggian, y(m)”) > Y axis identity
ax[0].set_title(“Ketinggian™) » Graphic Title
ax[0].set_ylim(0.0,11.0) » Create a length limit for the
y—axis

The second graph is symbolized by ax[1] with the following coding input

ax[1].plot(t,v) > Create an axis plot
ax[1].set_xlabel(“Waktu, t(s)”) » x axis identity
ax[1].set_ylabel(“Kecepatan, v(m/s)”) » y axis identity
ax[1].set_title(“Kecepatan Jatuh Bebas”) -» Graphic Title
ax[1].set_ylim(0.0,11.0) » Create a length limit for the
y-axis

Then, issue a graphical output command with the following coding

show() % Output functions
plt.savefig(r’D:\User’) - Output storage directory

The thing to note is that the User name must match @author in Figure 2. The next
step is to run the coding program by selecting the Run option () or pressing F5 (for
Windows devices) until the numerical analysis output appears on application display
bar as in Figure 9
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Figure 9. Numerical Output and Graph of Free Fall Motion with Air Friction

The use of the negative sign (-) in the free fall speed value is used to indicate
that the direction of the object's fall is towards the center of gravity. Apart from that,
a graph of the falling motion on the negative y-axis was also made to show that the
object's motion was downward [35]. This action was carried out as a form of
conformity to the interpretation of physics in this computational analysis which refers
to the Cartesian coordinate system (X, y, z). This was created to minimize
misunderstandings among the public, especially for those who are studying physics.

The results of computational analysis for numerical integrals in free fall
motion with air friction produce Vmax = -4.56858. . . m/s and tmax= 2.3 s and the speed
graph shows a gradient with extreme slope values. This output shows that there is an
influence of air friction on the speed of the free fall motion so that it does not include
an uniformly accelerated rectilinear motion (GLBB). The image on the right side
shows a computational analysis for free fall motion without the influence of air
friction, resulting in Vmax = -13.734 m/s and tmax = 1.4 s which is to the results of the
analytical method. The gradient on the speed graph is also constant and this shows
that the motion is an uniformly accelerated rectilinear motion (GLBB)[36], [37].

The graph and results in Figure 9 show that there are quite significant
differences in the two free fall motion calculation results. The first simulation uses air
resistance as a function of disturbance causing the falling speed of the object to be far
apart, namely 4.5 m/s compared to 13.7 m/s from a height of 10 meters. The
interpretation that can be taken is that air resistance behaves as "something that
collides and resists the departure” of something that passes through it [38], [39]. This
behavior is caused by the dense concentration of molecules that make up air (N, O, C,
and so on) in the path the falling object takes. The absence of a number of these
molecules smoothes the path of falling objects so that the transformation of the
object's potential energy into kinetic energy can be maximized [40].
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Figure 9 is the result obtained with an input value of h (height) of 10 m for
objects with air friction constraints and without any constraints. Below we will also
present several computational analysis results for different variations of h values:

Table 1. Comparison of the Results of Computational Analysis of Variables v and t
Non-air friction

Air friction constraints

Height (m) constraints
v t v t
5 4,55 1,41 9,91 1,01
10 4,57 2,30 13,73 1,40
15 4,57 3,59 17,17 1,75
20 4,57 4,69 19,82 2,02
25 4,57 5,79 22,17 2,26
30 4,58 6,89 24,23 2,47

The differences in results for these two variables are illustrated in Figure 10.

Free Fall Speed Comparison Fall Travel Time Comparison

0 5 10 15 20 25 30 . 0 5 10 15 20 25 30 35

—@— Air friction constraints v Non-air friction constraints v —&— Air friction constraints t Non-air friction constraints t

Figure 10. Comparison Graph of v and t Values

There is a significant difference in the speed graph, where the variable v on
the blue line (with air friction) tends to be stagnant and flat, while on the orange line
(without air friction) it produces a sloping line with a constant average gradient.
Differences also occur in the duration of the fall to a height (h) = 0 m. The blue line
shows the results in the form of a line with a large gradient when compared to the
orange line which has a small slope. The large gradient value on the fall time graph
shows that air friction ultimately also has an effect on the longer fall time based on
the increased initial height value [2].

Computational calculation and analysis methods have been presented as an
effort to minimize measurement errors in various cases, including cases of free fall
motion. The use of this method has the effect of increasing the accuracy of the
calculation results obtained [41]. Apart from that, this method also does not require a
lot of resources to carry out experiments (in some cases it requires high costs to
purchase an application license) because it is preloaded by the device used. The
positive side of using computational methods is that they can be used to analyze cases
that are difficult to realize in the real world, such as atomic collisions [42], and
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molecule interactions, or to model physics cases that are full of mathematical
equations (such as quantum mechanics and black body radiation)[43].

D. Conclusion

The phenomenon of free fall can be analyzed using various methods, one of
which is computing with the help of Spyder. Analysis with this application is used
because the analytical calculations for this case are quite complex and require a lot of
time so this application can be used as a solution. The analysis begins with creating a
work environment and then creating mathematical operations for the case. The results
obtained show that there is an influence of air friction on the speed of free fall motion
which causes a significant difference in tmax compared to tmax for free fall motion
without air friction.

In this analysis, objects in free fall motion are assumed to be particles so their
geometric shape is not taken into account. Further research can take analysis with
different geometric shapes.
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