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Abstract

In this study, a device for free fall experiment has developed and implemented. A mobile Android
Makale Bilgisi application is developed in order to control the device via Bluetooth connection and see results

of experiments in terms of measured time values, squares of measured time values and their
Bagvuru: 21/12/2020 graphs. Furthermore, a method is developed and implemented on embedded software in order to
Yaywn: 30/12/2021 make it possible for more than one person groups to experiment using machine without

interrupting each other’s work or taking each other’s pre-defined turn. Experimental results and
comparison with theoretical calculations provided.

Serbest Diisiis Deneyi Icin Bir Deney Cihazi ve Mobil Kontrol
Keywords Uygulamasimn Tasarimi ve Gergeklenmesi
Free fall >
Mobile control with Oz
Bluetooth

Experiment device
Physics

Bu calismada, serbest diisiis deneyi i¢in bir cihaz tasarlanmis ve gergeklenmistir. Cihazin
Bluetooth baglantis1 yoluyla kontrolii ve dl¢iilen diigiis zamanlari, bu degerlerin kareleri ve bu
sonuglarin grafikleri gibi sonuglarin goriintiilenmesi amaciyla bir Android mobil uygulamasi
gelistirilmistir. Ayrica, birden fazla grup ve/veya 6grencinin birbirinin sirasini almadan ya da
¢alismasini bélmeden tek cihazla galismasini miimkiin kilmak amaciyla bir kullanim senaryosu
ve bu kullanim senaryosunu destekleyen bir siralama algoritmasi gelistirilmis ve bu algoritma

Anahtar Kelimeler

Serbest diisii.

Bluetooth flesmobil kontrol cihaz ve uygulama yazilimlarina dahil edilmistir. Cihazla yapilan 6rnek deney sonuglar1 ve bu
Deney cihazi sonuglarin teorik sonuglarla kargilagtirmast sunulmustur.

Fizik

1. INTRODUCTION

Free fall is an important topic in physics. It obtains valuable information about gravity, gravitational
acceleration, potential to kinetic energy conversion, mass and air friction. It has valuable benefits for
students in theoretical applications. However, real life experiments also provide valuable contributions in
terms of seeing pre-calculated scenarios in real life and differences between theory and practice due to some
ignored factors such as gravitational acceleration changes caused by altitude and air friction coefficient
changes caused by air density differences. Inquiry and experiment based education increases academic
achievement on learning [1,2]. There are some works related to make virtual free fall experiments [3],
however it is not always possible to see all of real life disturbances on virtual experiments as parameters
and there are some works suggesting that real life experiments contribute students more than virtual
experiments [4]. Furthermore, there is also a research which shows students prefer experiments with real
physical components [5]. The aim of the developed experiment device is to make students able to
experience free-fall topics in real-life experiments in order to improve their understanding.
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An experiment device for free fall in order to measure fall time is developed and implemented in this study.
Device uses a steel ball as drop object and an electromagnet to take, hold or release this ball. All actions
are controlled by developed Android application, in which measurements and experiment results are
showed and examined. Furthermore, an ordering algorithm is implemented on this application and device
firmware in order to give working turns to students/groups and restrict them from interrupting each other’s
work or taking each other’s turns.

Experimentation is an important topic for education, therefore a lot of work conducted on this area. There
are some experiment setups for a variety of areas which are using computer interface with wired connection
or via internet such as control [6,12], electrical machines and signal processing [13][14][15], power
electronics and generators [16] and microcontrollers [17,18]. There are also some developed experiment
setups with the purpose of free-fall experimentation which are controlled by a computer with wired
connection [19,21] and a study which uses smartphone as drop object to measure drop time [22]. However,
this study do not propose an exact setup and other experimentation setup studies related to free-fall
experiment are controlled with computer connection and interface. Developed free-fall experiment setup
and Android control application has some novel features. One of these features is ability to control setup
with a smartphone or tablet via Bluetooth connection to make experiments and gather data without the
requirement of computer setup or wire connection. Internet infrastructure and connection is also not
required for the usage of the setup and this ability differs from online controlled experiment setups. Other
novel feature is developed algorithm within Android application which allows multiple groups to study on
only one device with their smartphones or tablets with their group ID and gather data of their experiments
without interrupting an another group’s turn.

Developed device and Android application may contribute to the understanding of theoretical concepts
about free fall by experimentation. Students can make different experiments and understand theoretical
concepts better and see differences between theory and practical scenarios. Developed Android application
with Bluetooth connection makes it easier to control the device and gather results due to wireless operation.
Furthermore, device can be used without computer or computer setup, therefore it can be used in almost
every type of environment easily without any setup other than an electricity plug. Another advantage of the
developed system is that student groups can use the device with the ID algorithm of the application using
their smartphones or tablets, therefore groups may conduct their experiments easily with only one device
without computer. In general, experiment device and Android application may contribute education in
terms of experimentation, easiness and multiple options of use with less equipment or preparation. These
properties and advantages about educational usage also applies at the use for research purposes.

Developed device can be used in several experiment scenarios. Objects with different masses and shapes
can be used in order to understand the effect of mass and shape in free-fall. Experiments can be conducted
in different heights to see effect of changes in gravitational acceleration. If there is possibility, device can
be operated at a vacuumed area to see effect of air friction in free fall.

Some experimentations are made using device and mobile application and these results showed.
Furthermore, these results are compared with pre-calculated values and some differences examined.

2. MATERIAL AND METHOD

Experiment device and mobile control application is implemented, therefore some experiments have been
made to test the device and obtain results to compare with theoretical calculations. These experiments were
conducted for different heights which start with a minimum of 100 millimeters, end at a maximum of 1300
millimeters and increment with 100 millimeters steps, fall time is measured and three measurements were
made for each height. During experiments, some parameters were not measurable due to the limitations of
the study, therefore some assumptions were made.

Due to the altitude of the exact place of experiments with respect to the sea level was unknown and there
was no ability to measure it, average height of district was used in the calculations of gravitational
acceleration of earth. Furthermore, since air density of the laboratory at which experiments were conducted
was unknown, a standart value for the air density was used.
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A steel ball with diameter of 20 millimeters and weight of 28 grams is used as falling object. All
experiments made using device and mobile control application such as a student or researcher would use
the device.

Measurements are made using “Auto Pick and Drop” feature of the mobile application which is detaily
explained at Android application section.

Material and method for the development, implementation and test of the device is explained more detaily
in experiment device and android applicataion sections. Experiment device section explains mechanical
design, components and electronics used in the device while android application section explains graphical
user interface of mobile control application and features of it.

3. GENERAL INFORMATION ABOUT FREE FALL

Free fall is the general name for falling motion of objects due to gravity. In free fall, object falls with
gravitational acceleration and no other forces apply on it except air friction. There may be some initial angle
or initial velocity of object during start of the motion. Developed experiment device interested in free fall
of a steel ball which has no initial angle or velocity at the beginning of fall. In general, free fall with air
friction and drag force caused by it is expressed with below formula derived from Newton’s second law
[23];

dv

w_ _1 2
m_-=mg — - pCpAv 3.1

Where m is mass of the steal ball, v is the fall speed, % is the first derivative of the fall speed, g is

gravitational acceleration, p is the density of the air, 4 is cross-sectional area of the object and Cp is the
dimensionless drag coefficient related to the shape of the falling body. In this study, m is 0.028 kg, Cp is
0.5, 4 is 0.000314 m? since the steel ball has a diameter of 20 mm, p is considered as 1.225 kg/m® which is
a standard value for a closed environment at a temperature of 15°C. Gravitational acceleration (g) changes
with the altitude. Value of g at sea level is 9.80665 m/s?, and at different altitudes g is calculated with below
formula [23];

I (altitude) — g( e )2 3.2

Teth

Where guiiwde) 18 the gravitational acceleration at a specific altitude, g is the gravitational acceleration at
sea level, 7. is the mean radius of the Earth and 4 is the altitude in meters. Experiments were made at incek
district in Ankara/Turkey, which has a mean altitude of 1229 meters. Using these parameters, gaisitude) 1S
calculated as 9.80287 m/s”. These parameters and equations are used to calculate theoretical fall time values
presented at the experimentation section.

4. EXPERIMENT DEVICE

Frame of the free fall experiment device is built with aluminum profiles in a rectangular form with 1630
mm height, 360 mm width and 360 mm depth. Aluminum plate profiles are used as bottom and roof
platforms and aluminum profiles and other parts are connected to these plates. A ball screw is used to
generate linear motion and two chrome shafts are used to support the motion. A plate is designed and
manufactured with 3D printer to hold the electromagnet, two linear bearings for chrome shafts and ball
screw nut. Screw pitch of the ball screw is 4 mm, which means one complete rotation of ball screw changes
linear position of the plate 4 mm in a direction. Motion is provided by a NEMA 23 type stepper motor.
Maximum drop length is implemented as 1300 mm in the firmware, which is very close to the physical
constraints of the mechanism. A bowl-like part is designed and manufactured with 3D printer in order to
hold the ball when it dropped by the electromagnet.
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Tl

Figure 1. Pictures of the Device, Electromagnet and Bowl

In above pictures, a. is dropping bowl and b. is dropping bowl with steel ball, c. is carrying head with
electromagnet and d. is a general picture of the device.

Electronics and power components of the device collected in a separate grounded electronics box for safety
reasons. System is powered by a 12 Volts power supply which is connected to 220 Volts power inlet. A4988
stepper motor driver is used to drive step motor. An Arduino UNO board with ATMEGA328P-PU
microcontroller is used as embedded controller and a HC-05 Bluetooth module is used for the
communication with Android mobile device. There is also a MOSFET in electronics box used for opening
and closing 12 Volts electromagnet. This MOSFET has an opening and closing time in terms of
nanoseconds, therefore it’s operation time is small enough to be ignored. There is a mechanical end switch
in the device which makes it possible to home the carrying plate. There are two metal parts in the bowl.
When the ball drops, it connects these two metal parts and they act like a pressed button. This makes the
device able to understand the dropping moment of the ball. Pictures of the used electronic components
shown below;

Figure 2. Pictures of used electronics components

In figure above, a. is the A4988 step motor driver, b. is the Arduino UNO microcontroller board, c. is the
HC-05 Bluetooth communication module, d. is the mechanical end switch, e. is the 12 Volts power supply
and f. is the MOSFET module.
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Arduino UNO board is programmed using C++ language and Arduino IDE programming environment.
A4988 step motor driver, mechanical end switch and MOSFET module is controlled by Arduino UNO.
Motor voltage and electromagnet voltage is supplied by voltage supply to A4988 and MOSFET module as
12 Volts. MOSFET module opens and closes the electromagnet depending on received signal from Arduino
UNO. Furthermore, one of the two plates which are connected when the ball drop is connected to ground
and other one is connected to Arduino UNO pin which is in pull-up state. Therefore, Arduino UNO and
developed embedded firmware can detect the drop of the ball.

Experiment device controlled only by Android application. When a motion input has received such as move
the plate 10 mm up, device performs desired action and sends a message to the application about performed
action. When a dropping input is received, device goes to homing position which is also the position to take
the ball from the bowl, goes up to desired height and drops the ball. When the ball is dropped to the bowl,
device measures drop time and sends it to the application. If multiple drop request is received by the
experiment setup, this process is repeated. Each measurement is sent to the application as a different result.
An operational diagram of the device is shown below;

YES

Are all measurements
completed?

Measurement request Making measurement
received from the app and sending result

ldle

A request other than Comp\eting request

measurement is received d di it
from the app and sending resu

Figure 3. Operational diagram of the device

Measurements and experiments of a user is considered as completed if this user click “Disconnect & End”
button. Until this button is clicked, turn belongs to that user and any unwanted or accidental disconnections
do not change turn order.

5. ANDROID APPLICATION

Android application is developed using MIT App Inventor platform. MIT App Inventor is a mobile
development platform which uses graphical coding interface. Application has manual and automatic control
options for different functions. Some screenshots shown below;

Mavement Distance (mm Per
Click)
)

200

@ Go To Position

Auto Pick and Drop

urements inms) Graph of Measurements in me) Graph of Squares of Measurements nms) Graph of Fall Velociy ersis Do Hoight (53 Y5, Grah of i versus Drop Helght s 5. )
5 ) 750

75

525000

200

Saget Number of Drops

et
orr Last Measurement (Milliseconds)

208 150

Connect  biscoment nd

Clear

All ~  Graph Type

Figure 4. Graphical Interface of the Mobile Control Application

In picture a., all control buttons can be seen. At this screen, Arrow buttons move the head up and down
with value entered in the movement distance part. Between arrow buttons, current position of the carrying
head is displayed. “Home” button homes the device to the position at which it picks the ball with
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electromagnet. Home position is considered as zero and when homing is made current position is displayed
as zero. “Magnet ON” and “Magnet OFF” buttons manually open and close the electromagnet. “Drop &
Measure” button closes the magnet and makes a measurement from current position of the carrying head.
This enables user to make faster measurements if all measurements will be made from same height. “Go to
position” moves the head to desired position. “Auto Pick and Drop” button homes the head, takes the ball,
drops it from desired height and measures the dropping time. These dropping sequences are repeated
number of times entered by the user in “Number of Drops” part. Also, type of resultant graphs can be
selected from “Graph Type” selection.

Last five measurements, mean of last five measurements, squares of last five measurements, mean of
squares of last five measurements and calculated velocities listed in screen b. These values also shown as
graphs which can be seen at screens c¢. and d. Furthermore, graph of velocity versus drop height can be seen
at screen e. and graph of fall time versus drop height can be seen at screen f. Since device does not have
capability to physically measure drop velocity, velocity values are calculated partly theoretically using
measured fall time values.

Connecting to the device requires a user id input. This input is entered by the user to the “User ID” part.
These id’s are arranged as 1, 2 and 3 for the moment but it can be arranged inside the firmware easily to
use an another type of id such as name or student number. When first user with id 1 connects to the device,
make experiments and pushes “Disconnect & End” button, device starts to wait for the connection of second
user with id 2. If an another user with an id different than id 2 tries to connect to the device, for example if
user with id 1 or 3 tries to connect, application shows an “It is not your turn for experiment!” error and
disconnects user. Therefore, users or groups can work on one device with correct order without taking each
other’s turns. An operational diagram of this connection process is shown below;

End connection and
show error message

Connection established,
user is able to control
the device

Is it turn for
connected user?

Id I Connection request with
e user D is received

Experiments completed
and disconnect message
is received

Current turn is changed
to next user in line

Figure 5. Operational diagram for the Android application connection via Bluetooth

6. RESULTS AND DISCUSSION

Experiments have been conducted with the device for a minimum 100 millimeters and a maximum of 1300
millimeters of drop height in a closed environment. Three measurements have been made for each height
in units of milliseconds and these measurements, mean of these measurements, theoretically calculated fall
time for related height and comparison of experimental and theoretical values are shared below.

Table 1. Experimental measurements, theoretical calculations and comparison for different heights

Height 15t Measurement  2"¢ Measurement 3" Measurement Mean Theoretical Error
Value

100 mm 148 ms 149 ms 148 ms 148.33 ms  142.84 ms 5.49 ms
200 mm 207 ms 207 ms 208 ms 20733 ms  202.02 ms 5.31 ms
300 mm 253 ms 254 ms 254 ms 253.67ms 247.44 ms 6.23 ms
400 mm 292 ms 292 ms 292 ms 292.00ms  285.74 ms 6.26 ms
500 mm 326 ms 326 ms 326 ms 326.00ms 319.48 ms 6.52 ms
600 mm 356 ms 357 ms 356 ms 356.33 ms  350.00 ms 6.33 ms
700 mm 384 ms 384 ms 384 ms 384.00ms 378.06 ms 5.94 ms
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800 mm 410 ms 411 ms 411 ms 410.67 ms  404.19 ms 6.48 ms
900 mm 435 ms 435 ms 434 ms 434,67 ms 428.73 ms 5.94 ms
1000 mm 459 ms 458 ms 458 ms 458.33 ms  451.95 ms 6.38 ms
1100 mm 480 ms 480 ms 481 ms 480.33 ms 474.03 ms 6.30 ms
1200 mm 500 ms 501 ms 501 ms 500.67 ms 495.14 ms 5.53 ms
1300 mm 523 ms 524 ms 523 ms 52333 ms 518.74 ms 4.59 ms

In above table, measurement values for different heights are shown. Since three measurements has been
made for each height value, these there measurements and mean value of them are shown with theoretical
calculation value and error value which is basically difference between mean value and theoretical result.
Experiment results show that, maximum error is 6.52 milliseconds at 500 millimeters height, minimum
error is 4.59 milliseconds at 1300 millimeters and mean of errors is 5.95 milliseconds. In terms of
percentage, maximum error is 3.84 % at 100 millimeters, minimum error is 0.88% at 1300 millimeters and
mean of error percentages is 1.87%.

Error is changing between 4.59 milliseconds and 5.49 milliseconds and variation of the error is similar at
each step. Such an error was expected due to the characteristics of electromagnet that used to hold and
release the steel ball. Firmware of the device accepts the moment of release as the moment at which voltage
of electromagnet is cut. However, due to the electrical characteristics of solenoids, magnetic field applied
to the ball by electromagnet is not immediately decreasing to zero. In solenoids, there is a parameter named
as time constant which means time for the magnetic field of solenoid to decrease 63%. Required time for
the magnetic field to decrease to zero is assumpted as five times of time constant theoretically. Time
constant is calculated with below formula [23];

L
T=- 6.1

R
Where T is time constant, L is the inductance of solenoid in units of Henries and R is the resistance value

of solenoid between two legs in units of Ohms. Inductance of a solenoid is calculated with below formula
[23];

L = Lol 6.2
l

Where p, is the vacuum permeability with a standard value of 0.00000125664 H/m, N is the number of
turns of the solenoid, 4 is the cross sectional area of the solenoid and / is the length of the solenoid. There
was not any information about these parameters on the datasheet supplied by the manufacturer of used
electromagnet, therefore needed parameters are found by opening the electromagnet and making
measurements. Used electromagnet has a number of turns of 550, a resistance of 11.2 Ohms, a length of 15
millimeters and a radius of 12 millimeters. Using these parameters and equation (4), inductance of used
electromagnet is found as 0.011465 Henries. Using this inductance value and equation (3), time constant
of the electromagnet is found as 1.02 milliseconds and required time for the magnetic field to decrease to
zero found as 5.1 milliseconds. Steel ball should be starting it’s falling motion before magnetic field value
completely decreases to zero. However, if this situation is ignored due to the mass of the ball is 28 grams,
applied magnetic force according to the manufacturer is 10 kilograms and difference between these two
values is very high, 5.1 milliseconds might be considered as the delay created by the electromagnet. If this
value is subtracted from masurements at Table 1, below table is obtained.

Table 2. Theoretically corrected measurements with the delay of electromagnet.

Height 15t Measurement 2" Measurement 3" Measurement Mean Theoretical Error
Value

100 mm 142.90 ms 143.90 ms 142.90 ms 14323 ms  142.84 ms 0.39 ms
200 mm 201.90 ms 202.90 ms 201.90 ms 202.23 ms  202.02 ms 0.21 ms
300 mm 247.90 ms 248.90 ms 248.90 ms 248.57ms  247.44 ms 1.13 ms
400 mm 286.90 ms 286.90 ms 286.90 ms 28690 ms  285.74 ms 1.16 ms
500 mm 320.90 ms 320.90 ms 320.90 ms 32090 ms  319.48 ms 1.42 ms
600 mm 350.90 ms 351.90 ms 350.90 ms 351.23 ms  350.00 ms 1.23 ms
700 mm 378.90 ms 378.90 ms 378.90 ms 37890 ms 378.06 ms 0.84 ms
800 mm 404.90 ms 405.90 ms 405.90 ms 405.57 ms  404.19 ms 1.38 ms
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900 mm 429.90 ms 429.90 ms 428.90 ms 429.57 ms  428.73 ms 0.84 ms
1000 mm  453.90 ms 452.90 ms 452.90 ms 45323 ms 451.95 ms 1.28 ms
1100 mm  474.90 ms 474.90 ms 475.90 ms 47523 ms 474.03 ms 1.20 ms
1200 mm 494,90 ms 495.90 ms 495.90 ms 495.57 ms  495.14 ms 0.43 ms
1300 mm 517.90 ms 518.90 ms 517.90 ms 51823 ms 518.74 ms 0.51 ms

This partially theoretical and partially measured correction decreases errors of measurements significally.
In this situation, maximum error is 1.42 milliseconds at 500 millimeters height, minimum error is 0.21
milliseconds at 200 millimeters height and mean of errors is 0.85 milliseconds. In terms of precentage,
maximum error is 0.46% at 300 millimeters height, minimum error is 0.09% at 1200 millimeters height and
mean of errors is 0.26%.

Measurement variation is 1 millisecond, in other words at a certain height maximum difference between
three measurements is 1 millisecond.

7. CONCLUSION

Results show that, designed and implemented mechanism, electronics, embedded firmware and Android
application works succesfully to measure fall time of dropped object. Device is ready to be used by students
to increase their understanding on free fall topic of physics and to be used by researchers for experiments
which do not require more sensitive measurements than 1 millisecond.

Future works may be conducted on this device such as implementing a sensor to exactly obtain the time
steel ball escapes from the magnetic field of electromagnet and starts falling. This way, effect of the time
constant of electromagnet might be observed experimentally and the error of raw measurements might be
decreased. Furthermore, a sensor may be implemented in order to measure drop velocity of the ball, with
this implementation velocity and time measurements can be compared.

In addition, it is planned to add control over internet with real-time display feature to the device in order to
make it possible to make experiments far from the device. Also, computer control can be added to the
device, although Android mobile control is the novelty of this study, computer control option with it may
increase the usefulness.

Although there are some errors both on raw and corrected measurements, since these errors are not very
high, device can be used in educational and experimental processes about free fall.
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