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1. Introduction

Theflying disc, more commonly knowms theFrisbeé", has been useasa sports instrument
moreand moreall over the world throughout theast fewyears.Disc ortsin all its facetsis a fast
growing sportToday, all over the world and especially in the UBAre are million®f peoplefas-
cinated by the unusual throwjrtharacteristics of a Frisbée whichare thrown at the beach, in Disc
Golf, in Guts, in Dog Frisbee, by Freestgland in Ultimate Frisbedn all these areagpeople are
trying to usethe special characteristics oisd trajectories. Sometimgguite extraordinary flight
paths, such aS-shapedcurves can be observed&ome athleteseachthrowing distances far more
than ¢ Ttat (Bernandi, 2016PDthers achieve air hangtimes of mdranp ¢second$efore catching
the discafterwards(Bernandi, 2016)In Ultimate Frisbee athletes need to execute their throwing
routine so preciselyhat a running teammate can catch it easily in spiteenfg followed by an
opponent playewithin one metre distance. In every disciplitieere arénighly experienced throwers
all over the world. Every one of them has optimiéslown moving programmey throwing the
disc thousandsf times. Therefore, thishesis will try to summarize the recent science about the

biomechanical aspects of throwing a Frishee

1.10utline

By comparing the throw of a ball and the throw of a disc, several differeandse foundby just
watching the movementhe purpose of tkiwork is topresenthe recent knowledge about biome-
chanics while throwing a FrisbB& Therefore a look at the recent science about the physics of a
flying discwill be takenin order to create a basiaderstandingf the throwing mechanigzesented

in section2.1

In literature several studies abbaerodynamics and gyrodynamiufsa flying disccan be found
(For exampleStilley, Carstens1972; Pesch, 199%lotoyama 2002; Hummel 2003; Potts 2005;
Morrison, 2005; Crowther, Potf2007; Baumback?2010Q The scientists usedftkrent methodof
researchSome of them aim at examining therodynami@aspectdy looking atthe airflow around
the disc in a wind tunne{e.g.: Nakamura, Fukamachi991; Potts, Crowther2000/ 20012002
2007). Otherstudestry to calculate the trajectory of the disg having a closdook atthetheoretical
physical aspectsr by simulatingthe flow around a disc with a computer prognaet(e.g.: Moto-
yamag 2002; Hummel2003; Potts2005; Morrison 2005; Baumback2010) Furthermorejnvesti-
gations to create a model of thr@jectoryof disc flight were undertakenThese models areften
eithercompared withwind tunnel tesdata (Potts, 2005; Koyandbeo, Otha, Ohgi2012) orhigh



speed video daf@ubbard, HummeR000; Hummel, Hubard 2002) Section 2.3jives an overview
about themethodsusedin investigations carried out irisbeé science.

In order to get a more detailed analysigha biomechanical aspectghen throwing a Frisbee,
camerasrenot only used to investigate fligtrajectories but alsto film throwers.Section2.3leads
to the above named purpose of this wémkL999, Robert Pesch investigated the throwing movement
of several German high level Ultimate Frisbee ptaywith video data from a reguleeameraHum-
meland Hubbard (2001) tried to cred# Musculogeletal Model for Backhandhfows by analys-
ing high speed video data frdmgh level Ultimate Frisbee playet ater, Hummelverified the results
in her master thes{glummel 2003. Sasakawa and Sakurai (20@®mpared the throwing move-
ment of skilled and unskilled players throwing a sidearm for distance. They also used high speed
video data tevaluatehe changeof joint angles.

1.2 Literature Research

The scientific literature, which could be foufwd this review, wasmostly searchedn the internet
with the help of two scientidi search enginesgiscopus (www.scopus.comand figoogle scholar
(www.scholar.google.com)he licenses from the Westfalische Wilhelms UniversiMtinster en-
abledoriginal texts fron several scientific journal® be found. Ondlifficulty encounteredvhen
searching biomechanical studies about the Frisbee throw is that the number of invesigysiiails
and most of the investigations do not care about the biomechanice lpiyics of a flyingidc. In
2003, Sarah Hummel confimedn her Master Thesis: fAQuantitat.i

been neglected. 0 Consequently, only three pro

Onthe 14" of Decembe2015 the searchten A Fr i s be e 6, the bcentific searphe d |
engi ne ,fedtotwopmelsusable results: Hummel, Hubbard (2001) and Hummel (200@)
same search offerestveral other studies about flying discs, whicmdbdisciss biomechanicbut
differentparts ofFrisbeé™ physics Most of these were used as backgbinformation for chapter
2.1.0ne book (Lorenz, 2008rom which an extract wasund infiscopus, could be borrowed from
the TU Miinchen UniversitatsbibliotheRn the 13" of Decembe2015t he search tern
T h r o vistcopusm@andiigoogle scholar toaahddtional resultgegarding biomechanical studies
butto a few more studies about aerodynamics and modelling FHSIfigght. On the same dayhé
s e a r ¢ hbackhand Rriski@gpresentedhe ame sourcediscussing biomechanics named above,
but the ter m f 8google schol@ H reilus dttedgefrom $asakawa and Sakurai
(2008).Later onthe searchterim Fr i sbee o was r e jprbatltseaich bnginegidndl y i n

all combinaions of search terspwhich did not change the results edsaly. Several other search



terms were used with no succe$som then on, the search waesed on theeferences of the already
foundsources. Thus, witthe help ofexplicit search terms fev more studies were found. Inter alia
the dissertation of Jonathan Potts (2005), wiaakften quoted in chapter 2\das foundBy enquir-
ing with arepresentativef the German Frisbee Sport Verband, Ralf Sipmre more unpublished
source, the thesis foigloma byRobert Pesch (1999) was four@n the 1" of March 2017, a
explicit search with the title of thithesis infigoogle scholar | dhé satm® document, whitiad
already been at hand search in the database of the Umnsigits und LandesbibtthekMunsterdid

not giveany suitable results.

A list of all reearches found in investigations quoted from a main source of this thesis is given

in table Al in the appendix.

1.3 Basic Definitions

In the following reporta few definitions will be usd. Theres an earth fixedCartesian coordinate
systemwith thed-axis in throwing direction, thé-axis upwards, and thi-axis siceways. Further-
more there isa disc fixed Cartesian coordinate systdinis system uses theaxis as the cross prod-
uct of two vectors laying in the disc plang Bando Bin figure 1by Sasakawa and Sakurai (2008)),

the xaxisasv 0 @andthe yaxisasd @ @
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Figure 1: Definition of initial coordinate systems and important angiégure from Sasakawa, Sakurai (2008,
p.315)



The pitch angle—is then defined as the angle betwaeandin the® dplane. The roll angle
is defined as the angle betwebdand® in the® dplane.Both are defined as zero for the discs plane
being horizontal to théd &plane.The angle of attagk is defined aghe angle between the velocity
vectorU and thewraxis. Roll angles , pitchangle—and angle of attagk can be calculated by the

cosine equation for the scalar product:
ot® IstostAit®@ + AT O &ss , with T as the angle betwe@mand®

2. Recent Science
2.1 Flight Characteristics of a Sport Disc

2.1.1 Ballistic

Every observer of a flying disc can say thgtossessesiany featureslifferentto a ball. There
are several physical effects influencing the flightadiisc. Lissaman and Hubbard (20Bpsethe
approach ofnvestigating thelfght characteristics by watching the ballist&s a starting remark,

they highlighedthat the ballisticange of a throw is given by
Y 06 O KR

This range is maximised with launch angle— 1 v and varies witlthe quadratic velocity
(Lissaman, Hubbar®010).They added the effect of drag and foundthat rangalecreased essen-
tially. By then addingeffects of theaeralynamic lift range increased againhe following graphic

from iMaximum range of flying disosy Lissaman and Hubbard (2010) illustrates these effects.
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Figure 2: Trajectories of sport disc with drag and lifigure fromLissaman, Hubbard010, p.2530



Furthermorethey evaluaté that inanideal case a disc should be able to change its pitching angle
independently to create the riginigle of attack for best liftfagratio atevery moment during the
flight (Lissaman, Hubbard 2010, p.2531Bgcaseof the fact thathis ideal case is not real, a thrower
need to search for an optimum ascent angglencreasehis rangefi br the real case, the disc is
released with an initial launchp e ed, s pi n (Liasarean,dumbdard®2010, p. 258khe . 0
thrower has only these three options to infeeethe flight path of the disc, which is whyineeds to
think about a few physical aspects fimding the best release optiofifiese aspects can be basically

departed in aerodynamics and gyrodynamics.

2.1.2 Aerodynamics

In literature,two main aerodynamic effects on the flight of a FriSegan be foundThese are
drag and lift. The onlynneglectabléorcealso influencngthe discis gravity "Q Hence, there is the
initial impulse ofthe thrower,the lift from displacing the aipushing the disap, the drag from dis-
placing the air, which slowthe disc down, and the gravity pulling the disc to the groaitiough
Crowther and Potts (2007) tried integratehe external factor afind in their estimationghis factor
is mostly neglected in other studi®egardinghe aim of this tha&s, the aspect of wind will not be

taken into consideration.

2.1.2.1 Drag

To describe the dra@, whichconstantlyeffects the flight of a disin the opposite direction of the
velocity vector Demtréder (2013, p.228)sed the follaving formula

0 68 -

with 6 as the drag coefficienivhich depends on the shape of the flying obj@ets theplanform
area(theareaviewedperpendicularlyfrom above or undernegtii as the density of the air andas
the relative velocity between object and fluid, here the norm of the velocity vector of thHeuhdo.
its asymmetric shapehedrag of a disc changes with the angle of attacK hereforeit is necessary
to concretize the drag coefficiemt as a function df . Hummel (2003, p.J'suggested the following

formula;

Here 0 isthe coefficientyener at ed only by #Askin friction

p.8).| isthe angle of attack witine least dragwhich Crowther and Potts (2007) measuasd



chwy.6 ,the induced dragoefficientis dependingjuadratially on the anglef attack . Hum-
mel and Hubbard followed this formula in their later publicatidrss is basically the idea ahost
of the authors who describedhe drag forcan a more detailednanner(Morrison, 2005 Lorenz,
2006, p.176Baumback, 200). Potts and Crowther (2002) investigated drag andhliftind tunnel
experiments. Aclear equation is onlyofind in their later publicatio(Crowther, Potts, 2007put

theircollecteddatd i t s very wequdtiont o Hummel 6s

Moreover, Pds (2005) plotted values for varisiReynolds numberwhichareid ef i ned as
ratio of inertial forces tanddvag/difccoefficgenttHe founéd s 0 (
out that theyare ind@endent from each other for relevant angles taic&i Pottsmeasured far

p T8 ho 1t )1 Another remarkable aspetttat Potts(2005) detected ishat spin does nadffect

dragsubstantially.

The physical background dfag is based on the fluid dynamics or the flaehaviour of the air

aroundtheflying disc. Due to the focus of this thesis, these aspects will not be discussed any further

2.1.2.2 Lift

Analogots, it canbe foundthat the liftd, which effects the disgerpendicular to the velocity vec-
tor, Ar oughl witivadaxnidudmniele20Q8,p.90f the earth fixed Cartesian coordinate

systemis given by
0 00 -

(Hubbard, Hummel2000, p.3. Hereo is the lift coefficient. Again, it depends on the shapé
the objecgliding through a fluidTheshape€ative to the velocity vectarthanges with the angle of

attack. At this pointHubbard and Hummel (2000, p&) notgive a quadratic but a linear correlation:

0 is the lift coefficient at mando is the slope The lift coefficientd is zero at | ,

where the drag is leaiflummel, 2003, p.11).orenz (2005)Morrison (2005), Crowther & Potts
(2007)andBaumback (2010fpllow Hubbards and Hummes equations.

The disc splits the streaming airtivo separate airstreams. At a slightly positive angle of gttack
the trailing edge forces the incoming air downwards, whasegshe dis¢in accordance to New-
t onds jttchgoupwards. @mthe upper side of the dibe air tends to follow the ape of the



disc and goes down, when 1t Referring to Newtonthe disc forces the alownwardsand there-

fore the air forces the disc wards

Looking at the shape dhedisc effectscan be found, whicforcethe air flowing over the upper
side faster than the air underneath the.dscr n o u | ation $tagsthat igher velocity goes ahead
with lower pressure andce versaThis difference in presseliinduces lift. More detailediformation
about the physical background for lift can be found in Demtrdder (2013, p.230 f) and Humd3el (20
p.9 f). In this thesigt will not be discussed any further.

Crowther and Pott€001, 20022007)and Potts (2005neasured the coefficients in wind tunnel
experiments and found out that for relevant angles of attack, the quadoatét in drag coditients
andthelinear modelin lift coefficientsfits well. However, hey have a small variation in the drag

coefficientfor higher angles of attack.
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Wind Tunnel Data *  Wind Tunnel Data

Linear Approximation | ==~ """ ;'.' i v Linear Approximation

-Q.2° ( a.2 0.4 a6

Angle of Attack (rads) 0.2 0 0.2 0.4 0.6

Ang]e of Attack (raés)

Figure 3: Lift coefficients (leftand drag coefficientéright) (Figure from Potts, Crowther, 2007, p.9\p-
proximationfrom Hubbard and Hummaid wind tunnel dateneasured from Crowther and Pot0Q7, p.9)

On the righttheterm linear should & replaced by quadratic

2.1.2.3 Consequencesidifag and Lift for the Tirower

Once a thrower knows about drag and liftkhews about the angtd attackhe can choose. If he
throws the di€ with a low angle of attack, the diagll have low dragbut low lift. Theflight path
will be fast and flat possibly travelling foa long range, dependiran otherinfluencing factorsif
the thrower chooses a higher angle of attéio&,discwill experiencehigher drag at higher lift,
which means losing speed faster but stayirig the airlonger Throws like that are norally easier

to catch, but they do no¢ach long rangeg$See section 2.1.4)



2.1.3Spin and Gyrodynamics
2.1.3.1Roll Moment Pitch Moment and [in

As every free body in the air, the disc lsasdegrees of freedonThreedegrees irtranslational
movementand three in rotation arouritde axis of tle disc fixed coordinateystem. Duringflight,
torques and angularamentumsappeay which changetheroll angle,the pitch angle andhe angle
of attackin principal. The rollmoment is a change dieroll anglevelocity and thereforermaccel-
eratal rotation around theéraxis.|Its values positive whenout ofthe throwed s p e r,theright t i v e
side of the discs movingup. The pitchmoment is a change ahgular velocity irthe pitch angle and
can be expressed as acceleratedotation around theraxis. Is valueis positivewhen the nose is
facing upwardsin aerodynamicsoll, pitch and yaw anglesan be foundin this casgthe yawmo-
ment is identified by the spin of the digor, to beprecise the yawmoment appears in the throwing
movement when the throwgegivespin to the disc. fierwards the spin is the angular velocity around
the vertical yawaxis. Viewed from abovea disc thrown with a righhanded backhanspins as
defined,clockwise. hrown with a righthandedsidearm (thaipper bodjlimb movemenis roughly
comparable to a sidearm pitahbasebal(Sasakawa, Sakurai, 2008, p.31#)spins anticlockwise.

Here the anticlockwise rotation is defined as positive.

2.1.3.2GyroscopicEffects

Gravity is acting athe centre of mas&COM) and pullsthe disc in negativeéxdirection. Lift is
acting at the centre of pressy{@OP)in froughly positived ¢>-direction(Hummel, 2003, p.9).Re-
gardingthe physical backgundof lift, the COM is not necessarily identical ttee COP (Hummel,
2003, p.11f).In fact the COP dependsn different variablesespeciallythe angle of attack, and
therdore moveduring flight A A s i mp | e iprfor why theaGQOP bekgvds asntaldes is
not available in terms of fluid dynamic principles, but it relates to the shape of and flow around the
FrisbeéMo (Hummel, 2003, p.14).

Regardless of why the COP moves, it does movelar@forecreatesa pitchmomentowing to
its digplacemento the COM If the COP is ahed of the COM;jt will result in fia nose up pitching
moment 0 ( Pot andvice \&r@aHbweverp aroBany disc ignfluencal by gyroscopic
effects In this casethese effects prake that the pitchmoment is turnednto a roll momentby
precessionLissamanand Hubbard (2010, p.2532) summarizZBiscs are normally unstable due to

displacement of the center of mass, and, to avoid tumbling, must be stabilized by spin. The pitching

L Lift is actually acting vertical to the airflow or the velocity vect@eeDemtroder (2013, p.23)L



momentcouples gyroscopically with the spin to induce a roll.cdteaccordance tthe definition of
the disc fixed coordinate system, a negative spin(thtewn with a righthanded backhan@nd a

negativepitch momentangle ofattack w Yinduce aoll right wing down (Hummel, 2003, p.20).

filn generala pitching moment causegprecessional roll rate and roll moment causes a preces-
sional pitch r at eFkolloyidtdPaottsn(@d05, p.124Her@ is nopsigrifidant roll
moment for p 1T J| o 1 Thus,the onlynoticeableaerodynamic torque acting on the disthis

pitch moment with its precessional change of roll rate.

Hummel and Hubbard (2000, 2002), Potts and Crowther (2002), Hummel (2003) and Potts (2005)
gavedetailedequations for roll ath pitch momentvith further coefficients. In view ahe aim of this
work, these are not referencéal explicitly at this point To get an impression of the connection
between the angle of attack and the pitcmrmnentthe following graphic from Crowthemd Potts
(2007, p.9)s shown. Theygalculated and measured data for the pitch moment coefficient depending
on the angle of attacRhe linea approximation is also found Hummel and Hubbard (2000, 2002)
and Hummel (2003).

fay 1|:CMCQ
VT J

Wind Tunnel Data

Linear Approximation |..."......

......... B T

Angle of Attack (rads)

Figure 4: Pitching nroment measured by Potts and Crowther (2007) and the lapgaoximation of the flight
modelHummel and Hubbard usedzigure fromCrowther, Potts, 2007, p.9)

2.1.3.3Consequences of Gyroscopic Effects for a Thrower

The Precession effecain be observed in long distance thrpiwsvhichthe discusually desnot
flip over, but has tendency tooll left or rightduring the flight depending on the spin directioh
good thrower knows about theffect and tries to launch the disc withcampensating roll angle.

Hence,Lissamanand Hubbard2010, p.2532ktatethatadi s¢ s houl d fAbe | aunc



ascentangleysually with a pronounced banio[l angle remark by the authprcalling for skill by

the throwern

Due to the change tfievelocity vector and angle of attack respectiyéte pitching moment can
change significantly during flight. If the angle of attack passgthe sign of the pitching moment
coefficientwill change. In other wordshe induced roll r& changesidection. Ths is areason why

sometimesS-shaped flight paths can be observed.

ARKeeping the precession down to a few degr ece
al | t hat is neededo (Lor en onclusbad & ,answer th o Jo. L C
achieve a good throw. Hgves the explanaton h at t he fiprecession rate
divided by the moment of inertia and spin ang
inertia depends on rea distribution ad the rotation axis. Both apeedetermined by the construction
of the discand the way of throwing respectivelfn Ultimate Frisbee disc has a relative thin plane
andarelative deep and thick lip to create a high moment of ineAighrower cannoinfluence the
pitchmoment, buhecan influence the spin angular velocity. THere, he will try to throw the disc
with high spin, because high spin rate ind@s a low rollmoment.For a more detailed explanation
seeHummel (2003, p.1§).

Due to the increased dragsulting fromthe oscillation in the angle of attackthaowertriesto
throw the disc in a way with least wobble. That medestries o t hr ow t he di sc wi
ponents of angular velocity about thendwa x e s 6 ( Hu mme | he d2e8,@ 3ignificant 1 8 )
wobble will beobservable in the beginning of the throw. However, the wobble dies out with the first
metres of flight due to aerodynamic effects. Hummel (2003, p.19) proved that a onceng/tipioig
disc would not stop wobbling until a kind of torque acts on the disc. Without any detailed information
she names the aerodynamic effects, which indaqatch moment and the precessl roll rate ex-

plained above, as the wobble decreasimgue(Hummel, 2003, p.19).
2.1.4The Trajectory of a Flying Disc

2.1.4.1 Thddeal Trajectory

Thetrajectoryof an ideaFrisbeéM throwcan be departed threephases. The ascent from release
until reaching th@pex a gliding phase and a so calféidre ouo (Lissaman, Hubbard, 2010, p.2531).
To achievea theoretical iddahrow, the disc wouldhave to take a pitcanglefor theleast drag ad

2The lip of a DiscGolf disc is not deeputthicker. It is technically harder to throw itubit flies withaneven less pre-
cessional roll rate.

10



the most lift. It would ascend in a parabola likeballistic throw. Starting with a pitchangle of
roughlyt v, & would change its pitcAngle forthe least drag during climbAt the highest point it
would start to bse leight and change the pita@ngle for optimal lift / drag ratiolhis phase is called
t he Agl i dittiegendpwhens/elogity comes close &rq the pitchangle would increase
again to achieve amptimal andge of attack andift respectively(Lissaman, Hubbard, 2010, p. 2532).

At the momentdiscs changing their pitch angle by themselaes science fiction. Therefqre
throwers try to thrown away, which yieldsan optimal gliding phas&egardingorecession effects
Lissamanand Hubbard (2010, p.2532) pomtu t : ALong range i s achiev
scopic terms so that the disc acquires a roughly wings level state near the apex and thiateafter

approxi mately constant attitude, giving the o

Hence, hemorphologi@l characteristics of thieleal gliding phasearecomparable to bbds flying
without flappingor gliders in the airThis means the disc flies wings lewelwith the roll angle

TA An optimalgliding phasés achieved by flyingin an optimal lift/drag rati@s long as possihle

2.1.4.2 Free Disc Trajectory

It is possible to throw the disc over far distances, up to 20m or moaen@arly horizontal or
nearly wings level tjactory(Hummel, 2003, p.21Pueto the spin of a dis@ precessional roll rate
appears at all anglef attacksexcept for approximately w Jcompare 2.1.3.2)Thus,to stay
straight the discneeds tdly with | w Huring the whole flight. GQused by draghe discloses
velocity duringits flight. As a consequenc¢he lift decreasesausing thevelocity vectorslowly

turning to point towards thearth surfacewith this turn, the agle of attack increases agaktence,

it is possible tgroducea throwwith an almostconstant angle of attack | w And therefore no
precessiotbut a so calledidownward steady glide ( Hu mme | , . Ru@e3(2003pp. 212 )
calculated the mtimal valuesfor staying straight at  w JTheseareapitchangle of— p ® J

and astraightvelocityd  «w®—.2 Due to the gyroscopic effe¢t is not possible to throw a disc

exactly horizontalywhich meansvithout derivation ind> andd>values. The pitch moment indisca

precessional roll rate andrall angles 1t Jproduces noizeroelements in thé>axiscomponents
of the lift vector However the throwercantry to expand the phase siraighthorizontal movement
by a highvelocity, an angle of attack with low drag and a high sate. As lon@gsthe angle of attack

does not change too mydlook at the plateau imé pitching moment coefficie@rowther and Potts

31n this casegravity "Qaccelerates the disc aasactly compensatake drag effect causingconstant velocityl his
kind of throwis of theoretical interesindnot useful

11



(2007) measurgdnd the spin rate is high, precessstays low (compare 2.1.3.3). Due to the plateau
in the pitcing moment coefficientan angle of attack with gravitation balancing lift is possibie.
thiscase, a small buinticeableoll rate appeard-his kind of throw is an often used throw for precise

passing in Ultimate Frisbee.

Hummel (2003, p.24.¥ gives common throw conditions foruaual 25m flight byan experienced
thrower. Sle developed computer simulation of a flight and compared rigults tohigh speed
video datagee below) Thi s exampl e wi th #Al it 03 g24)stanstatiaa | W

velocity p =, aspinraté v m—, apitchangle— p p,arollangle 1 .&nd an angle of

attack U JHummel, 2@3, p.24 f). Therefore the velocity vector points slightly upwards
withf ¢ Jo the horizontal.

TL

horizontal pla L

; —
D

Y ms

Figure5: "Force and flight configuration far v 3~ p p (Figure fromHummel, 2003, p.25)
Due to the low angle (below ) of attack, the distmmediately start$o curve right.During the
flight, drag slowshe disc down to less than-. Thus, the lift decreases and ttevnward compo-

nent of thevelocity vectorincreasesHence, theangle of attack increasewhich is whythe lift is
heightened again and the disc does not sink as fast as it would witbetfect ofa growing angle

of attack. Simultaneously, the increasing angle of attack couples gyroscopically with thegi®ll a
and the discurves to theleft at the ed of the flight (Hummel, 2003, p.24 ffDuringits o®i ‘Qab

flight, the disc moveg & in wdirection andcapproximatelymd@x in X direction The greatesterti-

cal distance to thé-axis wasa heighiof ¢c® & afterp®i ‘Qand nearlypd to the right afteoi 'Qab
flight. The pitch angle changéess tharg dHuring the flight but the angle of attack increased after
pAtsec of decreasing nearly constantience, the disc ascended while the angle of attack decreased

and sunk while the angle of attack increased.
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Figure 6 a: X and-Z position of the COM during the flighEigure fromHummel, 2003, p.26Pue to the
definition of the earth fixed Cartesian coordinate System, the coordinate axes are renamed here.

Figure 6 b:Angle of attack and pitch angle—during flight Figure fromHummel, 2003, p.26)

2.1.4.3SpecialPhases of the Flight

The most important phase for reaching distance is the gliding pdeedd, s cussed above
range is achieved by exploiting the gyroscopic terathat the disc acquires a roughly wings level
state near the apex and thereafter glides approximatedlgonstant attitude, ging the optimum
l'ift/drag ratiodo (Lissaman, Hubbard, 2010, p .
of AMaxingemordf flying discso gives reasons for
the discwill need torise as high as possible, but more impofaritt needs to bgiven an optimum

pitch and roll angle for an effective gliding phase.

At the end of a flight acscalledfiflare oub can be obarved, whictpilots fromaircraftsare familiar
with. It gives a name to the phenomenon of increasing lift at the expense of forward speed when the

disc or the aircraftlies closeto the ground (Lissaman, Hubbard, p.252Q)the end of a flight,tiis

sometimewisible by a disc slowing down @@ 11— and a high precessional role rate.

2.2 Methodsin Frisbee™ Flight Science

To investigate the physics offaisbeéM flight, most scientists used wind tunnel measurements.
Lorenz (2005) usd on board measurements amamechanics were adinized withhigh speed cam-
erasby Hummel (2001, D03) and Sasakawa and Sakurai (208&)the beginning of her Master
Thesis Sarah Hummel poist o Unitil recefitly scientific, quantitative research on Frisbee fingéat
chanics was rHumad, 2002 p.3)n table 4 (seappndif, which lists all scientific
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publications at hand oesearctguoted byhese only four publications older than 20 years paying atten-
tion to a flying disc can be foun@ver the last eighteen yeatbe scientific interst in Frisbee flight

dynamics has increased enormously.

The first investigatiorof FrisbeéM dynamics which isquoted in theavailable materialis those
from Stilley and Carstens (1972, quoted from Potts, 2005, p.44), who measured drag and hif with a
without the influence of spim a wind tunnel. There are a few old®urcedooking for the aerody-
namicsof discus or other flying disd&ompare Potts, 2005, p.6Due to the focusf this thesis
these are neglectebh 198Q Lazzara, Schweitzer dnroscano (quoted from Potts, 2005, p.45) and
in 1998 Ali (quoted from Potts, 2005, p)dmeasured lift and drag in wind tunnels.1!991 Naka-

mura and Fukamachi were the first investigating the airflow.

With the end of the last millennium, methdaksgan ® becomanore versatile. Pesch (1999) tried to
find out from ten very successful German Ultimate Frisbee playieich factors or conditions aim-
portant for a long backhand throte utilized a questionnaire and a regutamera. In 200Hubbard
andHutme | published ASimulation of Frisbee B ight
flight trajectory compared with high speed camelPats and Crowther startéa publicizeseveral wind
tunnel measuremenis 2001. These lagtvo research growpleft their mark o the science about Fris-
bed™ characteristics durinthe last years anoften quoted each otheThere are a few scientistalcu-
lating theoretical mathematical models of Frisbee fligivithout measured dathorenz (2005was the

only one makingnvestigatons with on board sensorsrigcent science.

Sarah Hummelvrotein her Master fiesis A Q atieerFitisbee throw biomechanics have been ne-
gl ect edo ( Hu mieedwn pullli@atios,twoyeard garlier (Hummel, b, 2001) we
the first paying quantitative attentionttee biomechanics$n her Master Thesis from 2008heexpaned
the researches (compare 2)3Controneo (1980, quoted from Hummel, 2003, p.2) made some comparing
research between backlteand forearm throws gardingthe force contributionsSasakawa and Sakurai
(2008) published a research about the diffees in thdorehandthrowing motionbetweea skilled and

unskilled players (compare 2.3.3

2.2.2Wind Tunnel M easurements

Apart from the works oStilley and Carstens (1972, quoted from Potts, 2005, p4dhefrinves-
tigationson lift and dragn wind tunnel measuremenig&re done by Lazzara et(a980, quoted from
Potts, 2005, p.45), Ali (1998, quoted from Potts, 2005, p.45), Nakamura and Ehkd@r&91),
Mitchell (1999, quoted from Potts, 2005, p.45), Yasuda (1999, quoted from Potts, 2005, p.47), Potts
and Crowther (200§ 2000b,2001a, 2001b,2002, 2007), Higuchi, Goto, Hiramoto and Meisel (2000,

14



guoted from Potts, 2005, p.4®potts (2005and Koyanagi, Seo, Otha, Ohgi (2012After analyse of
anumber of publicationst can be noticed that the wind tunnel is the main instrumetheimvesti-
gation of flying discsAs already mentionedhe named scientists mostly measured lift and drag.

Gyrodynamics andftects from spirrespectivelywere researched by Stilley and Carstens (1972),
Lazzara et al (1980), Yasuda (1999), Potts, Cronwt@®d0a, 2002, 2007gndPotts (2005). Stilley
and Carstens founpinto be negtii bl edo (Pot.t si,LazG®5,a pE.t4 5)l co
generates a smal/l i ft c 0o mp o n e ot Rotts @ikl cCtovitey , 20
(2002) and Hummel (2003) consideysn asnot influercing the flight dynamic per Magnus effect
significantly(Crowther, Ptts, 2002, p.6), but thafluence of spin o the flight dynamics igiven by

the gyroscopic effectdescribed above.

Mitchell (1999, quoted from Potts, 2005, p.45) and$P@005, p.63 ff.) investigatetithe flying
characteristics of a disc depeod the Reyolds numberBothof them came to opposite conclusions

While Mitchell discovereda strongnterdependenceetweernthe Reynolds number and flight char-

acteristics Pottsand Crowtherfound out that for a speed range frgm to ¢ v— and an angle of

attack betweenp mdndomdf or ce and moment coefficients a
Reynol ds numb e rddmr cénipard Rotss, Cro@thed, 3002, pdinGmel (2003) refers
to Potts and Crowther (2002)d does not investigate the influencelod Reynolds number herself.

A few scientistgried to investigte the airflow around the disc in a wind tunnel. Nakamura and
Fukamachi were the first, who visualizéek airflow around a flying disc. They ascertiifithata
pair oflongitudinalvortice® ( Nak amur a, F u kaeeroans behind hé f§iegldisc. p. 3 5
These vortices are rotating insidewn and produce a downwash.rnde a lifting force on the flying
discappeargNakamura, Fukamachi, 19913p). Potts and Crowther (2000a, 200atspfound this
pair of vortices. Theydded several visualisations of surface flow on different angles of attack and
different velociies. With particle image velocimeton theairflow over a Disc Golf discHiguchi,
Goto, Hiramoto and Meisel (2000 quoted form PAB05, p. 46) added another type of diging
investigatedThey focused on the vorticdsater, wind tunnel investigations were used as comgarin
data for computer simulatiorifKoyanagi, Seo, Otha, Ogli012; Lukes, Hart, Potts, Haake, 2014).

Probably, due to the setup of wind tunnel investigatibibomechanical aspects were neglected.
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2.23 Computer Simulations

A few computersimulationscan be found iriterature. Most of them weresstimated with
MATL AB (Hummel, Hubbard, 2000, 2002; Hummel, 2003; Potts, 2@¥wther and Potts (2007)
and Koyanagi et al (2012) developbeir own mathematical models. All dfi¢se publications tried

to presenat model, which is able to calculate the trajectory of iadlylisc by given start conditions.

Potts (2005)Crowther and Potts (200@nhd Koyanagi et al (2012) compared their estimatodns
flight parameterssuchas lift and drag or the velocity on the global coordinate sysieth wind
tunnel dataFor \alidaion of their results they needed additional data from real flight situations.
Therefore Potts (2005) an€rowther and Potts (2007) useata from Hummel (2003)rheyfound
outthat their estimationwe r e A g u al i d(@rawiher,ePbttg, 2607, @) butithe velocity
magnitude for the simulated data sksoavrapid decrease immediately following launch that is not
present in the experimental da{&€rowther, Potts, 2007, p.12)heysuspectethat thér own calcu-
lateddatashowed this rapid decreaskvelocity valuesiue towobbling inthe beginning of the flight.
This wobbling in the throwased as reference for an itetve MATLAB algorithminducedan oscil-
lation on the angle of attack and hence increased drag signifidéasisinagi et al (2012neasured

theirownreal flightdata with a motion capture systéney did not explain in detail

Hummel and Hubbard (2000, 2002) and Hummel (2003) used high speed cét@ératz in
2000,120 Hz and200 Hz in 2003)and markers on the disc collect datdor their estimations. In
their first publication (2000 mathematical modelith eight aerodynamic coefficientshich have
beeniteratively approximated witthe collected flight datavas presentedn Hummel and Hubbard
(2002) two further coefficimtswere addedo in sum ten coefficientsThey wrote a MATLAB algo-
rithm for thedetermination of the parameters for each fliffar her Master ThesjsHummel(2003)

summarized the results from the two piiilorestigations and added a few optimiaas.

In 2014 Lukes, Hart, Potts andaake investigated the flow around a disc wittoenputational
fluid dynamics(CFD) simulation. This later publication in Frisb¥elight dynamics gave a model
for describing the airflow over a rotating disc projlectiukes et al (2014) compared CFD analysis

results with experimental results from the wind tunnel to optimize the flow model.

2.2.40n Board Measurement

The only scientist investigating flight dynamics with on board measurement is Ralph Lorenz
(2005). h a first test phasde placeda microcontroller, amcelerometer and two button cells un-

derneath the disén a second anthird phasehe added several other sensors.
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Lorenz (2005) assuréisat the sensors, microcontroller and batteries were placeday that the
change in position of the COM, airflow, weight and moment of inertia got minimized (Lorenz, 2005,
p.739 f). He did not explain this procedure in detail. In addition to the on board measurement, he used
conventional cameras and defined camaite systems to describe the flight path. With the help of
video data, he was able to combine the data from the sensors to actual positions and attitudes of the

disc in the air.

Sensor Dimensions (cm) Mass (g)  Type Current  Range Output

Pressure 1.0 x 1.0 x 0.4* 2 Piezoresistive FPX-014 2mA  —025to 1.25kPa  Analogue 0.25-4.25V
Magnetometer 0.6 dia x 2.5long 4 Fluxgate FGM-1 §mA  —50to+50nT Square 20-80 kHz
Accelerometer 0.3 x 0.8 x 1.5 I Micromachined ADXL210 0.5 mA —10to +10g | kHz PWM
Accelerometer 0.3 x 1.2 x 1.5 I Micromachined ADXL202 05 mA —2to+2g | kHz PWM

Solar <0.1 Photodiode ~1 mA 0-1350 Wm™2 Analogue 04V

IR ranger 4 IR spot GPD12 30mA  02t2m Analogue 0-2.5V
Sound speed 25x 1.5 %1 6 40 kHz SRF04 30 mA Square pulse

Sonar ranger 25 x 1.5 x 1 6 40 kHz SRFO8 30mA  Oto6bm Serial integer
Microphone <l Electret ~2 mA Pulse rate

* Sensor body only—pressure part extends a further 8 mm.

Figure 7: Plotted table from Lorenz (2005, p.74The sensorbe usedare listed The total mass dhedisc
in the second test phase wa® % the mass of the original discpsyx "Q

The resultseceivedirom his investigations varied in itsability. Due to the increased mass and
the large number of instruments, the results vieeel i g hrt | tyh d o wied e a lpdr4l). Lor e
Another small problem Lorenznoteil Th e ac c el e r -canged (§anss ¢ atéaunohv e r
andi mpact o (Lorenz, i2hdpoited qurves girer alia,sbHnosansovsenmag-
netometersevery rotéion is countableHe measured data ata8m fAwhen t he sun wa
high above the horizon to give a good signal,
combination with magnetometers depending on the magnetic field of the leaghz was able to
calculate the attitude for every moment of fligimtcluding the launch of the disc. (Lorenz, 2005,
p.744) Heconcluded that roughly half of the launch spaad the spin is almost entiredgnerated
in the lastigi before releasé his resultconfirms previous finding biAummel and Hubérd (2001)
or Hummel (2003)

2.2.5High Speed Canera

Next to wind tunnel measurementise use of tyh speed ameras seems to be the second basic
method when investigating the dynamids FrisbeéV flight. Due to theprevailingsetup of research

in awind tunnej it is, inter alia, easier to measuwteag and lift coefficients ahe flow overthe disc.

17



However with high speed cameras it is possitdlénvestigate the whole thrgévom throving move-
ment until impactin a real flight Pesch (299), Hummel and Hubba(@000, 2001, 2002), Hummel
(2003) and Sasakawa and Sakurai (2008) used video data for their estimations.

On the one hand, high speed cameras are used to collect data faalianterative computer
estimations. Hummel and Hubbard (2000; 20@2) Hummel (2003used high speed cametrtas
collectdata fromactive LED or reflective markers as reference for their MATLAB flight model of a
flying disc. This data was also used byttB (2005) and Crowther and Potts (2007) to control their
mathematical Frisbé¥ flight models. On the other hand, they are used to describe the biomechanical
aspect®of the throwing motiorirom an outer and analysing viewdetail Only three projectsaing
this kind of research are available: Pesch (1999), Hummel and Hubbard (2001) / Hummel (2003) and
Sasakawa and Sakurai (2008hese investigationswill be discussed in chapter 2.Bhe Supei8
Cameras Pesch (1999) useith 25 full- and 50 hdlpictures per second are hagh speed camesa
but theywereused in a comparable way to the high speed cameras in the investigattamamel
and Hubbard (2001)p(y 49, Hummel (2003)@ ¢ ‘@dandg m@afor flight investigations (short
and long flights) ang Y'@afor investigations of the throwing movemeérand Sasakawa andkssai
(2008) ¢ v 9.

2.3Review of Biomechanical Analysg of Throwing a Frisbee

There are only a fewesearch projectsvhich discuss the Fige™ throw focusng onbiomechan-
ics. Cotroneo (1980, quoted from Hummel, 2003, p.2) and Pesch ((#29belowyraduatedrom
University with biomechanicaltsdies about tlowing a FrisbeB” for distance. The Mastdthesis
ABi omechanical and aerodynami cal -dsctiprevsforgis-of t
tanceodo by Pwritkén in ®80@atrCaliforei@ State Universityis unpublished and not at
hand. Humme(2003, p.2) refers to Cotroneo amly one sentencsaying thatControneo compared
the force contribution in several body segments during backhand and forehand ®risbews.
Nothing else about him or$iwork can béound intheliterature.ln 2001,SarahHummel ard Mont
Hubbard publishe@dA Musculoskeletal Model for the Backhand Frisbee Thraw ihvestigation
was presented n Hu mme | 6 s iMeansote elatailed manser 2003. The latest research,
which can be found itheliterature, isa 1 B i oicakanalysisrof the sidearm throwing motion for
di stance of a flying disc: A comparison of sk
and Shinji Sakurai from 2008.
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2.3.1 Robert Pesch (1999)

The tesisfor diplomaATechnikanalyse des weitendRtiandwurfes im Ultimate FrisbéeEine
empirische Untersuchung zur Strukturierung und zur Identifikation von Einflussgré3en mit Ableitung
von konkr et en B e wygRgobartdasehrfl®®)isspubhshed buiiat hanRobert
Pesch investigated theng backhand throw for his diploma at the Johannes Gutenberg Universitat
Mainz. Hechoseten German high level Ultimate Frisbee players for his investigationsoanoined

the results fronguestionnaireand inteviews with video data from th@ayersfor the analysis

A substantiabifferenceto the recent workwith high speed camerasthat Pesch (1999) did not
work with markers but with a qualitative description d@ned computer programnfe S i mi Moti o
In this software the position, which isnarkedwith an active LED idatest techniqug needs to be
markedmanually at the computéor each picturafter filming (Pesch, 1999, p.54Vhenthis time
consuming works done the programme is able to calculptesitions,angles and velocities between
themarked pointsTherefore,m P e s c¢c h 6 s , several 8y8t¢matic mistékes have hagore-
ventable. Due to the resolution@ftcmr Qadtot s i n i She real pobitmn of conrarked point

could only be marked with a mistake ofi& & & The in comparison to high spe¢echniqus, low
frequency of pictures caused that points, which weseing with¢ 7, arousedexpaned tot 1 &

on a pictureThus the later markiag of points in video data neede&al be precise, but in spite of
working with the greatest care, Pesch guessisdnistake in marking atow aper marked point in
each picture(Pesch, 1999, p.55 ffReschknew about these mistakesd saw potentigbr future
work, which needs to reduce these mistglessch, 1999, p.59 f.)

In hisquestionnaires and interviewResch asked abot#ctical and technical topics. The tactical
part will be neglectedompletely,because iteads away from the aim of this thesiBesch useche
answers a technical topicsn combination with théilmed material to conclude a morphologic de-
sciiption of the throwing movement (Pesch, 1999, p.65These aspects are of main intéres

Pesch (1999) used thesults from Simi Motiorfor a statistical comparison between the throwers.
For each variable, such as initial speed, rarfigesothrow, angular velocities distanceshata point
of the body moved during the throwing movemdat identified the median, the standard deviation,
the maximum / minimum and the ideal value. The ideal vdluethe different variableweregiven
by the throwwith the highest throw range. Thiest values he liste@dre the velocity at launchhe
slopeof the forearm, the roll and pitch angle, the armgeveen the projection of the initial velocity

vector in the® @Plane and thé>axis andthe angleof attack(Pesch, 1999, p.73)n the further
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course hediscussd each value in detail (Pesch, 199973 f.). Afterwards he gavehe same table
for relevant variables idifferentfixed situations during the throwing movemeResch definedec-
essaryariables ifmaximal swinging back position andlaunch position. In addition, he gavalues
for the phaesof movement betweethe fixed positions. The variables he defitnere are normally
covereddistance®r anglesfor different referace points on the body. Forostof thevalues, Pesch
(1999) defined if a throwerying to improve his performansdodd maximise or optimize this value
(Pesch, 1999, p.72).

Apart from tablesPesch gaveurves for several variables. Due to the limited sdakey will not
be naned in detail, bupartlyin comparison to the results from Humnielthe discussionFigures

are given in the appenditsee fgures Al and A2.

2.3.2Sarah Hummel & Mont Hubbard (2001) and Sarah Hummel (2003

The only publisheiomechanicalresearch projects about the backhand Frisbelrowing
movement wagiven by Sarah Hummel and Mont Hubbar®001. They conductegsearch othe
throwing motion of high level US Ultimate Frisbee players. In her Master Théssmel (2003)
presented more detailed information abous#uevestigations.

2.3.21 Setup of Research

The subjectswere equipped witheflective markersat the torso, the humerus, the forearm, the
hand andhe disc. They were asked to dacklaand throws for maximum rangéhile being filmed
with four p y'@dcamerasHowever, theater analysiof data was based @even throws of one
subject with on average 57% of effdrhe marker positions were chosen to collect data for a so called
Amuscul oskel et al model 0 wi t hckhand¥risiE® thmowe (Blem- o f f
mel, 2001, p.2)The developed mod& basean an over arm throwing model by Cote (20quoted
from Hummel and Hubbar@001, p.2)andCote and Hubbard (2003, quoted from Hummel, 2003,
p.51) respectively with several modificions. fiThe Frisbe&' throwing modelhas six DOFs and
seven rigid bodies, the torso, clavicle, scapt
p.52). The position of the shoulder is givendigvicular and scapular moti@and therefore the the
translational DOB of the glenohumeral joint are neglected. The siX¥®@ the model are three
rotations of the humerus, elbow flexion, pronation / supination and wrist flekienfollowing fig-
ures by Hummel (2003) presetihe definition of the angk for theusedthrowingmodel.
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Figure 8: Used lody angles. In figure 9 and in the text of fidesisHummel use@. and%. the other way

around (Figure from Hummel, 2003, p.53).

Segment Axis Angle Rotation Description

Positive angles Negative angles
torso 7T by left torso twist right torso twist
V1 b2 right lateral bending left lateral bending
XT 3 extension flexion
clavicle 0; protraction retraction
6, depression elevation
6 external rotation internal rotation
scapula B4 protraction retraction
85 medial rotation lateral rotation
O¢ backward tilt forward tilt
humerus 7H 07 horizontal adduction horizontal abduction DOF
Vi B adduction abduction DOF
Xu B9 external rotation internal rotation DOF
ulna 7y 810 elbow flexion elbow extension DOF
radius -Xp 011 pronation supination DOF
hand/disc 7D 012 wrist flexion wrist extension DOF

Figure 9: All definedbody anglesT he s econd c ol u mtheldtad coodmaie sysiermteach f r o m
joint, see figure 10D (gure fromHummel, 2003p.53).

Each body segment, shoulder, huase forearm antlandas well as the diswere equippedvith
threeor more norcollinear markerg Hu mme | 2003, p.55). AnFi ve ad
allow tracking of four virtual joint center markers throoght t he t hrowing tria
p.55). These estimated joint centres were used as the origiodyfiked Cartgian coordinateys-
temsfor each joint centreBefore analysing the position daiawas smoothed with g f©OdButter-
worth filter. With the help of a MATAB algorithm and the knowledgiat the distances be¢en
local coordinate systeoriginsneegdto be constant, Hummeleasuredr calculatedrespectively,
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the position data of all markers (real and \atjurom p& & before untipi aftertherelease of the
disc. The MATLAB algorithm worked with the position matrices of the body segiéeisgradient
and hessian matriEuler rotations and hence the angles between the body fixed coordinate systems
made he calculation othe DOFs— — possible(Hummel, 2003, p.55ff.)Due to the limited

scale of this thesis, the exact way of calculation will not be explained at this point.

To complete the modéhto a musculoskeletal modgHummel (2003) used ata from Veegés,
Helmd, Woudés, Pronids and Rozendé (1991, quoted from Hummel, 2003, p.58yestigations
about segment properties of the human b&Beger et al(1991)gave segment mass, inertia and
centre of mass locatiorfsee tableA2 in the appendix In combination with the estimated angular
and linear velocitieHummed was able to calculate therques power and worlacting at the angles

duringthe throwing movement.

2.3.2.2 Test Bsuls

The results Hummel presented are based on seven thrawsieight-handed malsubject. He

threw on averagewith v x bof his maximum launch speed that was measured with a radar gun

at¢ & —. Thus themeaninitial speed wap & — with aT@o ¢standard deviation and a meaitial

spin rate ot @ — (Hummel, 2003, [&0).

2.3.2.2.1 Qualitative Kinematics

Hummel divided the throwing movement into three phaghes.first,which she called the/ind-
up, begins with the left twist of the torso and ends at the maximal torso ratatienleft(Seefigure
8). The weight of thehrower shifts to the left foet The arm horizontally adductsd the elbovgets
slightly flexedto aboutuv 1t The second, the acceleration phasarts at maximal left twist position
ard ends with the release of the dise. I fcharacterized by sequenti:
segment so ( Hu mbuwihgthis gh8setBe,elbgwlexed thy. ¢ ak first, before a rapid
extensionFollow through, the third phase, begindgiwihe release of the disc and endthaimaxi-
mum right twist of TMigreleaged, hetorsois Whkdfanward,ithe humeruss b e
and torsavaxes are nearlgligned, and the arm is externally rotating at the shoulder. The forearm is
promt i ng and the el bow not fully extended. How
p.60)

4 The left foot caused to the values of torso tviist (see figure 10A)needs to beviewed from above with 12aclock
in throwing direcion, positioned at fourtofive 6 c | o ¢ k afooda tén oeleven @ & ltHoweker, the posi-
tioning of feet and hips is not mentioneg Hummel
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2.3.2.2.2 Quantitative Kinematics
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Figure 10: Hummel (2003) plotted the valuesjoint angles in degrees ovéme in second§r®i per seg-

ment) With the vertical lines she marked windup, acceleration phatsaseand follow throughFigure 10A

shows the movement of the torso, figure 10B the movement of the humerus and figure 10C the movement of
the forearm and wrisiThe thimer lines are marking the standadéviation p, witheé X throws (Figures

from Hummel, 2003, p.6Zyigure 10D is a schematic illustratiaf the thrower before the throfat p& 0).

Here® is the direction ofhethrow. Notice the positioningfdhe feeexplained abové~igure from Hummel,

2003, p.57)

At release in tao twist, horizontal adduction, adducti@fhow flexion,pronation and wrist flex-
ion, a rapid movemens observablelt is conspcuous that th beginningand velocity peak (except
of pronation)of these rapid movements in torso twist, horizontal adduction, elbow flexion and wrist
flexion follow each otherThe widest rangeccursin horizontal adduction, which otted in Figure
10B. It showsp t a@fimotion in total The maximum horizontal adductiondsy akterwindup and

the beginning acceleratigphase before the angle decreasegth an angular velocityof in peak

@ Lv-e—at T8t 1. Atthe release of the dist shows v w e— ato JDuring follow through, the
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maximum horizontal atuction ist @ JThe Elbow flexion staysearlyconstant av mtduring wind

up and starts to increasexog after the peak in horizontal adduction of the humerus, before decreas-

ingtog xafterré ease. AAt r el e avsxahd hdslareangalarlvatowity vfasp—f | e X €

i n extensiono ( Fhawnsiextends aRréldag: withg w(6lWmmel, 2003, p.63f.)

The angular data of torso atite six DOFSs plotted by Hummel (2003Jor characteristic points

the followingtable.

Figure 11: Angulardisplacement and angular velocity.igare from Hummel, 2003, p.63)
2.3.2.2.3 Kinetics

Hummel (2003) calculated the kinetics with segment propertits, atia mass distribution and
inertia, based on the model of Veeger €18P1).She plotted pak joint torques and peak powss
well as torque, power and work at releaseshown irfigure 12 (Hummel, 2003, p.65Not exactly
going ahead with her tabldummel calculated the total wodone by he arm joints at release as 35J
(Hummel, 2003, p.65), which is more than twice of the calculated average kinetic energy of the disc

immediately after release. With an initial speeg af — and aninitial spin rate ot @ —, she

calculated the translational kinetic energypa®u and the rotational kinetic energy @ to in

24








































































