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ansomluusiaaey 1) seuunuauiu ldainaunis
_ 2
I, =1, +Mh (2.5)

dll N c dl o
bNB |p AR INLN%@@QWNL@@EI?I@QQMQNQ@ M FRULNUIUIL

I, A8 TWANReETITAgNIA M 9ULNUANNIAT

1.3 NAFNUASANNTNNUSILANNLTUTINN

nasn (7)) Y7o TuiNwAaa9w3a (Moment of force) Af ANNNENENNYBILTIT

o

agvyuingrauunumys By N-m ifaanwaguueniaefazndnnnaesmum r

o

o - Aa = a aid s dl =<
nuwee F Nmﬁm’mm{]&lmﬁn WANTTUINTTNH UL B WQWNINLNHWF]QWNL’Q@?J I 99ULNLAT

P - o i o o o By
b1 bNBNELT F ﬂ?:mqm@QWQIMV]Hu?@ULLﬂu‘V]Hu AN T Aennisznay 4

=

[ %

nwilszneu 4 Yuuasiianeees Fouay r Ainszinsadmguidania



mﬁfﬂmmmmiﬁmmﬁumi
r=rxF=la (2.6)
memmmm{ﬂmiﬁ@fmmumi

r=rFsind=Fd, =la (2.7)
o 6 fie wuszwing I uaz F
d, A szevdeannannunumsuiicuause da d, =rsing
a P ANHITLTINN
1.4 Tuaududeauaasingfivausatunumau
T uA LT3N (Angular momentum, L) Aa HAAMLIINLARTURUINIADT
punideiuTauAn@adu vianagniszud ey Luum‘mwL?i@ﬂﬁummﬁaﬁwu Huirdosl
Wl kg-m?-rad /s Wa1saunndseney 59nguea m agrisanganiiia O n1ag

UNUIALUNY Z uazindeunlnodiuimuindadu P

AL=rXxp

nilszney 5 TuwuANEays
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i
Il
=
X

g=l

L=lw (2.8)

dl A I8 dl
Wa | A9 TuANIReEIaINes m fauuny Z

® P8 ANIEITINN

1.5 MIMIAAUENANNNIATDITSULNN2IFT)

qAARINANIA (Center of mass) HIUAALAHEUNTINIATDITTLLIINAITY

Narsunnnilsznau 6 Gaduszuunduns m, m,, my, m, uay m; agluinaaningag)

AWMU 1, P2, T3, T4, Fs ANAAU uaz re umumiaesdudnatsung

mn,

Center of Mass

4
© p

Y T m
p 5 @™

e =

m; J

Amdszney 6 AnAUTNA19NLA
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dJ =
datienuipaaunng

= M+ M,re + Ml +m,ra+mgls

c

m +m, +m,+m, +m,

Tuyinuem g iuduiuszuLAUsENaLAY N auNIA AIWITOUN T IHAIN

ANNNT

— MMl Ml 4.+ M, Ty
C:
M, + M, + M, +...+m,

2 futlsrAnamsnsznau

futlsz@nannanazaai (Coefficient of restitution. e) 58 COR Aa 111AA2MLIS
FUANFURINFTULNEUALIBIAAMNFIRUAN A2 UN 19791 1L UIABIN19TU (McGinnis,
2012) WA NLFENaL 7 TAQNIA M, uaz m, AU TRy TneflpanuiSaiauTy

U, 4az U, AnxdanasTuilu v uay v,

NAUTY
u, u,
@— —©
m, m,
UNITU

Vv v,
e 0%
ml m,

ANLTTNAL 7 NOUTULASUASTUIBINGA M, WAL M,
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Auilsrdnsnianszmauanuisoun lsainannig

vV, -Vp
U, —u,

e= (2.10)

e v, —v| e 1smsndaduingudanisauluuie ey

lu,—u,| Ao auIRAMEENIMSAaun1s U luLUITRINITY

1
a

Tnevinlldndsc@nsnisnsenouiiFnegszudne 0 A 1 TuiuAaNTRvesTan Ty

q

LAZANHNIIENNNBNDUNITTU I ULUITBINITT AIN WL FznaL 8

- f Perfectly elastic impact

Different
materials

» velocity

L

Perfectly plastic impact

Alsznal 8 NINANLILANENNINIZARUINELAUANNITIE NN S NaUN 19T

Pu: Haron, Adli; & Ismail, Khairul. (2012, September). Coefficient of restitution
of sports balls: A normal drop test. IOP Conference Series: Materials Science and

Engineering. 36(1): 2.


http://iopscience.iop.org/journal/1757-899X
http://iopscience.iop.org/journal/1757-899X
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AR ANTNNINILARURANNNNNE Fail

a o o

e =1 unisruuuutiangu nrsaulaiiinsgaydandwnuaay agluinag

QU @

wasuulasglsennieay wazuaneanainAuaIN9TL

=

0<e <1 ilunisruuuulitianveu n1srudnisgoidanasnuaay dnginig

t:ll 1 A I A 1A 1 o o o
waguudasgiseenizay a1a ﬁugﬂmqm@iu ALILTINAINTTU LATUENDENANNAUNAY

nN9TU
e=0 Wunisrununliiangu nisrudnisgodandseiuaay daginis
wasuulasgilismdinissuatinening uazintull

luniaiaunAndszinnues wuw neav mula urainavuea Wi gUnsaindi

¥ 1
Al =

WantaziANaINN30 N3N A UNUANFANTWAINAALszAdA LLuNT9IAY F5N19R99A5R
AN ANTNINITADUNNAETD 11U N19TAAIINITINDULATNRIN1ITUNEIANLATAEN
Uaa F9aN1TaNmuaANE laatnudu usdsndengauasianldnaseuduilsrdns
a A as 1 ¥ o dld ! d"j
n1snszaaulesgniii Ae Jan1sdaes iRNNITnLdan AR UNRNIANINT DU NFTNLNY
wis neenuuEulinun Wusu agladuilss@nininszaaunuanssiunudanndnszny
Wansunilszney 9 aasgnuaanaaugs h nsenuiusadnsia v

LAZNITADUAUNIAILSRINTY V, AuulAmNgs h,

O ,~\L>
T,i/ G

e
7_\\. e '_'\ff a
L NAL

g
[

lV1 ( _> IVZ
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AMwdsznet 9 Uasaueanssnun
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[

A4 &y, oA A v | @ o ' =
LN@WUiNLﬂ@@HVl@Z1®’J’]‘HH’]ﬂﬂ’l’]ﬁJL?’J'ZﬁN‘WVIﬁ BUNITNIENU AD V] LAZTUIA

ANNAFENANEUAINNINIINL Ad V, A9l dutlse@nsnimnazaaumnlaann

o=V (2.11)
Vl

NANTUITINNABIUDINANNUAALNAIN TN TN LA U UIINNABIUBINAIUA AL

AfuNIINIENy azla

V.

dl A o c o
W E, A9 WAIUAAUNAINITNIENL
E, Aa wawnuaadnauninszny

m A8 NIAUDIGNLAA

1 | 1
dI/L| A a

parlis TunstingnuasnssnUNUMzansznudan linaoun a1unsauduilsydng

nsnszaaulsaInannig

e=, — (2.13)

ynansaunnIndeszney 9 mnngeninEnaau azlAdn feunimnsznunaay

Aneindeutlasugiiiundssuasid wazuainisnsenunasavaaililasugiiundasnu

Aneiiunng Weauannig el

(2.14)
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3.1 ULTRSUBRIANISN TN U (Sensors of smartphone)
LuEEes (sensor) Aa gUnsalBidnnsetindnaunsnamadulTunlunsia@ndls

o

ki1 AL AYNEY i Wusu aquinladnisinauimesunldluansning wu
LuErasuas (Optical sensor) uunimilinas (Magnetometer) lalsalail (Gyroscope) Tugil
1aualnaLATU 1T Phyphox, SensorLog laulaasyinguaaanisuil sdy oy1nsann
annuandaniiudny i Taqiiumalulatiasnsminuimun lilegrswnn nliia
a o ell ¥ e—tzllta 1 5 SJdI 1 ] a =
uarlwatadunldaauaruisnaessutesnanat luanfminuld Geazdondaasunisizen

18U N AN TN ANINIIALE dzaqn LazdlssAnsnnuinau Taganizlun1maaaanig

3.1 Device motion sensor
Device motion sensor UM BEasNATadUN1TUHUTIBIAN1TN INU Tae T
walulatl MEMS (Micro Electrical and Mechanical System) #9&131903AA141N191Y 1
we9au1 I ulAaase 3 unu Ae X Y uaz Z aauiminuinnsuyuisainisinaaud
119§ Device motion A¥NINIIUNUUENIABANNNT 101 U N1sian N LD
aa | £ d! v % Y v o
azasnazinm n13gamlesiae iusy dadunimyunriiae lila psnaniug meanisvse
uyuniinaadnluds (Auto Rotate) Wranisldunuidniialuanifmivuluntssyysianng d
o‘d‘ [ o % = o v o‘d’j a‘ﬂl 1
duirwgefanifminusndudesl dulddnduauimesiugiusesouise faus i
Gyroscope sensor Linfia lilaufivauimasanuig s
gmdunianeassilangd azldrnuaiunsnuedmumasilunisdayun1 Iy Ui
dl 1 v ] 1 L o K ¥ o ] a & 1
answnuianandullldetnusiug uaziiunndeyasiuiadauaesanminulumioe
winau danldlunisasaadunisuyguaasan iy deannmnuinidezg nefldlunis

NAABILARAUTLLUUNY NITARDUNLLILNNAN waznisiafauiiuLFuilaafuaila
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Y

2

AUTENaU 10 kNBUBdANITN I

3.2 Gyroscope sensor
Gyroscope sensor Lﬂuqﬂﬂiﬂﬁmﬁﬂ IEN Lé@ﬁmm@”@mu Wedaninesy
firn1sradnisn e ludsznaudosiduiiAuazununyuidain liaesluiianiesinge 18
LRI b v‘h‘l,ﬁiuLuuﬁuL%mquﬁm"]mﬁmmu%uﬁm:ﬂﬂﬂ"ﬂﬁﬂLauﬂgmmmLqm AN

AUANTTRNANI0UN URsaaaaun AR UNLLILN IR IRY L

nwilsznau 11 lalsalall
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lugatfaqiiulalsalalgniszAug Wiy Microelectromechanical systems
v o o K 1 :l/ [ % o o ¢#l
gyroscope Usgnausagsintiuing auatss uazda i ardunisinauzeussduinaeu
TWAhatinannmeuenuazA1 AN LEIRTIRAN LRI aIANITTNN AarTunen
o =K tﬂl dl uI/ A ] :l/
aztiunnusaadeu Wi nduluuuaunu y uazausadamluuuuny x douanuai/zaniy

annuua lFduluiAaaquazuanidy 2 modes Aa Driving modes Waz Sensing modes

a

Iv dldlvvdn

Headpgiedeui darfuninAtazipdeundindiliasiiainanuaes M AIuILmesNNg

—

' |
[ o K ' =

=] dl da’ o yi’/ a dl 1%
TUTUUURNN AU EILL Y 61]\‘16“]51’1&1L‘LI‘ENLUNNVI’ITM?J’JIIWW’WLHmﬂ’]ﬁ‘Lﬂ@ﬂuLLﬂ@ﬂLL@x@ﬁ"}ﬂ

Do

%

o alWinauNn anunsndnlasanuiBadaduievidaynaesingnan lalsa-lailunan

WAeari (Sung et al., 2014)

Electrode

I Driving I I

mde

Sensing
mode
Sensing
Electrode

Awlsznal 12 nNeNuedLTuEiaslalealall

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

Microengineering. 24(7): 2.

3.3 Optical sensor
Optical sensor %138 Photo sensor lulgultasinsaasuaNAaeulug nns

MFIRALIRY UATNIIAIIRABLTUIAILFNURIIRY BIAENTINUAINNIEeUaz T Tat

[ % o

a g dl N o ) .
ndrudsznaungdna @ﬂmqmu RN LGN (Receiver) La¥AIA9LLAY (Emitter) ansnde

v
[ % o =X

nsamadufaannsfifaduasdlilasteusuing M ldasuuasiuidaniinTunas

waeiudyanadlninseld
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Surface

IR Transmitter d
Object

body
IR Receiver

Rays reflected
from surface

nWLsznau 13 Eumasiuas
N https://www.electronicshub.org/ir-sensor/

3.4 Ultrasonic sensor

Ultrasonic sensor luiauiasn ldunszaznisainnisazviauanades tnenns
UaagARu@NAAANTNINNTT 20 kHz Bailupaudi@asnuyseldanunsnlau d
o o 4 & oa o G @y A 4 |
neenuAUdRnYTaNURNTa9ANaNeIAT e LT TanaUuAd T la ARWITELAENLINIAIY
wunadn il luiuiafinsenuuazudonaziauaani AANNARNEARINTLINIININUIEY
3ang Tneia il A AuiEonaumte @ 9lssunnasnage A TNANRLEEYN Y
) 1 1 o a =l =S d’l a v o= 1 dl
ANNNTDAUIUMTTEEN TN UUaN T AR DI URaNgE Ul UezTamilanasinanily
VITULIDFARULULBIALN AD A1NNI0RAFIATAANAINITDTUNI AdLIRENTR9 IR 16 Ly

i W 819 azpeande 3 ldliasiaundunndamiudmyyninuinin

Ultrasonic sensor 1Tansmit wave f
‘ -
— ’ < Object
Reflected wave v
< >
Distance

s A A o
ANUITNAL 14 EUERTAALNTIALALN

un: http://www.ndk.com/en/sensor/ultrasonic/index.html
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3.5 Magnetometer sensor

Magnetometer sensor Huimuae 7 141un1s5afiAN19Lazau A 18
aunulmanluanmuandenses’) lwuires endudsngnisalaead (Hall effect) Tunis
N9U Tmm”mﬂa*umiWﬂﬂﬁﬁqﬁqﬁﬂ%ﬂumwLL;J Wan nnwanzrestszq i
IR RN @‘?.:LﬁﬂLL‘NZ\)@Lg‘usﬁrwﬁﬂﬂix’ﬂaLﬁﬂM?ﬂuiﬂﬁluﬁﬂvmdé{/ﬂ@’mﬁ/uﬁﬁ‘1/]’1\1“]]@\‘1
nszualiuazauaudman fnndszneu 15 MawlasusiwmiiesBidnaseuiinas
inlfiRaRausneAnddndasnszaneiafai dadudadeunanszualiiuaz
aunudian uinginsafananszualiinassinaza uisnA I IAUINLNIMANAN AN

AneAne lusnn e

Magnetic field

Electric
current

b

P.d = Potential difference

+ Conductor

nmdszneu 15 Usngnisad Hall effect

Pu: http://www.physics-and-radio-electronics.com/electronic-devices-

andcircuits/semiconductor/halleffect.html

wuafuun R IninaFluauiminugan1sadnaunueaduI Nk an telu

WWILNU X, y LT Z taasinadass

ANUTENAL 16 N1NAIBNAIAANNLINHINDT



19

wnuniindmes idugdnsninldinaoniduresauinudmdnusiomsey

wuimes nuTnnse ] iuimes Iluissmanviedaniduulimananuidugeey
a v a c a a o o 1 Y o o 1 <3 o ¥
Usnulndians wwaesunniimimefazdnaldvindusuinresauinudimanian vnls
awnsnldunniiindmasiuleTnu 4s uduiiafaneals ainnisdpAtuanuBnEnAIwes
\ia (Magnetic heading angle : ) {lunisdayuauinuiiniainunu x aaauuniin

AmaFlulauiuiAmileresdauinudianuuszuULAgaiU Ben1edaa1aziduldniy

ANNNT
0
y/:90°—180 arctan H, when H, >0
V4 H,
0
z//:270°—180 arctan :::X when H, <0
T

y
w =180° when H =0 and H, <0

w=0 when H =0 and H, >0,

e H, uar H, Aegwinzesasiuuiivdnluinu x uazuni y msaidu

N oy (right)

H|-

2]
v

(down)

ANUTZNAL 17 NTIAATBNNLLFNLENAIWANATBILNN D INHLAD T

un: http://www.mdpi.com/1424-8220/16/9/1455
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[

4. uIRENITR

a9 o ' =2 o a AQf = | a

IfAdevanayinuauladnmduiss@ninimsraeuresgnniii i gninuila gn
naan gnivaues gniadsu gnileles gnaenn wusu feluntmgeduazlunieljis
2E1991ANE 289 Haron ey Ismail (Haron & Ismail, 2012, pp. 1-8) eAnsdnLs=@dnanns
nszaauesginsnignivii tiun nean tatles aend uazasniin Inenisdaesluaniozuss
v ¥ tﬂl [ =2 1 [ % v ' <3 ¥ o
FuenAes ] NFTALAYINGS 1.3 D9 1.7 s annsenuwiudan tiun wédn 17 uwazdy

NNAINABIANNALBEAG HANINAADY A3l

COR of sports balls for impact with steel target surface

Type of sports Drop height, h; (m)
ball 1.3 1.4 1.5 1.6 1.7
Golf Ball 0.897 0.896 0.894 0.892 0.889
Table Tennis Ball 0.809 0.800 0.791 0.783 0.779
Hockey Ball 0.647 0.658 0.653 0.650 0.628
Cricket Ball 0.615 0.610 0.609 0.606 0.606

COR of sports balls for impact with wood target surface

Type of sports Drop height, h; (m)
ball 1.3 1.4 1.5 1.6 1.7
Table Tennis Ball 0.786 0.769 0.746 0.748 0.743
Golf Ball 0.681 0.677 0.676 0.675 0.666
Hockey Ball 0.398 0.391 0.381 0.380 0.378
Cricket Ball 0.356 0.351 0.351 0.343 0.350

AwUznad 18 M1919A1 COR AINNNINAARNTAN Haron Lag Ismail

u: Haron, Adli; & Ismail, Khairul. (2012, September). Coefficient of restitution
of sports balls: A normal drop test. IOP Conference Series: Materials Science and

Engineering. 36(1): 2.

Jonas Persson (Persson, 2012, pp. 662-663) AN AaaIn1A14Nlsdnsn1s

nszaauaaegnnin laun uainaues wausues teiles uazmuila lnanisaasldan
T (NTI- SI - - cy

NTTNUNULDN LT NRYW WRUN NIEAUAINGIL Tz 30.5 LIUAINATLALALATIEIRGE

T121n9N Tracker ANN13018AATAAUEN AADY NANITNARBIAININLTZNAL 19


http://iopscience.iop.org/journal/1757-899X
http://iopscience.iop.org/journal/1757-899X
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Jamin Bennett kas Ruwan Meepagala (Bennett & Meepagala) 1FIn1Inaaes
wAdnLszAnanianszaeusesgniiiaiinie Tnanisddes linnnssnuiuaennse lu

LAUANED 0.7 D9 0.92 11AT HANNINARBIAININLsENBL 20

Table 1. The coefficient of restitution for
different balls

Ball COR
Basketball 0.87(2)

Hand ball 0.81(2)
Table-tennis ball 0.89(2)

Tennis ball 0.79(2)

AnUsznau 19 A1 COR A1NN1INAaBY189 Jonas Persson

: Person, Jonas. (2012, November). Measure the coefficient of restitution

for sports balls. Physics Education. 47(6): 663.

object H (cm)| h, (cm)| h, (cm)| h, (cm)|h, (cm)|h, (cm)|h_ _ (cm)| c.o.r.

range golf ball 92 67 66 68 68 70 67.8 |0.858
tennis balll 92 47 46 45 48 47 46.6 | 0.712
billiard ball 92 60 55 61 59 62 59.4 | 0.804
hand ball 92 51 51 52 53 53 52.0 |0.752
wooden ball 92 31 38 36 32 30 33.4 | 0.603
steel ball bearing 92 32 33 34 32 33 32.8 |0.597
glass marble 92 37 40 43 39 40 39.8 |0.658
ball of rubber bands 92 62 63 64 62 64 63.0 |0.828
Rele Egrlf plastic | g, 47 44 43 42 42 436 |0.688

nwlsznal 20 A19719A1 COR AMNNIINARANTAY Bennett LAY Meepagala

un: https://hypertextbook.com/facts/2006/restitution.shtml


https://hypertextbook.com/facts/2006/restitution.shtml
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Andre Roux kas Jennifer Dickerson (Roux & Dickerson, 2007, pp. 1-7) lanInng
naaedAnE ANl sz AnEnanszaeutegninuila Tnanisdansenuniunasasdnssamnane
A1ATN 2.25 m/s lilauia 11.58 m/s 41101 48 AFI LATATUIAERIILTINOUNITNLLAZ A

o1 = o

ATENUTUNA2EIN19LATIZUENUARTE AN utndNTuNNnT W A dNL s dnEnnsnsyaauiy

1 [ a [ %3 s 6

dn97159 nan1ImeaesagLinAdulss@ninisnssaeutuey fudnsFvTeANEI AN S

u

o a |

AAUANINIENY B9ANNITIFNRNNTAAUNIINTZNURATNIN AN ANTN1INTZARUAZHAN

fasad aun19ialiaeedulssdansnnnrzaaunesnuia Ae

COR =1-(0.18+0.07)(v,)****¥ (2.15)

e v, A aR9LFIneunIInITnL
Farkas Waz Ramsier (Farkas & Ramsier, 2006, pp. 73-75) la@Ans1duils=@dnanns
¥ v X o ' = a ' dgf <3
ﬂiz&]@u@')ﬂﬂqﬂﬂ]LWEQ%']WTY]@ULQ@'] Imﬁmiﬂ@@ﬁ@”ﬂﬂwﬂmmmﬂ NTCNUNUTILLLUNLLRE

o

JuanAslanaunszivgnIiangansEaau UIN lAALIIAIUINIAANNANA ST

/2h 2
ttotal = ° [( ) _1] (2. 1 6)
g 1-e

4 d - P =
W Ly, AB AINENLAeEgNITIAUNLANTTADLY

ANUTL@ANTNINIZADU AYANNNT

wnlgunINANNANRUSIENIe (Jhy U t,, Agldduilsr@ninianszaauann

ANNTUADINTIN

slope,/g—l
V2 (2.17)
/9
slope, /= +1
p 2+

lansnn1meaas san1nisznatl 21

e=
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e lennis ball
0 rubber ball
11 4 w golf ball
10 ¢ golf ball
— regressions

total time (s)

—l T T T T T T T
0 02 04 06 08 10 12 14 16

square root of initial height (m!/2)

nndszney 21 nalANANudsTndne Jhy Ut

total

111: Farkas, N; & Ramsier, Rex. (2006, january). Measurement of coefficient of

restitution made easy. Physics Education. 41(1): 75.

NANIINAARIUIANANLTZANBNIINTZADL ASNINLTZNBL 22

Regression R® Average

slope (sm~'2)  value COR
Tennis ball ~ 2.03 0.842 0.636
Rubber ball  3.82 0.973 0.788
Golf ball 9.12 0.972  0.906
Golf ball 0.76 0.976 0911

Nwleznal 22 A19719A1 COR ANNNIINAAENT8N Farkas WAz Ramsier

111: Farkas, N; & Ramsier, Rex. (2008, january). Measurement of coefficient of

restitution made easy. Physics Education. 41(1): 75.

¥
Yo A

X o = PRiry A = a o o o o
AmaaaataInisan laanlsaFauna s U g i uINn1duan UnEauls
nEren19aATIzin N un1IAangsuil warlfuuuataadasnedneluni19An

Auilgz@nsnisnszaau
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D

insanuraulalunisinmalulagaunsinunn ldlun1r4auilang Aa 4uas

184 Gonzalez LATARLEY (Gonzalez et al., 2017, pp. 1-13) la AN 1A dNLs2@NnEn1s

|
a o

nezmaulagldiatnaindu AudiA ualwaiaduinldiunnidsanauiumnan @aeitiunn
al QII o dg‘, nﬁl [ a ‘Qo‘ QII % 1 QII a
s dngnesnui aeduilszansnisnszaaui lamnainnananusaedaiiie

L?qmmmu ANANNT

_ AL, (2.18)
At

Y 1
o al

e t; Ae dognaiuessasey lueInN1ANAINIINITABUATIT i
AINN1INAABINIAENLsx@nTnanszaauassgnnaan gnilales uwazinu #

ArUNNR 298 LAadU seALIAYINGIN I luntsiaeaindis Asnanilsenay 23

Golf m
Table tennis 4
0.9+ Foam e >

Golf: COR = 0.881 +0.003
Table tennis: COR = 0.840 + 0.009 M A

Foam: COR = 0.667 + 0.005
0.74 : =

AL, ()
»

0.5+

T=298K

0.3

0.5 0.7 0.9 1.1
A1y (s)

Awdsznau 23 ngWAT COR AINNIINAABITEN Gonzalez WasARY

111: Gonzalez, Manuel;/ et al. (2017, January). Measuring the coefficient of
restitution and more: a simple experiment to promote students’ critical thinking and

autonomous. Physics Education. 52(5): 7.
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uananieislinnaasnaudniussasduilsy@ninisnsenauiuguugi Inanis
naasduddifiuiazldlulnsaumaslunisangungiaesgnini Nan1amMAABINLINgUUYH

Huasiaduilss@nsnisnsznousasuesgniinusazainuans1aiuy ssnndssneu 24

1.00

0.80 -

COR

0.60

Foam +—e—i
Golf +—e—

— .
0.40 s Ping pong r—=—

T
100 200 300 400

a

nndsznay 24 nalANANRUTsEndIedNLIEAanEnIINITARUFRg U

a

111: Gonzalez, Manuel;/ et al. (2017, January). Measuring the coefficient of
restitution and more: a simple experiment to promote students’ critical thinking and

autonomous. Physics Education. 52(5): 8.
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o Y Y S ° e = &
Lummmmﬂwmimm@@m RINANNIT (2.13) ANNITNANUIUNANENL T ANT

m@mmmﬂﬁmnmmm@

dll A ¢ di
bNB |p AR INLN‘HMWJ’WNL'il’ﬂ?.lﬁ"m‘ﬂ’mﬂﬁiﬁﬁ{u

v
o o o

Aati dulszAnaninszaaurnlaainannig

=2 (3.2)

s -3

AINNPRUINENAWIU HENANTNII AN ATBIUN WAL U AN TBE] ARHANTUE

NAUANe AU unAI 1A A9ENNNT

ABUN1INIZNUAL IF AN NANNUTURINAIIY AIFNNNT
1 2
Mar (1—cos ) = I, (3.3)

a4 oo
e 6, AD YNNIENU
I A9 $2R1ZaNUNUANUDINAAFUETN

AMNANNIIN (3.3) AWNIDUIBRTUGATSNRBUNNINIENLLANTRY Fainannng

_[2Mgr(1-cos§,)
0
I
p

UAZERTUTINNUAININIENUUN Tfanannng
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p

0 = \/ZMgr(l—cosel)

= 2
e 6, AR JUNTTADU

NANTUNANNTT (3.2), (3.4) wag (3.5) azlsian

1-cos@
(1-cosé,)
ARINTUTINNNAININIINLIIUN armn90u IFanAnduiusresdulszd@nsnig

NIZARU ANANNNG
W, = ew,
. Y .
PINRNNINIEAAL ¢ AT azlAqan
e‘w, = o, (3.7)

c

e ¢ AR ANUIUASIUBINITNIZNL

Qe

ap

@, AD BRINTITIYNNIAUNIINIZNLATININ

(3

@, B AAINTITINNUAINIINITNUATIN C
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2. iAsaeilaildlunudas
2.1 Janainsal

1. @uns TN (iPhone 4s) S119u 1 1A384 194 0.140 + 0.001 Alansy was s
A (NF19xeIN9xG9) 0.115X0.058X0.009 + 0.001 LuA3°

2. WUARDFURTA 2 WEU 1WA (NF19xEIN9xg4) 0.050%0.650x0.002 + 0.001
WA UAAZLLHWNAA 0.005 + 0.001 Alaniu

3. gnnaawn TourStage PHYZ 6 411491 1 gn 194 0.046 + 0.001 Alan3N au1m
WA uAuENAng 0.043 +0.001 AT

4. gninutia Wilson 911491 1 gn W94 0.058 + 0.001 AlANTN 1u1AL& NI
ALENAY 0.064 £ 0.001 Lams

5. AAUANTYW A1 2 AL W24 0.012 +0.001 Alaniu aunntduru
AuENA9 0.027 £ 0.001 Lams

6. ¥18 PVC 1119 4112 2 via T&ud viefi 1 1aa 0.006 + 0.001 Alaniu §adl
AEwen 0.015 + 0.001 wAs SARN"E 1Y 0.014 £ 0.001 814 0.020 + 0.002 (AT UAZVIET 2
194 0.011 + 0.001 Alansu FAdA"awan 0.028 + 0.001 was §ANN"elW 0.026 + 0.001 819
0.020 + 0.002 AT

7. 1N9ATN 1 naan wazinininaasuingiauig 1 dau

8. UNWMENINAZA S1UIU 1 UNL 2U7A 2.5 W1 819 0.250 + 0.002 LMT

9. IAAANLTIUIA 2.5 i AU 4 F

10. wHuldun 2u7m (NG19xe119x49) 0.440X0.440X0.008 + 0.001 1A’ 194

46.56 + 0.01 Nlansu

nmdszneu 26 danaUnainnmaaeInAdNLsTANEN1INIE ALY
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2.2 TEMSASNAANTNARD

[ %

RanldaiganimeaesAdudlss@nanianszaou Tnaldimuiges Device
. 6 o é’
motion ez Gyroscope 2RIANTN N1 ASH
1. langmasuasanlaasuniialidawavintundugniluus chnndu
gnilu
2. thgninutiauazgnnasyl iAafuvia PVC 114 Aaen19m31dna
3. 19l PVC U9 Ningnimuiiauazgnneanuds llaandareioaes

vesadensedruiundugnilu Asnawdszney 27

Ma PVC 119

HAaasuasn

nndsznay 27 gUnsnineaesiA gl IANEN1INIEABUIBIgNNAAT

v 1

4. dunuianinasnasnnaugnily Aansostiensoiiariaesd
5. WaN M I uamnngasninldfaduiqmesuass lnafnmnsany

U AennLlszney 28
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nndszney 28 gUnsnineaaesdulsz@vaninssaeutasgnnean

2.3 AR LTAT U
anandszneu 28 gunsaiaziiununyudoniunasilunuiaoiuiaes

ANUIDIANANNNT

o =1+ 1, + 1, +1, (3.8)

total

dl A 6 dl [

e 1 Ae TuwusdAdNiaesreaunminusa LN Uy
I, Ao TuwusdanResvesialmesuefase LNy
I, Aa TuusiANRenaegning

A '8 dl 1
|V AR TNINUFTANNNIRATRIa PVC LWNUULNRAYU
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TudauiResaasanIminusauunumyum ldan

1
Il.=—m_(a?+b? 3.9
12 N( ) (3.9)

S

~ 2 -

e m, Ae NaazesaNIminyg
a A ANNNTIRIRNN T TNL
b Aa AN TN

Tuanniaetraarmesuainsauunumyumi laain
I, =2 m, (d%+c? h’ (3.10)
T ¢ (d”+c%)+m;h, '

dll N a o‘ &
e m, AR NIALRIN9LAeTLRTA
h, A8 szeziNAINqAAREINAIINIATDIADAaTLATATIILN LYY
A a o c
d A2 ANETENHIReT e
C Aa ANNNINTasHnRaiuasn

T NRetIasgnInLTaLazgnNaansaL LN uINUIT lFaN
I, = 2 myn2 + mh,? (3.11)
b —g bl + My, '

a

e m, An 19aT89gNIUTANTagNNaAN

b

b

o

I, Ae SANaesgnmuliaTagnnaan

h, Aa svazieaInqaduaNaINIaTe9gnIULaTagnNaaW LN UYL



33

T uResaadvia PVC 119 sauunumyumn lfain

1
I, ==mr?+mh?’ (3.12)

"2

e m, A Naawesvia PVC

[%

r Ae fANlRAtIR9via PVC

\

h, A8 saz9NaINqAALENAINNIATEIYIE PVC TNUNUMyY

windszannugaduenog iuqaguidnasuiazesszuuiegluszuiumaaiuy

a

3r8ZANUNUMNUINAAALENANNIaUT lAaN

(3.13)

+( mby)Z

total total

m,h, +m h, +mx, +mh, ,
Rom = /( )
m
1B My, AB NAFINTBIGNNNT annfInu Aorasuasauazyia PVC 119
X, A9 AN IWLHIAIA NN U NDUL AWENANINIAT8IgN A
Y, AD ANNENAAUTNAINNIaT89gNNT DUuLIIN UKW LW AY
o . . - o 5 . .
ann1anld lunnsawindulss@nanimnazneulag ldimume saasaniminy

AINENNT (3.2) WINHNINTENUATUIL 5 AFS Az lA97

g=—1 (3.14)

Wa n Aa1,3,5,7,9 (3UIUA)

INANNIT (3.7) UINRNITNITNUAIUIU 5 AFI azlaan

1-cosé,
e= |———+ (3.15)
1-cosé, ,

Wa n Aa 1,23, 4,5 (@1uauiiy)
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- 0 o s & '
ann13n g lun1sA T nduLlsz@nsnisnssnaulnenisdasenseny

NN (2.14) WANTUUBNIZANNES WNAN19NIENL 5 AFS azlean

e= L (3.16)

Wa n Aa 1,23, 4,5 (*a1uauiiy)

]
[ %

TUN19NARBIRANMNIEINAUNIINIENUAINNIINARBITIABIRBA DUV Te3d
ArEnTITsNaINNIaseingldaumasiasanmIng nAuIumANgalunIg

ADLFATATIAINANNIT

h, =% ' (3.17)

e hy Aa Augelunislaas
A < ) U 6 6
@, AD AMNFNTINNANNITNaaadine ldisuirasaasaniing
1Adtazinanniai (3.14) uay (3.15) azinldldlsznaunisAuaniaesnig
naaaslaeldinuaas Device motion uaz Gyroscope adaxiInulunsunndays dou
ann197 (3.16) Azl dlsznaunisAnuansnimaassinenislassnseny tdnisiunn
aa o K ¥
anlalunistiunndasys
2.4 waUnALATUN LE N1 AR

walnawadu SensorLog Version 1.9.6 Iagl Bernd Thomas A1quluan laann
App store WluuwatnaptunAmannainisalunisdadsuandsl@dndlauainuans lwaan
= o o v tzll v [
WAEINU A1NNT0ANUIBAASNALT RN TN TN TILNUTNAe AINIWLFENAL 29 LAz NI

denansiunnandulnsidnaalidmaddmanetidayalifnessisaldifansas
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oo . Telekom.de ¥ n:2a 197 % .-

[ 7 yaw: -Q.117 (rad)
rotation ra1e (radés) -0023x -0%07y 0030z
acceleration (G) 0022x -0.009y 00052z
10.68.38.77 (WLAN) 10.81.245.44 (carrier)
device orientation tace up 15)

16.9¢ 1518 Pkt ste:  100Mz
HTTP: POST

n o
Awdsznau 29 welnawAdi SensorLog Aldln1snaaas

2.5 A8N15NANAY
naun 1 dupeuni1maassineldimuges Device motion WAz Gyroscope 184

annsnivy fdumeusiil

1. viganaaeensmAIddszannnszneuan iyl el
annasrlumzudilivnluuuanoned fanindsznay 28

2. ilauntlwaiati SensorLog f;"\immm?ﬂum?ﬁ’uﬁﬂ%’w@ 60 Hz il

unndayanimased waavian1sangnnadnauyinyNlszain 90 asAiuuuams Tne il

amasuasaiianuanilans

o '

dl [ o ] ¥ dl a
3. Wegnnaanuganszaau vinnsdadayanimaasdliianietdma
4. yngmudain 109 3 9719m 5 A
5. Wasniugninuliauazyindisnuden 1 s 4

6. UINANINARBINNDUNTINANANNUS ([I—cosd, il [1-cosb,

LAY @, Ay @, , ANHANNTT (3.14) LAz (3.15)
7. AUIUMNANA N L ANTNN1INTTABUANNAINNTUUBINTINTIA D
8. UAdulsrdnaninszaaunlasainnimaaadlagldiauigas Device

motion WAz Gyroscope a84dN1M N liFaumauiuanlaannimeasslnenislass

neenu
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naud 2 Tunaunimeaasiaanisiaasnseny tTuiindeyanimaassingld
' v KR ad d%’/ o Ai/
AN INuLRNNIATe HdunaUAIR
1. 190l 197918 LRI A9RNA LAY waziRTeNNRe9s La bdunsa el
% \ a o )y A o & A
nagsatluuuafsazinnisdanasaivatiunnanle
2. ﬁmm@@’ﬂmﬂ@imﬁ@xﬁum’m@;q TIAUIUAINANAT (3.17)
3. vinnnslasagnnasvinsznuuiulinun uaztngdnlaaundignnesanazy
NEANTEABU 91117 5 AT
4. Wanuiugninullauazingnds 1 D4 3
5. nnainlatanImimNgaesgnnesnuargninuilaneulsaeauas
dl v o ¥
pNgINnszaaulanauiUliung
6. UrnanmanasuIlaunIWANduius (h fu /h_, siuaunig
(3.16)
7. AUIIUNANAN LI ANENNINIZARUAIN ANTULRININ

v o o !

nanaaeslagldiguiresresantminuuaznislaeunseny gasuazingn

=3

AuilsyAnsnisnszaaupasgninuilauazgnnasniiaasdsunnFauieuii fsazaenainia

Tuunsaldl
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11185 Device motion LA Gyroscope 3894115 T Tun1aiTuina uniaieyw
AaSaEan uazinan antiuhdeyaAuiidannasnminusnduiindraslumsadiin
wauazinllidsuns A A dulsz@ninisnszneuainAnduaeen s
anfuhnanimasediidllienfeuiunimasesinenislaeanszny deduanis
1/1m@@qmmﬁuﬂixaméﬂqiﬂixm@ummgﬂmuﬁmquﬂﬂ@@% savndasieliil

1.N@m@ﬁmqmﬁ’f@gmﬁmﬁu
1.1 Tumum‘mwL%@ﬂm@qﬁMﬂﬁimm@@q
1.2 9AAULITIINUDITANINARSS
2.0anmeaesine ldauimesuasaniiminu
2.1 dayaarnnismnasslngldimumas Device motion WAz Gyroscope
2.2 AN TUNNAUMUUTNNN UATSRTNTTINN
2.3 namluazAndutsz@ninianszneuannisuireasan iy
3.1uan1gmnaesingnslaasnseny
3.1 ANINIUANAINES

3.2 nazANdNLsz@nanisnszaauinaniIslansnszny

1.uaNsATUIMTaYALTRIAY
1.1 THLHUARM AR EUDITANITNARDS

gadela AU TN UAANIRAET89TANITNARE AINNI1999H THLN WA
RasaasaNT U uHuAaRasiasn gninuila gnnaan uazvia PVC sauunumyuiaeaiu
Tneldannng (3.8), (3.9), (3.10), (3.11) waz (3.12) lunisArunmulumufA NI tU9TA

NINAABIUIANANLIsTANENIINITARUTIRIgNINUTALATNNaaN NANNTATUIL AYY
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F119797 1 TLUHANIReEIR9TANTMAABINIANENLsEENEN 1IN TEABUTIBIgNIMLLLA

A SAN ANINENY  AINAINN 522N TuLNUB AN
(9) (cm) (cm) (cm) WAUUNU (cm)  LaaeE (kg.m’)
m, I, hb I,
58+1 3.2+0.1 62+1 0.0251+0.0011
m d c hf I f
51 65+1 5.040.2 32.5+0.2 0.0008+0.0001
m ) b a ) Is
14010 11.5+0.2 5.8+0.1 0.0002+0.0001
mV rv 3 - hv Iv
111 2.8+0.1 7 g 60.1+0.2 0.0045+0.0002

total "

I,+1,+1,+1,=0.0306 « 0.0015 kg.m

;13199 2 TINUAANLRD2B9ANNINAABIUN ANAN sz AnBNnsnsznauaasgnna s

NIN ‘:‘Jﬁﬁ AL ﬂ’J’]Nﬂ’SJ’N geeZaMnLinu TNLNNE{WJ’]N
(9) (cm) (cm) (cm) YU (cm) a8 (kg.m?)
m, I, h, I,
4641 2.2+40.5 Y . 62+1 0.0186+0.0012
M d c h, I
5+1 65+1 5.0+0.2 32.5+0.2 0.0008+0.0001
ms ) b a } Is
140410 11.5+0.2 5.8+0.1 0.0002+0.0001
mV rv hv Iv
641 1.5+0.1 60.1+0.2 0.0022+0.0003

total

=I,+1,+1,+1,=0.0218 + 0.0017 kg.m’
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aziiud luufANRe s 199gNn e uazgnnean AA NN e WUy
[ % dl = o ¥ dgld ! o di
@RR TRLLNUNYULALATY TegsLiastssanadr I UAANIAE 1B TANNINAARINN
AndNlsz@nsnisnszaeuiuluusANNIRas IIgNINUTALATgNNa AN

1.2 aAAUE A

Qq u

Rt liA UM A ATt ANNIAARIMNAN AN sEENEN 1IN TEAB LIRS

a

annagnuazgninuila Tnelsvanniqaaueltos duanauenansnawarldannig (3.13) Tu

a q

ANTANUINL HANITANUI LA

F11379% 3 AAUETINNUDITANNINAARIMIANENLIsTANENIINTTADUTIRIgNIN LA

M (@) M X, (g.m) m,Y, (g.m) m; X, (g.m) m,X, (g.m) m, X, (g.m)

214+13 38+05 3+1 2+1 5+1 4+1

R, =0.229+0.016m

P3N 4 AAAULITINTBIYANIINARDIMNANANLSLAVEN19NITADUBAIGNNDAN

Myoear (9) m,X, (g.m) m,Y, (g.m) m, X, (g.m) m.X, (g.m)  m,X,(g.m)

19713 295 2+1 2+1 5+1 3+1

R,,=0.201+0.015m

HARINNITATUIUNLINA AU TNLBITANTN AR IUIAIANL 3L ANENS
nszmauzesgnnaanindununyuninndigninuiaegidntes 1asangninuiadiugg

N nndngnnaan
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2 HAN1SNARILA LT d UL Eas U aIAN1SN TN U

2.1 dayaannisnaaadiagldiguias Device motion Laz Gyroscope

AT NLsEney 30 waAFIRENITelAaINN1INARBINIANGNLSEANENT

[ [ o

nszaaurasgnnuiansenuueulinun 3 A3 dayamunial@ieyu (Angular position) i

a

ADNIEANTINN (Angular velocity) HponudnRusAuatfingn gnifuinlunatneiy

poeimuTafIeIaN N I Tsansatiunndeyals 3 unu (x, y uar z) annndsenay 25

i
=

WHUAADFUR AN UBATLIALUNY Z AU TD3ARIUUUNITINNUAZ ANNITITINNNAYN

a

o K

Tunnluuuaunu z azgninldimmziuazAuamniaAndudss@nsnisnszneu daya

FunUaEayNAzgniuinaInnigeesatesant s iuluniesinew gnissuanalag

1 a & I

TR3ARLANN L IULTAFANLIUALTULTRF Gyroscope TIGINITAATTAREN1IWEN LT 1e3

Taging

1
a g

dl a =X a o dl o ! o

iHaNansnniivad@aan uaesnaugnily Seiduiladsidauasanisuyusa
098NN WA NReANUERANTRE) aannsaigadannIsiAReuLLLEN A a0 Flx
a dJ = 1 v a o o i’/ al o =K 1 o
A TeilAUe9NIsLNdeInALAEAUNANT AT ATNREANINIBNAALUgNTUAs lgniiiNg
Wansan lunnsAusiA gl sTAnaniInsenam

lun1snaaasmnAdulsr@ansnisnszaau annindsznay 30 gadayianisen
ANINULATUANDINN 1.62 L9tRE 13019zNN0s 92.8 @9/ TUUUIAY TEUWNUALE 6, T

aglJ v [ < a 1 QI d?
nanilansoglalunisuansuauninaevesan M iny uazANEuTINNADL ] INNTY
o 4 - s FD: oF SN _ 4 1 as
{HasannIsiAaeuTIzesgnInuiaauyn Nanueiiaoiiiadeyuiandu 0 Welaes 1
a di dl [~3 a al d? =® = I a a %

ANINUTALAABUTANITUTINNAZINNTUAIN 0 TN 6.08 L9IAEUABILNT TEUINUAIY o,
TUAIUIRIA UAUATINNAZ AN AR ULITY O 191REU NEUMINHAZIAAN19NIENUTTNINNGN
wntia iyl LarndaaInnIINIEnugnINUiAasNITABUAINATULNUITINN O
Wnaullauns 1.10 ey @auunusae 6, Tudiuaesanudaiaynazanasann -4.49
= U =X = I a = [~3 a a [ a
BauunuAng @ 1Uauis 0 1eiRsusedun Anududauanaunszan i inuyulung
mudnuing daflufidniemseduiufidiauninsgny Ananaundl Ae n1snsenu 1 A

(¢ =1) drusunisnsznurasgninuilaiuuduldnun
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1-8 T T
1.6

1.4
1.2
1.0

-
&
&
=
=
o
&
g
>
Lo
&
0.8 - g
Lo}

Angular position (rad)

Angular velocity (rad/s)

4.0

Time (s)

ndsznau 30 N3 MdaARLAINNINAREIQNINLLA

AMNNNYUTENaL 30 LAAINITNIZABUIBIGNNURAIIUIU 3 p%s uazluusay
NIINTLABUATUNUITINNUAENTNTUTINNAZADE] AN %'ﬁmﬂ@ﬁ%mmﬁwmm:
ﬁmmL'?ffaL%qsgu?:%ﬁﬂﬂﬁmqmmmﬁuﬂ@z?ﬁwﬁrﬂﬁm@m@u ANNANNNT (3.14) uaz (3.15)
uanildrnduilazAnanimnssaaugasgninuiia A 0.755 wax 0.731 gnAtuamandeya

AUV NUATERTNTUTINN ATNAIAL TUN1INTEARUATILIN
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Time (s)

nwisenay 31 nedayaRLAINNIIMAABIgNNAAN

WA gai gL Nnlsznal 31 LAAINIINITADUTBIYNNBANAIUIY 3
ATY warIUUAAZNIINIEABUATUMUATINN UATERNTUTUTIYNA T AR AAAY Tadaya
o I a o © a X ) o | a o ~
AU NLa TR ITNtazi I A wn Andulss&nEnsnszaeu muaNniei
(3.14) uay (3.15) ﬁﬁuqmﬁ’ﬂ'ﬁuﬂ@:aw%ﬂﬁaﬂ@:m@umm@ﬂﬂﬂﬁw A2 0.891 LAz 0.872 an

ANUINIAINTRYARTUNUITINNUAZERTUTATINN AINa16U TunIInIzaeuATIuen
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= o 1

2.2 maetufindundadoys wazans5gas

NN9NAAAITEANE IANINIMARBITIRI UL 5 AST LaziAazATazldn1Insny

a

v
o =2

ﬁ‘Nﬁ 1095 ﬁqmﬁqmmmml,faﬁmmmmmmmLﬁﬁ@uﬁuﬁﬂmﬁlummqmmm@wm

gninutauazgnnas Nan1INAaeIRInesiall

F19797 5 SRFTUTIHNABULATUAINIINIZNY

nszny  ansusudeynuasgnnuild (radis) ansudaudeynaasgnnasn (rads)

ﬂ%ﬁ‘ﬁ AAUNITNILNU PAINIINTENL AAUNINTENL NRINITNTENL
1 5.956 * 0.157 4.511 £ 0.102 5.918 £ 0.174 5.182 = 0.069
2 4.206 + 0.048 3.251 £ 0.107 4.635+0.134 4.059 £ 0.080
3 3.045 £ 0.085 2.309 = 0.053 3.684 = 0.107 3.265 £ 0.079
4 2.230 = 0.030 1.768 + 0.068 2.952 £ 0.090 2.572+0.112
5 1.665 + 0.033 1.256 + 0.067 2.362 = 0.066 1.987 + 0.082

P399 6 A8 6 NAULAZUAINIINIZNLTaIgNINLTALAZaNNOAN

nseNy A1 0 ABIQNINUUS (rad) A1 6 m'aqgnnm{w (rad)
paii HNNIENY NNNITADU HNNIENY HNNITABU
1 1.556 + 0.055 1.072 + 0.025 1.608 + 0.055 1.328 + 0.036
2 1.072 + 0.025 0.743 + 0.030 1.328 + 0.036 1.125 + 0.016
3 0.743 + 0.030 0.523 +£ 0.022 1.125+ 0.016 0.953 +£ 0.025
4 0.523 + 0.022 0.319+0.013 0.953 £ 0.025 0.804 + 0.030
5 0.319+0.013 0.266 + 0.001 0.804 + 0.030 0.683 £ 0.026
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FIN319% 7 ANEBS A/1—C0SH MAULATNAININITNUIBIGNINUTALATYNNDAN

neENLl A V1-cos6 amgninuils A V1-cos@ amsgnnasu

A NAUNINTENU NAINIINILNL AAUNIINTENL NAINIINTZNL
1 0.993 + 0.028 0.722 £ 0.015 1.019 £ 0.028 0.872 + 0.020
2 0.722 £ 0.015 0.513 £ 0.019 0.872 £ 0.020 0.754 £ 0.010
3 0.513 £ 0.019 0.366 £ 0.015 0.754 £ 0.010 0.649 £ 0.016
4 0.366 + 0.015 0.366 £+ 0.015 0.649 £ 0.016 0.554 + 0.020
5 0.266 + 0.009 0.188 + 0.006 0.554 + 0.020 0.473 +£0.017

2.3 ng1luazAdNLszANENIsNTEARUAINLTULERsIRIANTVIHY
gadelAundeyaana1919N 5 TIUAAIAMNANAUTIZUINERTSUT Y NNaY
waznaanangenulusiazaiy Negninuiiawazgnnaangnin llhiaauns v dsnnilseney

[ -8

32 Tnel4n1n92AaU 5 AKI AINNITNARENTN 5 AKI LAAIANNANTLE (@, @), (@, ),
(w,,05), (@, ®,) W8 (@, @,) Fadlunnsnsznauaien 1 4A%d 5 AuaIFU faunis
m:mmﬁ;ﬂLLiﬂﬁ”m'}L%L%Hm:ﬁmmﬂﬁ@m WAZATARLT anaautuidunssluasedaly ann
ANN1T (3.14) LT N0 AU AN AL T2 AN BN NI L ABLAIN AN LT LB LA
AAuduiiAuansls Ae 0.891 £ 0.015 waz 0.755 + 0.016 duiLgnnednuazgninuila
ANNANAL

ANANIT 7 BIUEAIANA LU 2ZMI9AN J1-c0s@ nauuaznainig
nsenuaeIgnIUiauazgnnaan LAz NI lEuNIINAININLszNal 33 LazaINaNnIg
(3.15) 410130 AN LLEANE NI T EARUANN AT BN AR 0.872 + 0.014 LAY
0.731 + 0.009 g usugnnaaniazgnMUila ANAAL

SlafiansnnAndutlszansnisnsynau inlnaudinisnssn Uil
ANNAANHANEANEUNINNINIINILNLIVBIGNINUTA iesannilindudszansnsnszaey

NINNTT TINHNAMNIINNAANATNNID N INAIUAaULA Tz NIz AT AR Te

Andngninuila
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3.uan1gnaaadlaanisdaaanssny

3.1 A19NTUNNANNES
4:911 2 o v o ! a s 9; o ?1//
nnamaaesiiae ldviinislasagninuilanazgnnasvdnanuou 5 A5 a1n

AYNGINAUIUAINANNTT (3.17) wazldAINgIaINNIINIzABUATIN 1 T9ATIN 5 1NN

[ 1 tdl 1 zﬂl o K [ tg
AU ALARLILAZANAINARIALARRLLUNNAS LUAN91S mmiﬂu

F119797 8 ANTBIAYTNANNBULAZNAINTNIENL

nsznu mmgwmgnmuﬁﬂ (cm) mmgwmgnnaﬁw (cm)

pfad NAUNINTENL NAINITNTENL NAUNIINTENL NAINITNIZNL
1 ©69.47 £ 0.45 38.42 + 0.50 68.77 £ 0.12 54.42 + 0.27
2 34.75 + 0.10 18.23 £ 0.67 41.06 £ 0.19 33.40 + 0.35
3 18.20 £ 0.12 9.19+£0.35 26.55 + 0.51 20.06 + 0.07
4 9.71 £0.09 4.74 £ 0.11 17.23 £ 0.10 12.94 £ 0.34
5 548 +0.14 2.58 £0.10 10.91 £ 0.09 7.96 + 0.06

R399 9 ANIINTNABIUBIANNANAULATNAIN1INTENL

nsENU NM9NITADUURIGNLNUTA n1snszAauLRIgNNas

Asa \/K (cm™) \/E (cm™) \/m (cm™) \/E (cm™)
1 8.339 + 0.027 6.184 + 0.040 8.293 +£0.018 7.377 £ 0.006
2 5.895 + 0.006 4,270+ 0.078 6.408 + 0.030 5779+ 0.014
3 4,266 + 0.012 3.031 +£ 0.068 5.153 + 0.006 4,479 + 0.050
4 3.116 £ 0.010 2.178 £ 0.020 4,151+ 0.048 3.597 + 0.009
5 2.341 + 0.025 1.606 + 0.030 3.303 £ 0.010 2.821 + 0.009




48

3.2 nsnuazAdndszangnisnszaaulnanisdaasnseny
gadaldvndayaainn1919 9 ulaunsmuanspuduiugszndnedn +h
1 o/ o dj o/ (%
NAULAZUAINITNIZNL A1UoU 5 7 T9anwuzaadnsidunsnidunss dsnnwdsznay 34
MINANNIT (3.16) AANITDATUINIANENU I ANTNINTEAalFAINAINNTY TR ANNTY

A8 0.914 + 0.013 UAz 0.764 + 0.004 AnFugnnasnuazgninuiia AINAIAL

(-]
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Fit of experiment
—— Fit of experiment
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1

The value of \/ )i after collision (cm'?)
F =N

1 I ' 1 N I ' I N I N 1 ! I

2 3 4 5 6 7 8 9

The value of \/ i before collision (cm'?)

A isznau 34 nsnnineaadlpanislansnszny

\HaRanunAdNL 72 ANnEn1snszaauannIaaad a9 LI asuasa N

Iy wuddanlnalAssiunimeaadinanislaasnszny fapnsesalli

v
o

AN9197 10 AN ANENNINILADUIARIAD

ANANLUSEANENNTNILADY

98N15NARDY Aatunindaya - -
AnLNULA anneaan
B B Gyroscope 0.755+£0.016 0.891 £ 0.015
TR F BN AN Y
Device motion 0.731 £ 0.009 0.872 +£0.014

Uananszny Video 0.764 + 0.004 0.914 + 0.013
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A15199 1 fvdsenaumsaungu (k) 95% daluieriduaasesrn@ase (v) (Kirkup, L. 2006)

RIANDASTE, v

AilsznauAsauA|y, k

2 4.30
3.18

4 2.78
5 2.57
6 2.45
7 2.36
8 2.31
9 2.26
10 2.23
11 2.20
12 2.18
13 2.16
14 2.14
15 213
16 212
17 2.1
18 2.10
19 2.09
20 2.09
25 2.06
30 2.04
40 2.02
50 2.01
100 1.98
Infinite 1.96
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Abstract

CrossMark

This research aimed to measure the coefficient of restitution (COR) for

tennis and golf balls using smartphone sensors. The ball and smariphone
were attached at the ends of a long plastic strip: one end was a pivot with the
attached smartphone and another end was for the attached ball. The ball on
the plastic strip was swung to bounce the ball. The experimental data, angular
position and angular speed, were recorded using a smartphone’s sensors
(gyroscope sensor and device motion sensor) for analysis of the COR. The
results of the COR obtained from both sensors agreed with the conventional
method and references. We expect this experiment to be useful for physics
lecturers to demonstrate the bouncing ball in the classroom or laboratory for

determining the COR.

1. Introduction

Collisions between interacting objects are a fun-
damental topic taught in physics curricula in the
secondary and undergraduate levels. When two
objects collide with or without energy loss dur-
ing the collision, we generally use the principle of
conservation of momentum and energy to explain
the collision. Alternatively, a collision can be
explained in term of the coefficient of restitution
(COR), also denoted by ¢, which is defined as the
ratio of the relative velocity between two objects
after the collision to the relative velocity before
the collision [1]. In fact, collisions are categorized
as being elastic or inelastic depending on whether
or not kinetic energy is conserved. In a perfectly

1361-6352/19/06501 1+7533.00

elastic collision, the total kinetic energy of the sys-
tem is the same before and after collision, yield-
ing ¢ = 1. In a completely inelastic collision, the
kinetic energy of the system is not the same before
and after collision, yielding ¢ = (), in which case
the objects stick together after they collide. This
means that the kinetic energy is converted to work
done or heat for deforming the objects. Most col-
lisions are inelastic, with 0 < € < 1. In this case,
the kinetic energy after the collision is less than
that before the collision because some energy is
dissipated during the collision.

Currently, electronic devices and smartphones
play an important role in demonstrating phys-
ics experiments in laboratories. These devices,
especially smartphones, can play a very useful

© 2019 10P Publishing Lid
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role in increasing the motivation, interest and
leaming outcomes of students of physics [2, 3].
Previous reponts have demonstrated measuring
the COR of balls using various devices, such as
a video camera, a digital oscilloscope, and smart-
phone [4-6]. They measured the time interval of
a dropped ball or the height of a dropped ball for
determination of COR. In this paper, we present
the use of a smariphone to determine the COR
for tennis and golf balls. The experimental data
of angular position and angular speed were col-
lected from a smartphone’s sensors for analysis.
We expect that the experiment could be an alter-
native method to determine the COR of balls and
would be useful for physics teachers demonstrat-
ing bouncing balls in the classroom or laboratory.

2. Theoretical background

Consider a plastic strip (length ) with one end
attached to a tennis or golf ball and another end
attached to a smariphone close to a pivol, as seen
in figure 1. First, the tennis ball is pulled up at an
angle of 8y with respect to the vertical line (dashed
ling as the incident angle) and is then releasad to
collide with a wall. The tennis ball increases in
angular spead until the angular speed aquals wy.
After the collision, the ball bounces from the wall
and the angular speed equals wy. Then, the tennis
ball reaches the angle of &; with respect of the
vertical line (dashed line as the reflection angle);
its angular speed is equal to zero at this position.
This is one cycle of the collision between the
ball and the wall. The tennis ball again bounces
against the wall in the next cycle. Normally, the
angle of &, is lower than that of &; due to enerzy
loss. The COR for the tennis ball can be deter-
mined from the square root of the ratio of kinetic
energy after and before the collision, respectively
[1]. We can write

& = '.K__j

— l'i K

where ¢ is a COR and K, and Kj are Kinetic
enerey after and before the collision, respectively.

Substituting the kinetic energy in equation (1},
we obtain

(1)

—

3
fug w

e = 'II L _ 2 gre——n
||||'Iwﬁ wa

Lin—1

(2)
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[ ]

where [ is the total moment of inertia of the sys-
temand n = 1. 3, 5. ... (nis odd number).

Conszidering mechanical enerey conservation
before the collision, the potential energy transfers
to the kinetic energy and the relationship betwesn
the potential energy and the kinetic energy can be
written as

Mgr(l — casfh) = %In.'é, (3

where M is the total mass and r is the distance
from the pivot to the system’s center of mass.
Thus, we can write the angular speed before the
collision as the following:

o [ PMar(1 —cos )

4
| - 4)

Similarly, we can obtain angular speed after the
collision using

| 2Mgr(l — cos )

wy =1 - (5)
Substituting equations (4) and (3) in (2) gives
.[I—c-:\naﬂ|]m [ (] — cnosfly)
e=4f v BE=§f|=r7"71,
|/ (T = cos fy) | (T —cos )
()
where a= 1, 2, 3, __., n. This is an altemative

method o determine the COR from the angles of
incident and reflection.

3. Experimental setup

The experimental setup for determining the COR
consisted of a tennis ball, a wolf ball, a plastic
strip, a PVC tube and a smartphone (iPhone 4z).
The long plastic strip of mass 0.005 £ 0.00] kg
was cut to dimensions of w = = b= 0.050 =
0.650 » 0.002 m®. The PVC tube was cut into
different sizes as a holder for inserting a ball.
The tube {mass = 0.006 £ 0001 ke for the golf
ball had a length of 0,020 & 0,002 m with inner
and outer diameters of U014 £ 0,001 m and
0015 £ 0,001 m, respectively. The tube for the
tennis ball had a mass of 0011 £ 00001 kg and a
length of 0.020 4 (0.002 m with inner and outer
diameters of 0.026 £ 0.001 m and 0.025 £ 0.001
m, respectively. A tennis ball (0L058 = 0,001 kg)
of a golf ball (0.046 £ 0.00] kg) was inserted in
the P¥C tube and then attached at one end of
the plastic strip wsing glue. A bearing was also

Phys. Educ. 54 (2019} (45011
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()
Pivot (bearning)

Smartphone

PYC tube I
Tennis hall

Before collision

(B

‘-—.ﬁll

After collision

Flgure 1. Shows a schematic of a plastic strip attached to a tennis ball and a smartphone for measuring the COR

(A) and the digital image of equipment (B).

attached inside the plastic strip to make a pivot, as
seen in figure . The iPhone 4s was attached at the
pivot on the plastic strip using double-sided tape.
This was done because the ball should be free
to bounce against the wall without disturbance.
This setup of a plastic strip, bearing pivot, and
smartphone is ready for measuring the COR. The
smartphone with an appropriate application {app)
was used to record the angular position and angu-
lar speed using a device motion sensor and gyro-
scope sensor, respectively. The SensorLog app
was downloaded and installed in the iPhone 4s to
read the smartphone’s sensors. In the experiment,
the plastic strip was aligned and hung vertically.
The bearing acted as the pivot in the experiment
{as seen in figure 1). To acquire the experimental
data, the SensorLog app was set to collect data
at 60 data per second or 60 Hz, then launched to
record the data. The plastic strip was pulled up
to about 90° with respect to the vertical line and
then released to bounce against the wall. Angular
position and angular speed were recorded umntil
the ball’s bouncing stopped. The experimental
data was sent to the user by email for analysis of
the COR.

We also used a conventional method to deter-
mine the CORs of the tennis ball and the golf ball
[4]. In the experiment, the balls were dropped
from (LG690 £ 0,001 m and the bouncing times
were measured using video analysis. The COR

Movember 20319

of the balls can be calculated using the following
equation:

i
g = 'Il.,' E. {T:I
where i and H are the height of the ball after
and before the ball bounces on the ground,

respectively.

4. Results and discussion

Figure 2 shows an example of the experimental
data from a tennis ball bouncing against the
wall three times. The data, angular position (fig-
ure 2{A)) and angular velocity (figure 2(B)) are
plotted as a function of time, which were simul-
taneously recorded from a smartphone’s sen-
sors. Usvally, a smartphone’s sensors can record
experimental data in three axes (x, v and z axes):
see the x and v axes in figure 1; the 7 axis sticks
out of the page. In the experiment, the plastic strip
rotated freely about the pivot in the 7 axis; thus, the
recorded data (both angular position and angular
velocity) for rotational motion obtained from the
smartphone’s sensors in this axis was analyzed to
determine the COR. The data of angular position
obtained from the device’s motion sensor report
the orientation of the device/smartphone in radian
units. This information, smartphone orientation,
was processed using raw data obtained from

Fhys. Educ. 54 (20019 065011
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Figure 2. Shows the experimental data of angular position (A) and angular velocity (B) recorded from the

device’s motion and gyroscope sensor, respectively.

the acceleration sensor and gyroscope sensor to
remove bias from other factors, such as gravity.

Note that the friction of the bearing about the
pivot was considered, because it affects the COR
of the balls. To prove this friction, the plastic strip
without the ball was made to oscillate in a simple
harmonic motion. The amplitude of the oscilla-
tion was the same for at least 10 cycles of oscil-
lation (data mot shown). This indicates that the
friction of the bearing can be neglected.

To measure the COR of the ball, we began
pulling the plastic strip up to 1.62 radians or
92.87 approximately with respect to the vertical
line (the angular position increased to 1.62 radi-
ans. denoted as &n; see figure 2(A)). This angle
can be observed from the smartphone’s display
using the device motion sensor. The angular
speed increased due to moving the plastic strip
until it stopped. at which point the angular speed

Movember 2019

equaled zero. Then, the plastic strip was released
to bounce or collide against the wooden wall.
The angular speed increased from 0 rad 57! to
6.08 rad 57! {denoted as wy). The angular posi-
tion decreaszed to O radians; at this position, the
ball collided with the wall. After the collision,
the angular position suddenly increased from
0% to 1.10 radians (denoted as &,). The angular
speed decreased from —4.49 rad s ' to 0 rad
s~ !; the minus sign appeared because the smart-
phone attached on the plastic strip rotated in the
clockwise direction. This was the opposite before
the collision, as the plastic strip rotated in the
counterclockwise direction and showed a positive
sign. This was one cycle (¢ = 1) of the collision
of the tennis ball and the wall.

Figure 2 shows the tennis ball bouncing to the
wall for ¢ = 3 times, approximately. The tennis
ball bounced to the wall with decreasing angular

Phys. Educ. 54 (2019 065011
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Figure 3. Shows the relation between angular speed before and after collision (A) and the value of +'1 — cos

before and after collision (B).

Table 1. Compares the values of the COR with
various methods and references.

M of Coefficient of restitution
experiment Tennis ball Golf ball
Gyroscope 0.755 £ 0.016 0.80]1 £ 0.015
SENs0r

Motion device 0.731 £ 0.000 0.872 + 0.014
Drop test 0.764 £ 0.0 0914 + 0.013

position and angular speed for each bounce. The
information of angular position and angular speed
was calculated to determine the COR using equa-
tions (2) and (6), respectively. The CORs for the
tennis ball was 0.755 and 0.731, which were cal-
culated from the first bounce’s angular position
and angular speed. respectively.

MNote that the smartphone should be as close
as possible to the pivot because the tennis or golf
ball should be free to bounce against the wall. If we
had placed the smartphone close to the ball or the
impact point, the COR would suddenly decrease
{data not shown). yielding 0.34 of the COR. This
would occur because the energy would transfer to
both the smartphone and ball. Thus, we designed
the experiment using a plastic strip to reduce
mass {moment of inertia); this plastic strip should
be long enough to make the balls bounce against
the wall without energy transfer to the plastic
strip and the smartphone. The smartphone was
placed as close as possible to the pivot to reduce
the energy transfer to plastic strip or smartphone.

Movember 2019
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The moments of inertia of the ball, plastic stnp,
smartphone and PVC tube about the pivot were
0.025 £ 0.001 kg - m®, 0.0008 £+ 0.0001 kg - m®,
0.0003 + 0.0001 kg - m* and 0.0045 + 0.0002kg
- m?, respectively. It can be seen that the moment
of inertia of the ball is much greater than those of
the others. Thus, the bounce of the plastic strip
with the attached ball on the wall may reduce the
energy transfer corresponding to the bouncing
ball. It can be seen that a smartphone can be suc-
cessfully vsed for recording the angular position
and angular speed to measure the COR.

The relationship between angular speed after
and before the collision in each bounce cycle for
the tennis ball and the golf ball are plotted in fig-
ure 3{A). The balls bounced on the wooden wall
5 times and the experiment was repeated 5 times.
Figure 3(A) shows the plot of the relationships of
(i, wh), (wa, wi), (wy, ws). (we, wr) and (ws, wa),
which indicate the first bounce of the balls to the
fifth bounce of the balls, respectively. The first
bounce of the balls always has the highest value.
The values for angular speed linearly decrease
each bounce. From equation (2), it can be seen
that the slopes in figure 3{A) are the values of the
COR for the golf ball and the tennis ball, which
are (L8391 £ 0.015 and 0,755 £ 0.016, respec-
tively. Otherwise, the angular speed after the
collision decreases each bounce by about 0.109
and 0.245 times for the golf ball and tennis ball
with respect to the angular speed before the col-
lision. respectively. This suggests that we can use
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a smartphone’s sensor to measure angular speed
for determining the COR for a bouncing ball.

Similarly, figure 3(B) shows the relation of
the value of /1 — cos# before and after the col-
lision for the golf ball and tennis ball, respectively.
The values of this relation linearly decrease each
bounce. The balls also bounced against the wall 5
times and the experiment was repeated 5 times. In
the figure, the slopes of the plots are the values of
the COR (see equation (6)). yielding 0.872 = 0.014
and 0.731 =+ 0.009 for the golf ball and tennis ball,
respectively. In other words, the angular position
after the collision decreases each bounce, with
respect to the angular position before the collision.
The value of the COR obtained from the gyroscope
corresponds to that obtained from the motion
device. Table 1 summarizes the values of the COR
with different methods. The table shows that the
values for the COR obtained from the smartphone
agree with the values of COR obtained using the
conventional method (drop test). This implies that
we can use a smartphone’s sensors to determine
the COR of bouncing balls.

5. Conclusion

We have demonstrated the measurement of the
COR for golf and tennis balls using a smartphone’s
sensors. The angular velocity and angular posi-
tion of balls bouncing against a wall, before and
after the collision. were measured using a gyro-
scope and motion device sensor. The data were
analyzed to determine the COR. The value of the
COR obtained from both angular speed and angu-
lar position correspond to those obtained from the
drop test and the references. We expect that this
method will be useful for physics teachers to dem-
onstrate bouncing balls and measure the COR.
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