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Phatrara Wattanayotin. (2018). Development of Experimental Physics Media: the Rolling
Motion of Hollow Cylinder Measured using a Smartphone Sensor. Master thesis,
M.Ed. (Physics). Bangkok: Graduate School, Srinakharinwirot University. Advisor
Committee: Asst. Prof. Dr. Chokchai Puttharugsa, Dr. Supitch Khemmani.

The purpose of this study was to develop an experimental media for teaching the
measurement of the rolling motion measured using the sensors of a smartphone’s sensors.
The objective is to increase student understanding about the concept of rolling motion. The
theory of the rolling motion of a hollow cylinder on an inclined plane was studied. To give
the experiment an aspect of media, a smartphone was attached to one end of a hollow
cylinder to record experimental data via a magnetometer and a gyroscope sensor. The
hollow cylinder was released on an inclined plane at various inclined angles. The results
showed that the hollow cylinder was rolling without slipping on the inclined plane and the
angular acceleration was proportional to the inclined angle which was less or equal to the
critical angle. While the inclined angle was greater than the critical angle, the hollow
cylinder was rolling with slipping on the inclined plane. Moreover, the experimental media of
rolling motion was used for classroom teaching. The target group consisted of thirty eight
undergraduate physics majors at Srinakharinwirot University. The students were separated
into two groups. First, the treatment group which consisted of twenty three students were
treated by experimental leaning. Another control group consisted of fifteen students was
taught by the lecture method. The pre-test and post-test survey contained five multiple
choice questions which were utilized to identify the effectiveness of the coursework. The
results were analyzed using a single test item normalized gain method revealed that
learning management using experimental learning can be more effective then lectures. The
treatment group has normalized gains of 0.67, 0.94, 0.29, 0.57 and 0.62 respectively. For
the control group, normalized gain was shown at 0.50, 0.27, 0.34, 0.00 and 0.49
respectively. In addition, the misunderstanding of students displayed around the topic of

rolling motion, critical angle and friction force.
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‘ﬁlm: Patrik Vogt ; & Jochen Kuhn. (2012, March). Analyzing free fall with a

smartphone acceleration sensor. The Physics Teacher. 50(3) : 182-183.
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f131: Alasdair Allan. (2011). Basic Sensors in iOS. p. 39.
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<«—— Electric current
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_
@ Magnetic Field into the page

mwisznau 8 Ynngmsnigans

1l
A va o

gu13n I iPhone 4s 'ﬂgwﬂ“ﬁ’l,ums@'hLﬁumsﬁmiﬁ@é’aLLuﬂﬁI@ﬁL@a§ju
v ) A o

AK8975 284 Asahi Kasei Corporation @4n 1Wi3znay 9 el Fsarw1sndiavuia

FUNBILARN AL ILAY X, Y uaz Z agaidudaszdons nawazinandszuiananlasdn
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<AKBITS>

X

nﬁwﬂs:ﬂail9rnsaﬁaéhmaaunmn?uﬁﬂﬁwmaauunﬁlmﬁL@a§
‘ﬁim: AKM Semiconductor, Inc. (2010). AK8975/AK8975C Datasheet. p. 34
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A o = a . a a & &AM @
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ﬁﬁmﬁamammuu,aimﬁﬂiaﬂﬁagjum:muLLmuauLﬁmﬁ'u AILRAIANNAINY IO 10
(Allan. 2011: 57-59)
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x
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mwisznau 11 lassassvadbalsalal

fan: Lduaud Lo, lrafiag; & 1aviu auidag. Lanad. (2558). Wand 1. uilalas

Usemu YInAS; uaz Avgns a3uanduns. wih 359.

A A o I caa & Ada ' .
lunsdivaslalialadfgniauuduisuiseiniauraaniisandn Micro electro

. [ a = % o [
mechanical systems gyroscope #1a39a31909n WU sznay 12 G9dsznavlUarsaiadniy
o K ' a & o o 6 a a A o et
Huitne, auad3s uaza Wi droulasandudsingnisoiusslaseass Wonaadnsy
L =< 1 o di a a U a a d' a
Jufinarauluuny Y ihasannusstulWdrafinannnieuwen annuisilasaaianiiaain
o = a o v o e o K 1 [ v a ni a 3 v di ci v
saruindinzyilfnadwivtufindrauluunu X das amusuSingnaaasliafendla
ludaidon Trauueannnszning Driving modes Waz Sensing modes ANUaLTI9LFIHIUANT
sunudalugan1a lwilu Sensing mode 971w azsuanufonudasuszairodnyyim
aldnnsefindilimuiniaenuimadaduuazidauvesiogidaasialisledle (Sung.
2014: 1-7)
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T riving |
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:i:rlliillu _
Electrode |

AMWUIZNAY 12 LEAILNWHINM I wUaLawras ba lsalal

n: Jungwoo Sung; et al. (2014, July). A gyroscope fabrication method for high
sensitivity and robustness to fabrication tolerances. Journal of Micromechanics and

Microengineering. 24(7): 1-7.

3. AMIINUNIBIIIBNIIN
3.1 SIS A BITUNTIAA D UALULINGS
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: P A kY a a A
mumsmaaummunaﬂ@ ammivlnaa:m@ma

(2.18)

o 3 , A o o
N 0<h< ER LmLﬁmmmzﬁmLﬂuquﬁﬁmﬂuau INaeNwLIINTEN

A= ER Lmlﬁmmm:ﬁﬁ%ﬂuquﬁ

m ER <h<2R LmL%‘ﬂ@mm:ﬁ@hLﬂuquﬁﬂ%mﬂumﬂﬁﬁmﬁuLLianizﬁw

=2 ' ) ) oA A A A
INRAMIANEINUIIANE lana T aangum'}LLiaLammu‘nﬂﬁﬂglums
LRDWNLUUNEINBIGNULIINTZNLEY aﬁfﬂ&ignﬁamnmrﬁ luvnanydhana b dusaRoanin

A a 1 a 0o & Aa 1&/ v t&‘ 1 o ot ot '
fl_li'lﬂg:] NIDUTIRIAMIBFINTOTILLETULTINTEALAAD W |6 muagﬂummauwuﬁ‘izmw
iz@TfU"llE]d’?‘@]ﬁaE]ﬂLLidﬂizﬁ’]LLR:%ﬂﬁ‘HBG‘Yl‘Nﬂ‘EtUE]ﬂ

mMwilsznay 13 nvnszuannalnasunwuwulaeiusnizyin F anauuwiwai
UAZULIILFLANIY £ luIzuL

‘ﬁim: A. Pinto; & M. Fiolhais. (2001, May). Rolling cylinder on a horizontal plane.
The Physics Education. 36(2): 250-254.

. . . . [ A [ A a £ P
Oliveira (Oliveira. 2011: 381-388) Vl,ﬂﬁﬂ'i:}’nﬂU’Jﬂuﬂi’lﬂgﬂ'ﬁfﬁmﬂ@mmwE]
nyanszuantafannlayliinislos Wansmnsenszuanuis m sad R Jussnouen F
unszvifiyu @ lag 0<6<90° NULWIERNANNEY 7 aunwlsznay 14 nsinszuen
= A o o ' a a o A A A o A
Lﬂaauw"l,ﬂmmmmnm’ﬂ@U;\JLLsoLawmuﬂs:w’mg@ C anu3Uf 14 Aarsananungtan
809709 10wuIsluumInanaz lagums

FceosO+ f =may (2.19)
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wvanaungTansasasiaauussluumiases laaums
Fsin@+N-mg=0 (2.20)

v

A I . a A & AL & A Aana
Wa ag Lﬂuﬂ'nmaLmLaqu@quﬂnmama azdiaduuiniaifialdniavan
AL A ana o A A 2 A o A P a
wazdanduauilainelunissie Lwawmsmﬁmsmaaummngmawaawaou’muslwmyu
2zl

Fcose-(h-R)_Fsing.b_f.R:%mRza (2.21)

Wa o ﬁammL's'al,%aagwmmmszmnﬁﬁﬁmmﬂﬁ AR NN RN LN B D 1
UINLRLANANINLT NIRRT ua
WaTaNauns (2.19) nu (2.21) 32 leaNnuaunusuaIn T d L FwLAZAIALT

L%aqm‘i’aaumi

[x] (2.22)

wm"lﬁm’mé“ww”uﬁﬁ”mzwj'mﬁﬂmwaamwms’oL%aguLLazﬁﬂmwmmmLs’o
VLRV BINTLAR O UALUUNRIN WA NIT I8 AN TIERIAA 1UN19197 ANNaNNLT
L%dag‘m:ﬁﬁﬂmmﬁumﬁmmua TUN1903INWTINRINAINLTILTILFR TN L N9

ANLI L%aagmzﬁﬁﬂmwﬁumﬁmLa:ua

>

L

awdsznay 14 ‘mdm:uaﬂnmanﬁouu‘ﬁmmimﬂﬁl,mm:ﬁﬂ F ﬂizﬁ']ﬁig‘ll 0 uazuId

oM £ luszuy

f131: V. Oliveira. (2011, March). Angular and linear accelerations of a rolling

cylinder acted by an external force. European Journal of Physics. 32(2): 381-388.
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Niculescu (Niculescu.2006: 157-159) l@@ANHINTLAREUALLUNRIVBINTINANU W
ﬁmﬁm’lmngﬂ@ﬁg NARAINAITAITNITZWINITIn a1 861 taaltiaTasnsraaunis
\AREUIWI (Motion detector) LHanIAIAMALITIVRINTINANANAILUT B Iz 93U
ﬁm‘m’msaﬂauﬂaammmuﬁ'mé‘m"lft.nuﬁmmmenmguLé'm a MNANUsTnay 15 A
A o o ed A o A A A a > o ¢ A o A A
Wﬁn‘sm'lwmmummqmgaqmuamvl,mﬂ@n'mﬂaawnmUUﬂuwaammaumamqmaauw

= & a o 6 o v
D9UABNLD mmwngmia%iﬂwwmmmﬂmﬁ

mghzlmvz+l]a)2 (2.23)
2 2

4 ] . @ 2 4 & o oA
Tasluuamnudes 1 Janvinnu I:EmR2 wWa RiJusaivainssnay

% e o & < a v L
MURNNT (2.23) lasltanuaunusazmanuiidaids v=Ro lai
3 M 7 (2.24)

vy =

&

a e e 6 A a aa . L% d'l d' 2
RNTNANUTUNUTLTIAS NG 2= xsina uazlfgasnaiafeud v’ = 2ax
FIWAURNMIN (2.23) BAIANULII LGN
SH .
a==gsina (2.25)
7
o o = & 2y ! ¥ o @
arunwdaznay 15 B Sadvasingumendsaziunutasinsvasnuglayds
]UNTT
(2.26)

NNFNMIN (2.23) (2.24) UAZ (2.25) BLEINITARIRUATANNLII LGN

a= ! gsinga (2.27)

wWarnnmnaaadlaslfiaIasasrsaunmsiadan i lumsinind1as lassus N an

1 o '

agmmmm@hm usadouniW ldasn ndsznay 16 (A) kazriA1aNuLTI ey
= ' 2 @ 4 P

Wsugumannluawesniw y =4+ Bx+Cx° nuaumsmaiadawn L=L,+v¢+1/2at’
mmmLﬁm_lNammLidﬁ'ﬂ“ﬁaadﬂaizmnmagﬂﬁ'ﬁgmnmimaadﬁ'uwamnmsﬁﬂmmﬁasl

aum3 (2.27) laaandsznay 16 (8) lanaiianaisudsnniunugesinesznitemaglen
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' o 1

HATNENNT (2.27) Lwimmﬂms'n@a@aaaﬁmmmmamﬂmsﬁwmmﬁm"‘ulunﬂ@h

dl ra A
L%a\‘i"ﬂ’]ﬂﬂqivlllﬂ@LL?GLEIEI@WH%

mgh —— om

& %mv2+%lw2

(A) (8)

4 { ] &‘ a a Q ) 1
mMwisznau 15 (A) manawmmzmﬁauﬁaguuwmﬁmiﬂﬂwmimﬂm‘mwaomu (B) Ta3919

s:%’mﬁogﬂéﬁgﬁmsmwixﬁf@]qmﬁauﬁumﬁa

ﬁ&l’l: A. Niculescu. (2006, March). A Rolling Sphere Experiment. The Physics
Teacher. 44(3): 157-159.

Theoretical and measured values of the
acceleration
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k| _—_‘—--__,_____ —— 5.8 theory

— 50 s
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acceleration (m/s'2)
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Thu-";lu ¥ 7 3 4
gap width (om)

(A) (8)

Awisenau 16 (A) nﬁWS:Wm@'hLmuﬁmqua:L’Ja’lﬁ"l,@”%'umnﬂ’l‘m@aaa (B) nT1WIz1I9
ANNLTIUAZT BN TERI Tz Y lasfinTWyaInanmImaaduaznaIWeas

HRINNNIIEUITH

‘ﬁlmz A. Niculescu. (2006, March). A Rolling Sphere Experiment. The Physics
Teacher. 44(3): 157-159.
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ARNF onal081913% NUITBVa9 Vogt wae Kuhn (Vogt; & Kuhn. 2012: 439-440) N 15u163
ALY (Accelerometer) w@aaamﬂmdwaagn@j‘”mamdﬁal (Simple pendulum) lagnaaad
faguINIAUALLTaNANEN 1.15 LWAT aInWUIENaL 17 (A) LaINAaaILnIIaINTINY
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2 lAYiNAY 2,153 Suf LA UVINITLAR AW N A UALKNRIINNITFIWIHAIVINAT
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ﬁ&l’l: Patrik Vogt ; & Jochen Kuhn. (2012, October). Analyzing simple pen ulum

phenomena with a smartphone acceleration sensor.The Physics Teacher. 50(7): 439-440.
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1 3p (2.28)
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fts lanamInanssasnnd 18 Sanumssuudaasilung 1.5 §ad3uwndt Janwd 5.3
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7131: Andreas Miiller; et al. (2015, May). Cracking knuckles — A smartphone

inquiry on bioacoustics. The Physics Teacher. 53(5): 351-356.

Silva (Silva. 2012: 372-373) lalduunfiladiaasnalu iPad lasadsldsunsu
U3znd MagnetMeter-3D LWa&T197AN1INARBINITTARUINUNINANVBIVARIAN T
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NARDY LALIIUARIAN NN NLTWLTDS 2 LTUALUAT msﬁ@éﬁ@@msmaao@”amwﬂizﬂau 19
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mwisznay 19 (A) MIAAMITANINARBIMTIAAMANUTUIFINUNARD (B) UWNUHINT

a@@luoq@msﬂmaamﬁ@@hm‘mLﬁuammujmﬁn

ﬁm: Nicolas Silva. (2012, September). Magnetic field sensor. The Physics Teacher.
50(6): 372-373.
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MWUIENOY 20 HAMINARBINITIAAIANNLTNFUINLNLARN

ﬁlm: Nicolas Silva. (2012, September). Magnetic field sensor. The Physics

Teacher. 50(6): 372-373.
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Awdsznay 21 ﬂ’]ia@]ﬂv\‘]q@ﬂ’ﬁﬂ@]ﬂGGL%GGINLNRWWNL‘%GMN

“71'11’1: Asif Shakur; & Taylor Sinatra. (2013, December). Angular momentum. The
Physics Teacher. 51(9): 564-565.
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LA LWanswan 10 Lsﬁuammmnq@gluﬁnma

‘Ydl'm: Asif Shakur; & Taylor Sinatra. (2013, December). Angular momentum.
The Physics Teacher. 51(9): 564-565.



26

#anannd Puttharugsa WazAtue (Puttharugsa; et al. 2016: 1-10) laldlalsalay
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Abstract

This study used a smartphone’s digital compass 1o observe the rolling motion
of a hollow cylinder on an inclined plane. The smartiphone (an iPhone 4s) was
attached to the end of one side of a hollow cylinder to record the experimental

data using the SensorLog application. In the experiment, the change of
angular position was measured by the smartphone’s digital compass. The
obtaimned results were then analyzed and calculated 1o determine various
parameters of the motion, such as the angular velocity. angular acceleration,
critical angle. and coetficient of static friction. The experimental results
obtained from using the digital compass were compared with these obtained
from using a gyroscope sensor. Moreover, the results obtamned from both
sensors were consistent with the caleulations for the rolling motion. We
expect that this experiment will be valuable for use in physics laboratories.

1. Introduction

Electronie devices now play an importiant role
in introductory  physics eourses, especially in
laboratory classes. These devices, such as motion
detectors | 1], webcams [2], digital cameras [3],
and optical mouse [4]. are used to record exper-
imental data in physics laboratory classes. This
helps students understand the connection between
physics concepts and experimental data. Previous
papers have reported the use of electronic devices
in physics laboratories, For example. motion
detectors use ultrasound o measure the position
of a moving object. This information can be used
to obtain the velocity and acceleration, Optical
mouse have also been developed as displace-
ment sensors to detect position as a function of

! Awihor to whom any comespondence should be addressed,

1361655271 TAMS009+9533.00

time. Digitad cameras are used (o record videos
of moving objects so that motion can be analyzed
using appropriate software, such as Tracker. This
method helps students to visualize and relate
physics theores to real motion. Although these
devices can successfully track or record exper-
imental data for a moving object. they require spe-
cific software, and students are not famaliar with
them. Alternatively, we can use a smartphone as
an experimental tool in physics laboratories. This
is possible becavse of the embedded sensors in
smartphones, such as  microphones, cameris,
acceleralion sensors, muagnetic sensors [magne-
tometers), gyroscope sensors, light sensors, and
GPS receivers. All of the sensors can be read. and
data can be recorded using appropriate software
or applications (apps). Examples of these applica-
tions include SensorLog and SPARKvue for the

3 2017 IOP Publishing Lid
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108 system. and Physics Toolbox Sensor Suite
and AndroSensor for the Android system. Thus,
experiments concerning physics phenomena can
be conducted using a smartphone. For example,
Castro Palacio studied oscillation motions {sim-
ple and damped harmonic motion) using the
aceeleration sensor of a smartphone [5. 6], Yogt
and Kuhn used an acceleration sensor and gyro-
scope sensor o investigate circular motion. They
studied the relationship between angular veloc-
ity and centripetal acceleration 7). Hirt used the
microphone and sound storage system 1o ana-
Iyze the acoustic signal of a beat frequency [8].
Kuhn wsed the CCD sensor (acting as a radione-
tive counter) to detect particles of ionizing radia-
tien [9]. Moreover, the magnetometer sensor in
a smartphone was psed to monitor the magnetic
field from a solenowd coil and a small magnet
[10. TT]. Smartphone sensors cun be seen o act as
tools for recording experimental duta in physics
laboratory classes. This will make experiments
more interesting and exciting.

Recently, our group reported the use of a
smartphene (digital gyroscope) to study the roll-
ing motion of a hollow cylinder on an inclined
plane. In this paper. we present a similar study,
but one that uses a smartphone’s digital com-
pass, The digital compass was used o meas-
ure the angular position of the hollo' cvlinder.
The recorded data were then analyzed to deter-
mine the magnitude of the angular acceleration.
Moreover, the experimental results obtained from
using the digital compass were compared with
those obtained from using the gyroscope sensor
and those obtained from the theoretical model.

2. Theoretical background
2.1 Pure rolling motion

Consider a hollow cylinder with mass m and
radivs R rolling without slipping after being at
rest at the top of an inclined plane. as shown in
figure Ha) istate 1). The hollow cylinder starts
rolling at an angular position of &, It is only sccel-
erated if a static friction force is present between
the cylinder and the incline to produce a torque w
the centre of mass (em). The hollow cylinder rolls
witheut slipping when it rotates through an angle
of &, and the centre of mass moves in a linear dis-
placement & = Ri# — &) (state 11, figure 1{a)).
For the hollow cylinder. the earth system in

July 317

L

figure lia). we define the #ero configuration of
the gravitational potential energy (reference) as
being when the hollow eylinder 1s in state 1 on
the incline. Therefore, conservation of mechani-
cal energy gives us

Kn+ =K+ U

.2 1, a3

E"“T + E.J'wf — mghy = 0. i1
Thus for the hollow cylinder in state HI (figure
L), the conservation of mechamical energy can
b wrilten as

| - 1. 2
S+ —luy = mghy = 0. (2)

The term ,’;J’.ﬂ} represents the rotational Kinetic
energy of the hollow cylinder at the centre of
mass, and the erm ':"H'ﬂ-_zr represents the transla-

tion Kinetic energy of the centre of mass, where
{ is the moment of inertia of the hollow ¢vlinder.
The magnitude of angular acceleration, angular
velocity, and angular displacement of a hollow
cylinder can be determined by equation {A.6);
(A7), and { A.8), respectively (see appendix).

2.2. Critical angle for rolling without slipping

Rolling motion without shipping cannot be sus-
tained for every range of inclination angle. Pure
rolling motion is possible if the statie friction
is strong epough to prevent the hollow cylinder
from slipping. This means that the torque on the
hallow exlinder from the maximum static friction
force must be greater that the total torque on the
hollow cylinder when it rolls. We can express the
condition for rolling without slipping as

SRz o (3
Then we have the maximum static friction force:
L =N, i4)

where N = (m.+ mj + mip)g cos ¢ = mg cos ¢
and i, is the coefficient of static friction between
the hollow eylinder and the inclined plane.

Combining equations (A.6), (3), and (4], we
obiain

,3["'H§+J {5

June.
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{a) ol

[

Holbow ¢ylimber
Plastic board
iPhome 45

(1

o 1 =G
Emf +3,I'p_} ..mgh;-l]
""" ¥
e iy
% _

Hollow cylimiler
Plastie board
iPhome ds

Figure 1. (a) The rolling motion of the cylinder on an inclined plane at different stages. State 1: the cylinder is
released at the top of the incline. State 15 the evlinder is rolling for a distance 5. State 11T: the eylinder is rolling
at the end of the inclined plane. (b The smortphone is attached 1o the side of the eylinder 1o measure the change
of angle tsing & magnetometer sensor. (o) A digital image of the bollow cylinder with the smartphone attached on

the plastic board

or ¢=ian '[ ()

. i
mig+1 "
In other words, the angle of the inclined plane
must be less than some eritical angle value, as
shown in equation (6}, for rolling without slip-
ping motion. The relationship between the eriti-
cal angle and the coefficient of static friction is
shown in equation (5).

2.3. Determination of the coefficient of static
friction
The coefticient of static friction between the hol-

low eylinder and the wooden inclined plane can

be determined from
ti, = tan~! A, T

where [3; is the critical angle at which the object
starts sliding down the inelined plane.

July MW7

The experimental setup follows that detailed in
[12]. Briefly, two hollow eylinders are attached
at the side using double-sided tape 10 prevent
the cylinder on the inclined plane from rolling.
The attached cylinders are placed on the inclined
plane, which 15 equipped with a smarnphone’s
angle meter. The inclined plane is slowly raised
until the attached eylinders shide and the crtical
angle 3. is recorded at the angle of the inclined
plane.

2.4, Using the iPhone 4s's digifal compass
to determine an angular position

A digital or electronic compass is one of the appli-
cations in o smartphone. [texploits the magnetom-
eter sensor embedded in the smartphone to point
in the direction of the magnetic north (the north
magnetic pole of the Earth) or true nonh (the geo-
graphical North Pole). Generally, the smartphone’s

Phys. Educ. 52 02007) 0450049

97



I Wattanayotin ef al

(a)

ﬂ .H'. _.‘-J X
3 i & H
0  §
Th“;/ =

ih)
Wy ok rEm
| Lo | acE --{'H-'C | o |
T SURIRRS SISPEIE PR 1
— | fr—
- o I!|

e wile -2 |

i ety Ji 445

Wadegy  BOIE WAy ool s

reminig e Sw LA WA merTmaniay

G VBE AL (WLARG DO e
vt ora s fat up 1R

amaitied: D Ges

haci i
¥

|

!'&: g i film .'!1'

-+ i 8 sampliveg pim BOHF WTTE gt .

| 2 |

Figure 2. ia) The magnetometer sensor and the tPhone 45 for the detection of the magnetic north, (b) A screen
eapture of the SensorLog app for measuring the value of the magnetic north and the strength of the magnetic field,

magnetometer sensor has three axes. and can mea-
sure the strength of the magnetic field in each axis.
The coordinates of the iPhone 45 and the magne-
tometer sensor are shown in figure 2ia), At the
surface of the Eanh, the local magnetic field H
has o fixed component Hy, on the horizontal plane
that points to the magnetic north. The magnetom-
eter sensor can deternine the angle between the
X axis of the magnetometer sensor and the magn-
etic north on the horizontal plane, and acts as o
digital compass (see figure 2(a)). This angle ¥ is
called the heading angle, and this is measured in
the clockwise direction according to the following
relations (in units of degrees):

0=
= W — L arctan —  when H, >0
" ¥
= 270°— 130 m:mnﬂ when H,<0
w ¥ .
gr= 180" when Hy=0 and H<0
=0 when Hy=0 and H,=>0. (8)

where H, and H; are the magnetic field strength in
the & and ¥ axes.

Uisually, the application of the digital com-
pass for the iPhone 45 is measured with respect
to the v axis (the coordinate system of the smart-
phone. see figure 2ia)). To obtain the angle # we

must add 180degrees to the angle ¥, When the

July 317

smartphone is filted, the magnetometer sensor
needs to be compensated using an accelerometer
sensor, Thus, we can determine the angular posi-
ton by using the digital compass of the smart-
phone. However, the smartphone should be placed
away from strong magnetic fields, Figure 2(b)
shows a sereen caplure of the SensorLog app on
the 1Phone 45, The sensor reports the magnetic
north direction and the strength of the magnetic
field in three directions of the v, v, and 7 axes. It
also automatically plots graphs from the data (the
magnetic field sirength) obtained from the sensor
in three directions (the &, v, and 7 axes).

3. Experiment

The schematic of the experimental setp is shown
in figure I(h). The apparatus includes o wooden
inchined plane. a hollow cylinder of polyvinyl
chlonde (PVC), and u smartphone iPhone 4s.
The inclined plane has a length of 1400 & 0.001
m. 2 width of 0.300 £ 0,001 m. and a thickness
of G050 £ 00001 m. It can be adjusted to dif-
ferent angles. A smartphone with the Angle Pro
application 15 used to measure the angle of the
inclined plane. The hollow cylinder of PVC has
a mass (m) of 150+ 000 kg, an inner radius
iRy of 0071 £ 0001 m, an outer radius of (Ra)
0.082 4 0.001 m, and a length of 0.020 £ 0.001 m.
The plastic board has a disc shape with a radivs

Phys. Edoc. 32 (2017} 045009
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iRy of 00710001 m and a mass () of
0004 + 0,001 kg, The mass of the iPhone 45 with
its case (o) is 0160 £ 0.001 kg, and its dimensions
(w 5 | % h) are 0,0586 > 0.115 x 00003 m?, The
plastic board is mounted tightly at the inner end of
the hollow cyvlinder using epoxy glue, The 1Phone
4 with its cose 15 then attached 1o the centre of the
plastic board using thin double-sided tape (see fig-
ure lic), denoted as the hollow cylinder). This setup
can prevent the smartphone from breaking. The
SensorLog application is used 1o record the angular
position and angular speed, The data are recorded at
a rate of 30 data points per second or 30 Hz and are
then sent to the vser via e-mail for analysis.

In the experiment. the hollow cylinder is
released at the top of the inclined plane at vari-
ous inclination angles. The angular position of
the hollow cylinder is measured and recorded
by the iPhone 4575 digital compass through the
SensorLog application. The experiment on roll-
ing motion on the inclined plane is performed by
attaching the iPhone 4s to the hollow cylinder,
as shown in figure 1{b}. A change of angle posi-
tions (angular displacement) in the digital com-
puss with respect to the North Pole 15 recorded
in real time by the SensorLog application. The
digital compass can record the angular posi-
tion of a range of 0 o 360degrees (for the firsi
cycle). This means that the angular position 1%
greater than 360degrees, and the sensor will
record from 0 1o 360 degrees in the new cycle
isecond cycle), as shown in figure 3ia). Thus.
the data obtained from the magnetometer sen-
sor must be processed before the rolling motion
of the hollow eylinder is analyzed. This can be
performed by adding the angular position for
the second cvele with 360degrees, the third
eyele with 720 degrees, and the fourth cvele with
1080 degrees. The processed data are obtained as
the angular displacement (8 — &) and are fur-
ther unalyzed for the rolling motion of the hol-
lowy eylinder.

4. Results and discussion

Figure: 3(a) shows an example of the (raw)
data obtained from the magnetometer sensor at
5 + ldegrees of inclinmtion, We exploited the
magnetometer sensor o measure the change of
angle with respect to the North Pole, as shown in
figure 2(a). The smarphone’s sensor was linked

Tuly 207

to the SensorLog application to record data. The
hollow cylinder initially rolled at an angle position
of 193degrees (imitial angle #) at 1 = 0.6, Data
were recorded using the magnetometer sensor up
to 360 degrees for the first cyele. Then the sensor
started to record for the second and third eveles at
an angle of 0 to 360 degrees. For the fourth cyele.
the hollow exlinder stopped rolling at 1 = 435 It
could be seen that the slope of the obtained data
increased in each cycle, This implies that the hol-
low cylinder rolled quickly in each cycle, or that
the angular speed increased in each cyvele. We
then processed the raw dita to analvze the rolling
mation. This can be performed simply by add-
ing an angular distance of 360 degrees into the
second cyele dma. and then one of 760 degrees
into the third cvele data, and one of 1080 degrees
into the fourth cycle data. The processed data
were obtained as shown in figure 3(b). After
that, we changed the angular distance from units
of degrees to units of radians, as shown in fig-
ure 4{a). The rolling motion was then analyzed
by fitting the processed data using equation (A.8).
The fitting parameter was 2.90 £ 0.05 rad s™2
If we multiply this value by two we can obtain
the angular acceleration. Thus. the magnitude of
the angular acceleration was 5.80 & 0,05 rad s~2.
Moreover, we can calculate the linear displace-
ment of the rolling motion from figure 4(a) using
the kinematic motion of sy = Rifl; — 6;). Based
on the result in (figure 4{a})), the linear displace-
ment was approximately 1.56 m. This value from
the experiment was compared to the length of the
inclined plane. which was 1.40 m. The error of
these values was | 1. 4%. A large error may come
from the cylinder being tilted out of a straight-
line trajectory during the experiment. The magni-
tude of the angular acceleration obtained from the
magnetometer sensor was also compared to that
obtained from the gyroscope sensor. Figure 4{b)
shows the angular speed obtained from the gyro-
scape sensor. The slope of the fitting data {figure
4ib)) was the angular acceleration value, and this
was 547 £ 0.02 rad 572 Moreover, the magni-
tude of the acceleration was calculated, and this
was 5.75 £ 0.02 rad s~ It can be seen that the
virlues obtained from each sensor are close 1o the
vitlue obtained from calculations, The uncertainty
of these values was 0.8% and 4.9% for the mag-
netometer and gyroscope sensors, respectively.
This suggests that we can use the smartphone’s

b Phys. Educ. 52 (2017) 045009
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Figure 3, (a) The data were reconded using a
magnetemeter at 5 £ [ degrees of inclination. (b) The
data were processed w analyvee the rolling motion,

magnetomeler sensor to measure the change of
angular distanee to analyze the rolling motion of
the hollow cylinder,

Figure 5 shows an example of the data
obtuined from the magnetometer sensor for three
angles of inclination (=31, 5+ 1, and
T £ | degrees). The data in figure 5(a) were plot-
ted as a function of £ The curvature increased as
a function of inclination. Fitting the data with a
parabolic equation can obtain the value of the
angular acceleration. According to this method,
the magnitude of the angular aceeleration was
3,10 4 0.05,5.82 + 0.07, and 7.50 £ 0.08 rad 52
foreg=3x 1.5 1. and 7 = | degrees. respec-
tively. Alternatively, we can simply plot the data
as o function of 7, as shown in figure 5(b), The
parabolic data will change to linear data, The data
can then be interpreted easily: the linear slope of
the plots was o2, Their slopes increased as the
inclination of the plane increased. According to
this method, the magnitude of the angular accel-
eration was 3.50 £ 001 rad s2, 5.68 + 0.02
rad 575 and 772 £ 002 ad s for =3+ 1,
S+ 1. and 7+ ldegrees, respectively. Both
methods obtained a very similar magnitude for
the angular acceleration.

Tuly 2047

Figure 4. (a) The processed data oblzimed from the
magnetometer sensor. (b The data obiained from the
LBYTOSCOME SENSOn

The angular acceleration wvalues obtained
from the experiments (magnetometer and gyro-
scope sensors) were compared with those from
the theoretical model calculations (figure 6.
The angular aceeleration magnitude was plot-
ted at different angles of the inclined plane. The
angular aceeleration values increased as the incli-
natcen of the plane was in the mnge of 3+ 1 to
24 & ldegrees, which is consistent with equa-
tion (A.6). After that, the angular accelerution
value was not satisfied by equation (A.6) (or the
theoretical model) for either experiment. This
implies that the hollow cvlinder will roll with a slip
on the inclined plane. Note that the error bar of the
data increased in this region (¢ > 24 £ | degrees).
The experimental results were linearly fitted,
yiclt}ingu slope of 69,32 £+ 1.28 and 64.20 £ 0,47
157 for the magnetometer and gyroscope sen-
sors, respectively, while the theoretical value of
ngg.n’tmR-i 4 ) is 6374 £ 001 152 The error
of these values obtained from the magnetom-
eter und gyroscope sensors, compared with the
theoretical value, is 8.8% and 0.7%, respectively.
This implies that the experimental dat are in
good agreement with the theoretical model. The

Phys, Edue. 2 (2007) 045009
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Figure 5. The data obtained from the magnetometer sensor were plotted as a function of 1 (a) and £ (b},

critical angle was determined to be the angle
that starts to deviate from equation (A.6). which
described the pure rolling motion. Evidently, at
# =127 + | degrees the angular acceleration did
not satisfy the theory of pure rolling motion. At
this angle, the hollow cyvlinder motion contained
both rolling and slipping components. Therefore,
#= 27 + | degrees was determined to be the criti-
cal angle in this experiment. because it is the last
data point that still satisfies the rolling without a
slipping condition. In addition, at a critical angle
the static friction is at its maximum value accord-
ing 1o eguation (6). Thus, the coefficient of skatic
friction (ye,) can be determined From eguation (3).
Taking a critical angle of &, =27 + | degrees
gives g, = (L.205, The p, between the wooden
plane and the PVC cylinder was then altematively
determined using equation (7). The critical angle
A.was 11.27 £ 066 degrees, and the calculation
of g, was 0194 £ 0011, Comparing the coef-
ficient of static friction values obtained from the
different experiments showed an error of 5.5%.
Finally, the angular positions of the hol-
low cylinder obtained from the magnelometer
sensor were used to calculate the gravitations!
potential, trapslational Kinetic, rotational Kinetic,
and total mechanical energy at an inclination
of 5% ldegrees (see figure 7). This graph,
which is an example of pure rolling motion at
=13 £+ | degrees. is usually used to consider the
conservation of energy, It is not familiar to stu-
dents because the reference of the hollow cylinder

July 2017
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Figure 6. The relationship between the magnitude of
angular acceleration and sin g.

is at the top of the incline plane. yielding a minus
sign for potential energy, However, this will make
students understand the other situation for energy
transfer. The decreased gravitational potential
energy will convert into translational and rota-
tional Kinetic energy. The total of these energies,
the gravitational potential, translational Kinetic,
and rotational Kinetic energy. is determined to be
the total mechanical energy. Flucations of the
total mechanical energy at a later time are most
probably  attributable to increased uncertainty
because of the large speed value towards the end
of the incline. The average of the total mechani-
cal energy is —0.05 £ 0.06 1. The uncertainty
is quite small for pure rolling motion: thus. the

Phys. Edoe. 32 (200175 (450049
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Figure 7. Conventional mechanical encrgy.

total mechanical energy can be considened to be
conserved.

5. Conclusion

We analyzed the rolling motion of o hollow ayl-
inder along an inclined plane successtully using a
smartphone’s digital compass. The angular posi-
tion obtained from the digital compass agrees with
that from the theoretical model and is consistent
with the experimental data obtained from a gyro-
scope sensor. Important parameters can be deter-
mtined from the rolling motion experiment. such
as the angular speed. angular acceleration. critical
angle. and coefficient of static friction. Therefore.
smartphones with suitable applications offer an
alternative way to study rolling motion in physics
laboratory classes,
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Appendix
By using vy = Rwy for pure rolling motion and
Iy = spsing for the wrigonometry relationship,
W Can express equation (2} as
ZimgRid — 815 g
W = ‘# (A}
(k== 1)

July 2017

Under constant angular acceleration. we can
write the equanion of the Kinematic of the rigid
body as

Wy — wj = 2oty - 6). (A.2)

Substituting equation (A.1) with equation (A.2)
and applying the initial condition (w; =0 and
! = f;), one obtains the magnitude of angular
acceleration:
mgh sindg
0= e 3
(mBR=+1) thl
The angular speed can be found by integrating
equation {A.3) with an imitinl condition, f =0 s,
and wy = 0. Thus, the angular speed ar any time
T is given by

. _ mgRsing

Al (Ad)

The angular displacement is also obtained by
integrating equation (A.4) with an imital condi-
tion, £= 0 5, and # = &. Thus, the angular dis-
placement at any time fis given by
_ 1 meksing
8 eyl ()
For the experiment in this paper. the haol-
low eyvlinder (mass ) has an outer radivs R
and an inner radius By as shown in figure 1(C).
The iPhone 45 (mass i) is attached to a plastic
board {mass mgand radius By), which is mounted
on the end of the hollow cvlinder, as shown in fig-
ure lib) Thus, we can rewrite equations (A.3)-
(AS5) as

_ mgRsing

B :mf-.'§ +hn (AS)
_ mgRs .\incﬁ:
(mRE+ 1) Gl
Ra sl 5
and = I mghasing 5 (A8)

2 {mRﬁ—i—."l

where m = m; + mi+m, und I are the total of
the moment of inertia. This includes the moment
of inertia of (1) the hollow cylinder (/). (2) the
iPhone 4s (f}), and (3) the plastic board (f,).
Thus, the total of the moment of inertia can be
writlen as
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I=l+k+i,= l_,m‘.{Rf-l- B
R I—I_‘-mi{w3+4’3|-+ ,—I‘-m,.!i'ﬁ. (A9

Note that equations (A.6)-(A8) are only valid
in the case of pure rolling motion of the hollow
cylinder on the inclined plane.
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