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ABSTRACT

Formulation of the problem. Experimental research is an integral part of physics education. During distance learning, students
can carry out hands-on experiments only at home. Modern smartphones, equipped with various sensors, offer significant
capabilities for this purpose. The literature offers quite extensive descriptions of experiments aimed at determining
mechanical, acoustic, and optical quantities using smartphones. At the same time, insufficient attention has been paid to
determining gas parameters that can be measured using the pressure sensor embedded in smartphones. Therefore, the
relevant task is to develop a methodology for experimenting to determine the density of air and its molar mass at home using
a pressure sensor.

Materials and methods. To achieve the objective of the study, we used the analysis of the curriculum of the course "General
Physics for Bachelor of Engineering", a review of the methodological instructions for performing laboratory work in the
section "Molecular Physics and Thermodynamics" of the physics course of technical universities, a review of the literature on
the topic of the study, and an analysis of the results of student research on the dependence of air pressure on altitude. We
also surveyed students about the possibility of conducting the research at home and their interest in conducting other
experiments using a smartphone.

Results. The methodology for determining the density and molar mass of air was developed based on the results of a study
of the pressure-height dependence. It is shown that it is necessary to perform statistical processing of experimental data to
estimate the sought quantities. The experimental results allowed us to obtain values of density and molar mass of air that
show a good correlation with the tabulated values.

Conclusions. Studying the pressure-altitude relationship using a smartphone and the PhyPhox application allows for fairly
accurate calculations of air density and molar mass. According to the survey results, students responded positively to
conducting home experiments using smartphones.
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AHOTAUIA

MNMoctaHoBKa npobnemu. Hesia’ eMHOIO CKNaf0BOK HaBYaHHA Gi3NKKU € NPOBEAEHHA eKCNepUMEHTabHUX AoCaigKeHb. Mig,
Yac AMCTaHLiMHOIO HaBYaHHA HATYPHUI EKCNEPUMEHT CTYAEHTU MOXKYTb BUKOHYBATM TiIbKM BAOMA. 3HAYHI MOXAUBOCTI ANA
LbOro HafaloTb CyYacHi cMapTOHK, AKI OCHALLEHI PiIBHOMAHITHUMKM AaTyMKamu. B niTepaTypi [OCTaTHBO LUMPOKO ONMCaHi
EKCMEePUMEHTU MO BU3HAYEHHIO MeXaHIYHMX, aKYCTUYHUX Ta ONTUYHMUX BEIMYUH 3 BUKOPUCTAHHAM CMapToHa. Y Tol Xe vac,
HeA0CTaTHLO YBaru NPUAINEHO BUSHAYEHHIO MapaMeTpiB rasis, WO MOXKHa 34iMCHIOBATH, BUKOPUCTOBYOUM AATUMK TUCKY, AKI
BCTaHOB/EHUI Y cmapTdOHi. TOMy aKTyasbHUM MOCTAa€E 3aBAAHHA PO3POOKM METOAMKM MPOBEAEHHA EKCMEePUMEHTY no
BM3HAYEHHIO N'YCTUHW NOBITPA Ta MOro MONAPHOI MacK B JOMALLIHIX YMOBaX 3 BUKOPUCTAHHAM AaTYMKa TUCKY.
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Marepianu i metoau. 117 AOCATHEHHA MNOCTaB/EHOI METU AO0CAIAKEHHA BUKOPUCTAHO aHani3 HaBYa/IbHOT MPOrpamm Kypcy
«3aranbHa disvKa ana 6akanaBpis iHKeHepHMX cnewianbHOCTENY, OTNAL METOANYHUX BKA3iBOK 40 BUKOHAHHA 1abopaTopHMX
pobiT 3 po3ainy «MonekynapHa ¢isvka i TepmogmHamika» Kypcy isvKM TexHidHux BH3, ornag nitepatypu 3a Temoto
[OCNIOKEHHA Ta aHaNi3 pesynbTaTiB CTYAEHTCbKUX OOCNIAMKEHb WOA0 3aNeXKHOCTI TUCKY MOBITPA Bif, BUCOTU. TakoX mMu
NPOBOAUNN ONUTYBAHHA CTYAEHTIB CTOCOBHO MOMAWMBOCTI MPOBEAEHHA [OMALUHIX [AOCNIAMKEHHA Ta FOTOBHOCTI A0
npoBeAeHHS iHWMX EKCNEPUMEHTIB 3 BUKOPUCTAHHAM CMapThOHa.

Pesynbtat. Po3pobneHa mMeToauKa BM3HAYEHHS FYCTMHM Ta MOAPHOI Macu MOBITPA 3a pesysbTaTaMu AOCAIAMEHHS
3aN€KHOCTI TUCKY Big, BMCOTU. [OKa3aHO, WO A1 KOPEKTHOTO OLiHIOBAHHA LWYKaHUX BEAWYMH HeobXigHo mpoBoauTh
CTaTUCTUYHY 0B6POBKY eKcnepuMeHTanbHUX AaHWX. [IpoBefieHi eKCNepUMEHTU A03BONNAN OAEPMKATU 3HAUYEHHA FYCTUHU Ta
MOANIAPHOT MacK NOBITPA, AKi 4O6PE KOPENIOTb 3 TABAUYHUMU 3HAYEHHAMM.

BucHOBKK. [loCnigsKeHHA 3aneXHOCTi TUCKY Bif, BMCOTW i3 3acTocyBaHHAM cmapTdoHa i nporpamu PhyPhox possonse
[0CTaTHbO TOYHO OBYMCAUTM TYCTUHY | MONAPHY Macy NoBiTPA. 33 pe3y/sbTaTaMu OMUTYBaHHA BCTAHOBAEHO, WO CTYAEHTH
CXBaNbHO BiAHOCATLCA 4,0 BUKOHAHHA AOMALLHIX OCNIAXKEHD 3 BAKOPUCTAHHAM CMapTdOHa.

KNKOYOBI C/IOBA: 6apomempuydHa hopmyna; 2ycmuHa nosimps; cmapmeoH, 0amyuk mucky; 0omMawHili ekcriepumeHm;
HABYAHHA Pi3UKU.

INTRODUCTION

The problem statements. Studying physics at any level includes conducting educational experiments. As a result of
their implementation, students receive direct confirmation of the principles of physics, acquire experimental skills, and develop
critical thinking. According to the results of the study by Klein et al. (2021), this is most effective when students independently
acquire experimental data. During distance learning, students can independently conduct research and process obtained data by
working with real equipment in remote access mode or using available or home-made equipment. Mobile devices with a range
of sensors offer significant opportunities for conducting physical experiments in both face-to-face and distance learning.
(Sukariasih et al., 2019; Slipukhina et al., 2020). As emphasized by Milner-Bolotin & Milner (2023), and Cukierman et al., (2017),
the use of smartphones in the educational process stimulates students' interest in scientific research and bridges the gap between
first-year students and Engineering. The use of smartphones makes it quite easy to conduct research when students study the
sections "Mechanics" (see, for example, Bug-Os et al. (2023)), "Electricity and Magnetism" Lincoln, (2024), Zhuang et al. (2023),
"Oscillations and Waves" Sarkozi (2023), Podlasov et al. (2023), Csernovszky et al. (2024). A detailed review of Experiments with
mobile devices is presented by Kuhn & Vogt (2022), Imtinan (2023), and Colt et al. (2021).

At the same time, the literature is poorly represented by experiments that students can conduct in distance learning
outside of educational laboratories to study the properties of gases, especially using mobile device sensors. Therefore, it may be
of interest to develop a methodology for experimenting at home to determine the density of air and its molar mass.

The analysis of current research. In the scientific and methodical literature, practically no attention is paid to the
experimental determination of the density and molar mass of air. Only the pumping method is described in the methodological
instructions for laboratory works in physics for face-to-face education (see, for example, Golovina et al., 2013; Ruda, 2018). The
essence of the method is to weigh the flask with air before and after pumping and measure the pressure change in the flask. Such
an experiment can be performed only in a physics laboratory.

Another way to determine air density is to study the pressure-altitude dependence using an Arduino or Raspberry with
a pressure sensor (for example, the GY-68 module has a pressure accuracy of up to 3 Pa, i.e., it can detect a change in altitude of
17 cm), or using a smartphone equipped with a pressure sensor, as suggested by Wye (2023). In his paper, Wye (2023) described
the use of the iPhone 11. Measurements made with the PhyPhox app installed on the iPhone 11 allowed the author to calculate
the air density with an accuracy of £0.03 kg/m3, which is approximately 2.5% of the tabulated density value and corresponds to
a pressure change of about 1.2 Pa. Perhaps such high accuracy is determined by the use of the iPhone itself. In smartphones of
other manufacturers, there are fluctuations in the readings of the pressure sensor in the range of 2-5 Pa, which does not allow
to reliably register small changes in pressure when climbing even one stair, not to mention changes in the height of a brick, as
mentioned by the author. The procedure for determining the error of the pressure sensor is not described clearly in the paper.

Since most students do not have iPhones, it is necessary to develop a measurement procedure to investigate the
relationship between pressure and altitude, taking into account the errors of pressure sensors in smartphones from other
manufacturers.

The purpose of this article is to describe an experiment to determine the density and molar mass of air using only
mobile devices and processing the obtained data.

THEORETICAL BASES OF THE RESEARCH

In general, the pressure-altitude relationship is described by the barometric formula:

P= Poe_n%h, (1)
where Pg is the pressure at the height h =0, M is the molar mass of the gas, g - free fall acceleration, R - the universal gas constant,
and T - the temperature.

Experimental verification of the formula (1) could, in principle, confirm the validity of the Boltzmann distribution and
could be used to determine the molar mass of air, or the universal gas constant. However, when rising even to a height of ~50-
60 m above the initial level (this corresponds to the height of an 18-20-storey building), taking into account the table values of
the molar mass of air and other constant values for a temperature of 290 K, the exponent power is about 6-103, which is
significantly less than one. Taking into account the errors of the experiment, this does not allow us to determine the power factor
in formula (1) with sufficient accuracy, therefore to calculate R or M.
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From the ideal gas equation of state
PM
i 2
BT = P (2)
where p is the density of the gas. Assuming that the air density and temperature do not depend on the altitude, we obtain
AP
=— 3
oih (3)

Equation (3) clearly shows that if the pressure is measured at different altitudes and a graph of P(h) is constructed, then
the tangent of its slope angle equals pg, which allows you to calculate the air density. With known air density, temperature, and
pressure from the equation of state of an ideal gas, we can obtain the molar mass:

__PRT

5 (4)

METHODS OF THE RESEARCH

To achieve the research objectives, we used an analysis of the general physics course syllabus for bachelor of
engineering specialties, a review of the methodological instructions for laboratory work in the section "Molecular Physics and
Thermodynamics" of the physics course at technical universities, a review of the literature on the topic of the study, and an
analysis of the results of students' research on the dependence of air pressure on altitude.

RESULTS OF RESEARCH

Modern mobile smartphones, smartwatches, and tablets are equipped with various sensors, some of them includes a
pressure sensor. To find out if a device has a pressure sensor and its specific characteristics (sensitivity, measurement range, and
some others), you can use a program like Sensors Multitool or a similar one. The operation principle of the pressure sensor in
mobile devices is similar to that of a membrane barometer. However, in this case, a tensor resistor is attached to the membrane,
which is one of the arms of the Wheatstone bridge. The change in the deflection of the membrane results in a variation in the
resistance of the strain gauge, thereby causing an imbalance in the Wheatstone bridge circuit. This imbalance is detected by the
corresponding software and displayed on the gadget's screen. Processing of the pressure sensor signal is carried out by such free
software as Sensors Multitool or PhyPhox, or by applications that simulate the appearance of a barometer on the screen of a
mobile device. The Sensors Multitool software (Fig. 1) displays only instantaneous pressure values to the nearest hundredth of a
hPa. In contrast, the PhyPhox software has two modes - displaying instantaneous pressure values with an accuracy of thousands
of hPa (Fig. 2a) or a graph of pressure versus time (Fig. 2b). In this mode the data is accumulated and can be sent to a computer
in MS Excel or CSV file format. In addition, the PhyPhox program can be controlled directly from the computer. Apps that display
a barometer on a smartphone screen (Fig. 3) smooth out instantaneous pressure values and usually round them to tenths of a
hectopascal (hPa). Note that these readings may differ significantly from laboratory membrane barometer readings and have a
relatively large margin of error. Therefore, in our opinion, it is not advisable to use a "barometer" application in a smartphone to
conduct experiments.
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Fig. 1. Sensors Multitool screen. Fig. 2. PhyPhox screen. Fig. 3. Barometer in smartphone.
Source: author's development.

The pressure sensor in electronic gadgets, like other sensors (acceleration, magnetic field), has 'noise' (fig. 2b), and its
readings change rapidly over time, practically preventing the capture of instantaneous pressure values in applications like Sensors
Multitool and PhyPhox. This noise can be one of the reasons for inaccuracies in the barometer readings on the smartphone
screen.
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In order to estimate the pressure value and the errors that can be assumed when determining it with PhyPhox, it is
necessary to perform a statistical analysis of the pressure values recorded in it, namely to calculate the sample mean and standard
deviation. For this purpose, we used the pressure values recorded by the PhyPhox program over 30 s and 45 s (300 and 450
values, respectively). Based on these data, we calculated the mean, the standard error and built he histograms of the distribution
of the deviations from the mean (Fig. 4). The solid line on the figure, corresponding to a normal distribution with values of variance
determined from the experimental data. It’s clear that that the 'noise' of the pressure sensor is distributed nearly to a normal
law. The standard error for the data shown in fig. 4 is 2.5x1072 hPa and 2.3x1072 hPa, respectively.

; I| ‘I“ S i | ‘
a) b)

Fig. 4. Histogram of deviations of instantaneous pressure values from the mean.
a)30s; 6)45s.
Source: author's development.

The change of altitude of 20 cm (this is comparable to the standard step height of 15 cm in high-rise buildings) causes the
air pressure to change by approximately 2.5 Pa, i.e. within the error of the measuring device. This means that reliably detecting
a change in pressure can be achieved with a change in height of around 60-70 cm so that the pressure change exceeds the error
by about three times. To construct a graph of the pressure-altitude relationship and determine air density 5-7 data points are
sufficient. This corresponds to a change in height of 3-3.5 meters, which corresponds to a rise of one floor. Of course, increasing
the height of the altitude reduces the error in plotting and the error in calculation of air density.

The task of determining the density and molar mass of air was proposed to students of the Institute of Thermal and
Atomic Power Engineering at Igor Sikorsky Kyiv Polytechnic Institute (54 individuals). The task was optional, and only
approximately half of the students completed it. The devices used by the students for measurements may be equipped with
pressure sensors from different manufacturers with different resolutions and thus different errors. That’s why, we recommend
conducting the measurement procedure as follows: at each altitude, activate pressure measurements for 25-30 seconds using
the PhyPhox program, and then send the obtained data to a computer using the "Export data" option. Alternatively, you can save
the data on the gadget using the "Save experiment state" option for future use.

The processing of experimental data involves determining the statistical characteristics (mean and standard error) of a
large dataset. For statistical parameters (mean values and errors) of a large number of exported experimental data, it is advisable
to use mathematical packages such as MS Excel, Google Sheets, or use the program that was developed by us for such cases. This
program is hosted on our website Physics.zfftt.kpi.ua within the Moodle environment and is accessible to registered users. In
addition to the mean value and standard error, the program calculates other parameters of the statistical distribution and builds
a histogram, an example of which is shown in Fig. 4.

Depending on where they lived, students had the opportunity to study pressure changes with height variations ranging
from 6 meters (a two-story building) to 55 meters (a 20-story building). The largest number of experiments were conducted in
5- and 9-story buildings.

To plot the P(h) dependence graph, it is convenient to use the Scatter Plot option of MS Excel with the construction of a
trend line and display of the equation describing this line (fig. 5a). The multiplier before the function argument is the angular
coefficient of the line is equal to the product gp. If students did not have access to MS Excel, they constructed the P(h) graph
using alternative software tools (Fig. 5b), or used graph paper to plot the graph and determined the slope coefficient manually.
From the experimental results, the density values of air calculated by the students ranged from 1.17 to 1.28 kg/m? with an error
of +0.1kg/m3. These results are in good agreement with the data of the reference tables (see, for example,
https://gutpfusik.blogspot.com/2020/07/blog-post.html), taking into account their dependence on the temperature and
humidity of the air. Based on the experimental density values, students calculated the molar mass of air. Its values ranged from
27.8 g/mol to 30.4 g/mol with an error of up to +2.4 g/mol. This range also reasonably corresponds to the tabulated value of
28.9 g/mol.

The lack of previous experimental experience and processing their results caused a number of questions that the students
had. The most frequently asked questions were about how to use MS Excel to calculate the mean value and the error, and how
to use the Scatter Plot. To answer these questions, we developed guidelines and posted them on the website physics.zfftt.kpi.ua.

At the end of the experiment, we surveyed students about their attitudes toward conducting home experiments and their
reasons for not conducting the experimental investigation P(h). The students who completed the research task were unanimous
in their support for this type of work and expressed their satisfaction with getting acquainted with the capabilities of a
smartphone as a measuring device. As for the students who were unable to complete the survey (28 out of 54), the main reason
was the lack of a pressure sensor in their smartphones (23), lack of time (4), and personal reasons (1).
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Fig. 5. The examples of experimental dependences of pressure on altitude obtained by students.
Source: own research.

CONCLUSIONS AND PERSPECTIVES FOR FURTHER RESEARCH

Using a smartphone as a measuring device allowed students to calculate the density and molar mass of air, based on the
dependence of altitude pressure. The peculiarities of pressure registration using the PhyPhox application determined the
methodology for performing measurements and calculating errors. Processing the results of the experiment stimulated a more
detailed familiarization of students with the calculation of mean value and random errors using MS Excel, Google Spreadsheets,
or other mathematical packages for this purpose. The values of density and molar mass of air obtained by students generally
agree well with the tabulated data.

Modern smartphones, tablets, and smartwatches are advisable for conducting physical experiments by students during
both remote and classroom learning. However, when formulating the task, you need to take into account the availability of the
required sensor in the smartphone. For example, a pressure sensor is built into the iPhone, high-priced Samsung models, and
smartwatches.

The prospects for further investigations we see in the formulation of tasks for physical experiments that can be
conducted at home using affordable and home-made equipment, as well as smart devices.
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