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1. Introduction  

The flying disc, more commonly known as the FrisbeeTM, has been used as a sports instrument 

more and more all over the world throughout the past few years. Disc sports in all its facets is a fast 

growing sport. Today, all over the world and especially in the USA there are millions of people fas-

cinated by the unusual throwing characteristics of a FrisbeeTM, which are thrown at the beach, in Disc 

Golf, in Guts, in Dog Frisbee, by Freestylers and in Ultimate Frisbee. In all these areas, people are 

trying to use the special characteristics of disc trajectories. Sometimes, quite extraordinary flight 

paths, such as S-shaped curves, can be observed. Some athletes reach throwing distances far more 

than ςππά. (Bernandi, 2016) Others achieve air hangtimes of more than ρφ seconds before catching 

the disc afterwards (Bernandi, 2016). In Ultimate Frisbee athletes need to execute their throwing 

routine so precisely that a running teammate can catch it easily in spite of being followed by an 

opponent player within one metre distance. In every discipline, there are highly experienced throwers 

all over the world. Every one of them has optimized his own moving programme by throwing the 

disc thousands of times. Therefore, this thesis will try to summarize the recent science about the 

biomechanical aspects of throwing a FrisbeeTM. 

1.1 Outline 

By comparing the throw of a ball and the throw of a disc, several differences can be found by just 

watching the movement. The purpose of this work is to present the recent knowledge about biome-

chanics while throwing a FrisbeeTM. Therefore, a look at the recent science about the physics of a 

flying disc will be taken in order to create a basic understanding of the throwing mechanics presented 

in section 2.1.  

In literature, several studies about aerodynamics and gyrodynamics of a flying disc can be found. 

(For example: Stilley, Carstens, 1972; Pesch, 1999; Motoyama, 2002; Hummel 2003; Potts 2005; 

Morrison, 2005; Crowther, Potts, 2007; Baumback, 2010) The scientists used different methods of 

research. Some of them aim at examining the aerodynamic aspects by looking at the airflow around 

the disc in a wind tunnel (e.g.: Nakamura, Fukamachi, 1991; Potts, Crowther, 2000/ 2001/ 2002/ 

2007). Other studies try to calculate the trajectory of the disc by having a closer look at the theoretical 

physical aspects or by simulating the flow around a disc with a computer programme (e.g.: Moto-

yama, 2002; Hummel, 2003; Potts, 2005; Morrison, 2005; Baumback, 2010). Furthermore, investi-

gations to create a model of the trajectory of disc flight were undertaken. These models are often 

either compared with wind tunnel test data (Potts, 2005; Koyangi, Seo, Otha, Ohgi, 2012) or high 
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speed video data (Hubbard, Hummel, 2000; Hummel, Hubbard, 2002). Section 2.2 gives an overview 

about the methods used in investigations carried out in FrisbeeTM science. 

In order to get a more detailed analysis of the biomechanical aspects when throwing a Frisbee, 

cameras are not only used to investigate flight trajectories but also to film throwers. Section 2.3 leads 

to the above named purpose of this work. In 1999, Robert Pesch investigated the throwing movement 

of several German high level Ultimate Frisbee players with video data from a regular camera. Hum-

mel and Hubbard (2001) tried to create ñA Musculoskeletal Model for Backhand Throwsò by analys-

ing high speed video data from high level Ultimate Frisbee players. Later, Hummel verified the results 

in her master thesis (Hummel, 2003). Sasakawa and Sakurai (2008) compared the throwing move-

ment of skilled and unskilled players throwing a sidearm for distance. They also used high speed 

video data to evaluate the change of joint angles. 

1.2 Literature Research 

The scientific literature, which could be found for this review, was mostly searched on the internet 

with the help of two scientific search engines, ñscopusò (www.scopus.com) and ñgoogle scholarò 

(www.scholar.google.com). The licenses from the Westfälische Wilhelms Universität - Münster en-

abled original texts from several scientific journals to be found. One difficulty encountered when 

searching biomechanical studies about the Frisbee throw is that the number of investigations is small 

and most of the investigations do not care about the biomechanics but the physics of a flying disc. In 

2003, Sarah Hummel confirmed in her Master Thesis: ñQuantitative Frisbee throw biomechanics have 

been neglected.ò Consequently, only three proper investigation projects were found. 

On the 14th of December 2015, the search term ñFrisbeeò, when typed into the scientific search 

engine ñscopusò, led to two well usable results: Hummel, Hubbard (2001) and Hummel (2003). The 

same search offered several other studies about flying discs, which do not discuss biomechanics but 

different parts of FrisbeeTM physics. Most of these were used as background information for chapter 

2.1. One book (Lorenz, 2006), from which an extract was found in ñscopusò, could be borrowed from 

the TU München Universitätsbibliothek. On the 15th of December 2015, the search term ñFrisbee 

Throwò in ñscopusò and ñgoogle scholarò led to no additional results regarding biomechanical studies 

but to a few more studies about aerodynamics and modelling FrisbeeTM flight. On the same day, the 

search term ñbackhand Frisbeeò presented the same sources discussing biomechanics named above, 

but the term ñsidearm Frisbeeò in ñgoogle scholarò led to the study from Sasakawa and Sakurai 

(2008). Later on, the search term ñFrisbeeò was replaced by ñflying discò, in both search engines and 

all combinations of search terms, which did not change the results essentially. Several other search 
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terms were used with no success. From then on, the search was based on the references of the already 

found sources. Thus, with the help of explicit search terms, a few more studies were found. Inter alia 

the dissertation of Jonathan Potts (2005), which is often quoted in chapter 2.1, was found. By enquir-

ing with a representative of the German Frisbee Sport Verband, Ralf Simon, one more unpublished 

source, the thesis for diploma by Robert Pesch (1999) was found. On the 17th of March 2017, an 

explicit search with the title of this thesis in ñgoogle scholarò led to the same document, which had 

already been at hand. A search in the database of the Universitäts- und Landesbibliothek Münster did 

not give any suitable results.  

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

in table A1 in the appendix. 

1.3 Basic Definitions 

In the following report, a few definitions will be used. There is an earth fixed Cartesian coordinate 

system with the ὣ-axis in throwing direction, the ὤ-axis upwards, and the ὢ-axis sideways. Further-

more, there is a disc fixed Cartesian coordinate system. This system uses the z-axis as the cross prod-

uct of two vectors laying in the disc plane (ὅὃᴆ and ὅὄᴆ in figure 1 by Sasakawa and Sakurai (2008)), 

the x-axis as ὼ ὺ ᾀ and the y-axis as ώ ᾀ ὼ.  

 

Figure 1: Definition of initial coordinate systems and important angles. Figure from Sasakawa, Sakurai (2008, 

p.315) 
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The pitch angle — is then defined as the angle between ώ and ὣ in the ὣὤ plane. The roll angle • 

is defined as the angle between ὼ and ὢ in the ὢὤ plane. Both are defined as zero for the discs plane 

being horizontal to the ὢὣ-plane. The angle of attack  is defined as the angle between the velocity 

vector ὺ and the ώ-axis. Roll angle •, pitch angle — and angle of attack  can be calculated by the 

cosine equation for the scalar product: 

ὥᴆẗὦᴆ ȿὥȿẗȿὦȿẗÃÏÓ† ᵾ † ÃÏÓ
ẗ

ȿȿẗȿȿ
, with † as the angle between ὥᴆ and ὦᴆ 

2. Recent Science 

2.1 Flight  Characteristics of a Sport Disc 

2.1.1 Ballistic 

Every observer of a flying disc can say that it possesses many features different to a ball. There 

are several physical effects influencing the flight of a disc. Lissaman and Hubbard (2010) chose the 

approach of investigating the flight characteristics by watching the ballistic. As a starting remark, 

they highlighted that the ballistic range of a throw is given by 

Ὑ ὺςὫÓÉÎς—. 

This range is maximised with a launch angle — τυ and varies with the quadratic velocity ὺ 

(Lissaman, Hubbard, 2010). They added the effect of drag and found out that range decreased essen-

tially. By then adding effects of the aerodynamic lift, range increased again. The following graphic 

from ñMaximum range of flying discsò by Lissaman and Hubbard (2010) illustrates these effects. 

 

Figure 2: Trajectories of sport disc with drag and lift (Figure from Lissaman, Hubbard, 2010, p.2530) 
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Furthermore, they evaluated that in an ideal case a disc should be able to change its pitching angle 

independently to create the right angle of attack for best lift/drag ratio at every moment during the 

flight (Lissaman, Hubbard 2010, p.2531 f). Because of the fact that this ideal case is not real, a thrower 

needs to search for an optimum ascent angle to increase his range. ñFor the real case, the disc is 

released with an initial launch speed, spin rate and attitude.ò (Lissaman, Hubbard 2010, p. 2532). The 

thrower has only these three options to influence the flight path of the disc, which is why he needs to 

think about a few physical aspects for finding the best release options. These aspects can be basically 

departed in aerodynamics and gyrodynamics. 

2.1.2 Aerodynamics 

In literature, two main aerodynamic effects on the flight of a FrisbeeTM can be found. These are 

drag and lift. The only unneglectable force also influencing the disc is gravity Ὣ. Hence, there is the 

initial impulse of the thrower, the lift from displacing the air pushing the disc up, the drag from dis-

placing the air, which slows the disc down, and the gravity pulling the disc to the ground. Although, 

Crowther and Potts (2007) tried to integrate the external factor of wind in their estimations, this factor 

is mostly neglected in other studies. Regarding the aim of this thesis, the aspect of wind will not be 

taken into consideration.  

2.1.2.1 Drag 

To describe the drag Ὀ, which constantly effects the flight of a disc in the opposite direction of the 

velocity vector, Demtröder (2013, p.228) used the following formula: 

Ὀ ὅὃ”ὺ   

with ὅ as the drag coefficient, which depends on the shape of the flying object, ὃ as the planform 

area (the area viewed perpendicularly from above or underneath), ” as the density of the air and ὺ as 

the relative velocity between object and fluid, here the norm of the velocity vector of the disc. Due to 

its asymmetric shape, the drag of a disc changes with the angle of attack . Therefore, it is necessary 

to concretize the drag coefficient ὅ as a function of . Hummel (2003, p.7) suggested the following 

formula: 

ὅ ὅ ὅ   . 

Here, ὅ is the coefficient generated only by ñskin friction and pressure dragò (Hummel 2003, 

p.8).  is the angle of attack with the least drag, which Crowther and Potts (2007) measured as 
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ςȟωχЈ . ὅ , the induced drag coefficient is depending quadratically on the angle of attack . Hum-

mel and Hubbard followed this formula in their later publications. This is basically the idea of most 

of the authors, who described the drag force in a more detailed manner (Morrison, 2005; Lorenz, 

2006, p.176; Baumback, 2010). Potts and Crowther (2002) investigated drag and lift in wind tunnel 

experiments. A clear equation is only found in their later publication (Crowther, Potts, 2007), but 

their collected data fits very well to Hummelôs equation. 

Moreover, Potts (2005) plotted values for various Reynolds numbers, which are ñdefined as the 

ratio of inertial forces to viscous forcesò (Hummel, 2003, p. 8), and drag/ lift coefficients. He found 

out that they are independent from each other for relevant angles of attack (Potts measured for 

ρπЈȟȣȟσπЈ). Another remarkable aspect that Potts (2005) detected is that spin does not effect 

drag substantially.  

The physical background of drag is based on the fluid dynamics or the flow behaviour of the air 

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

2.1.2.2 Lift 

Analogous, it can be found that the lift ὒ, which effects the disc perpendicular to the velocity vec-

tor, ñroughly along the positive ὤ-axisò (Hummel, 2003, p.9) of the earth fixed Cartesian coordinate 

system, is given by 

ὒ ὅὃὴὺ   

(Hubbard, Hummel, 2000, p.3). Here ὅ is the lift coefficient. Again, it depends on the shape of 

the object gliding through a fluid. The shape relative to the velocity vector changes with the angle of 

attack. At this point, Hubbard and Hummel (2000, p.3) do not give a quadratic but a linear correlation: 

ὅ ὅ ὅ  . 

ὅ is the lift coefficient at  π and ὅ  is the slope. The lift coefficient ὅ is zero at  , 

where the drag is least (Hummel, 2003, p.11). Lorenz (2005), Morrison (2005), Crowther & Potts 

(2007) and Baumback (2010) follow Hubbardôs and Hummelôs equations. 

The disc splits the streaming air in two separate airstreams. At a slightly positive angle of attack, 

the trailing edge forces the incoming air downwards, which causes the disc, in accordance to New-

tonôs third law, to go upwards. On the upper side of the disc, the air tends to follow the shape of the 
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disc and goes down, when  π. Referring to Newton, the disc forces the air downwards and there-

fore the air forces the disc upwards.  

Looking at the shape of the disc, effects can be found, which force the air flowing over the upper 

side faster than the air underneath the disc. Bernoulliôs equation states that higher velocity goes ahead 

with lower pressure and vice versa. This difference in pressure induces lift. More detailed information 

about the physical background for lift can be found in Demtröder (2013, p.230 f) and Hummel (2003, 

p.9 f). In this thesis, it will not be discussed any further. 

Crowther and Potts (2001, 2002, 2007) and Potts (2005) measured the coefficients in wind tunnel 

experiments and found out that for relevant angles of attack, the quadratic model in drag coefficients 

and the linear model in lift coefficients fits well. However, they have a small variation in the drag 

coefficient for higher angles of attack.  

 

Figure 3: Lift  coefficients (left) and drag coefficients (right) (Figure from Potts, Crowther, 2007, p.9). Ap-

proximation from Hubbard and Hummel and wind tunnel data measured from Crowther and Potts (2007, p.9). 

On the right, the term linear should be replaced by quadratic. 

2.1.2.3 Consequences of Drag and Lift for the Thrower 

Once a thrower knows about drag and lift, he knows about the angle of attack he can choose. If he 

throws the disc with a low angle of attack, the disc will have low drag but low lift. The flight path 

will be fast and flat, possibly travelling for a long range, depending on other influencing factors. If 

the thrower chooses a higher angle of attack, the disc will experience higher drag and higher lift, 

which means loosing speed faster but staying in the air longer. Throws like that are normally easier 

to catch, but they do not reach long ranges (See section 2.1.4). 
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2.1.3 Spin and Gyrodynamics 

2.1.3.1 Roll Moment, Pitch Moment and Spin  

As every free body in the air, the disc has six degrees of freedom. Three degrees in translational 

movement and three in rotation around the axis of the disc fixed coordinate system. During flight, 

torques and angular momentums appear, which change the roll angle, the pitch angle and the angle 

of attack in principal. The roll moment is a change of the roll angle velocity and therefore an accel-

erated rotation around the ώ-axis. Its value is positive when, out of the throwerôs perspective, the right 

side of the disc is moving up. The pitch moment is a change of angular velocity in the pitch angle and 

can be expressed as an accelerated rotation around the ὼ-axis. Its value is positive when the nose is 

facing upwards. In aerodynamics, roll, pitch and yaw angles can be found. In this case, the yaw mo-

ment is identified by the spin of the disc. Or, to be precise, the yaw moment appears in the throwing 

movement when the throwers give spin to the disc. Afterwards, the spin is the angular velocity around 

the vertical yaw-axis. Viewed from above, a disc thrown with a right-handed backhand spins, as 

defined, clockwise. Thrown with a right-handed sidearm (the upper body/limb movement is roughly 

comparable to a sidearm pitch in baseball (Sasakawa, Sakurai, 2008, p.319)), it spins anticlockwise. 

Here, the anticlockwise rotation is defined as positive.  

2.1.3.2 Gyroscopic Effects  

Gravity is acting at the centre of mass (COM) and pulls the disc in negative ὤ-direction. Lift is 

acting at the centre of pressure (COP) in ñroughly positiveò ὤ-direction (Hummel, 2003, p.9).1 Re-

garding the physical background of lift, the COM is not necessarily identical to the COP (Hummel, 

2003, p.11f). In fact, the COP depends on different variables, especially the angle of attack, and 

therefore moves during flight. ñA simple physical explanation for why the COP behaves as it does is 

not available in terms of fluid dynamic principles, but it relates to the shape of and flow around the 

FrisbeeTMò (Hummel, 2003, p.14).  

Regardless of why the COP moves, it does move and therefore creates a pitch moment owing to 

its displacement to the COM. If the COP is ahead of the COM, it will result in ña nose up pitching 

momentò (Potts, 2005, p.39) and vice versa. However, a rotating disc is influenced by gyroscopic 

effects. In this case, these effects provoke that the pitch moment is turned into a roll moment by 

precession. Lissaman and Hubbard (2010, p.2532) summarize: ñDiscs are normally unstable due to 

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

                                                           
1 Lift is actually acting vertical to the airflow or the velocity vector. (See Demtröder (2013, p.231)). 
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moment couples gyroscopically with the spin to induce a roll rate.ò In accordance to the definition of 

the disc fixed coordinate system, a negative spin rate (thrown with a right-handed backhand) and a 

negative pitch moment (angle of attack  ωЈ) induce a roll right wing down (Hummel, 2003, p.20). 

 ñIn general, a pitching moment causes a precessional roll rate and roll moment causes a preces-

sional pitch rateò (Hummel, 2003, p.20). Following Potts (2005, p.144), there is no significant roll 

moment for ρπЈ σπЈ. Thus, the only noticeable aerodynamic torque acting on the disc is the 

pitch moment with its precessional change of roll rate. 

Hummel and Hubbard (2000, 2002), Potts and Crowther (2002), Hummel (2003) and Potts (2005) 

gave detailed equations for roll and pitch moment with further coefficients. In view of the aim of this 

work, these are not referenced to explicitly at this point. To get an impression of the connection 

between the angle of attack and the pitching moment, the following graphic from Crowther and Potts 

(2007, p.9) is shown. They calculated and measured data for the pitch moment coefficient depending 

on the angle of attack. The linear approximation is also found in Hummel and Hubbard (2000, 2002) 

and Hummel (2003). 

 

Figure 4: Pitching moment measured by Potts and Crowther (2007) and the linear approximation of the flight 

model Hummel and Hubbard used. (Figure from Crowther, Potts, 2007, p.9) 

2.1.3.3 Consequences of Gyroscopic Effects for a Thrower 

The Precession effect can be observed in long distance throws, in which the disc usually does not 

flip over, but has a tendency to roll left or right during the flight, depending on the spin direction. A 

good thrower knows about this effect and tries to launch the disc with a compensating roll angle. 

Hence, Lissaman and Hubbard (2010, p.2532) state that a disc should ñbe launched at the correct 
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ascentangle, usually with a pronounced bank [roll angle, remark by the author], calling for skill by 

the thrower.ò 

Due to the change of the velocity vector and angle of attack respectively, the pitching moment can 

change significantly during flight. If the angle of attack passes ωЈ, the sign of the pitching moment 

coefficient will change. In other words, the induced roll rate changes direction. This is a reason why 

sometimes S-shaped flight paths can be observed. 

 ñKeeping the precession down to a few degrees over the flight duration of a couple of seconds is 

all that is neededò (Lorenz, 2006, p.175). Lorenz comes to this conclusion as an answer to how to 

achieve a good throw. He gives the explanation that the ñprecession rate is equal to the pitch moment 

divided by the moment of inertia and spin angular velocityò (Lorenz, 2006, p.175). The moment of 

inertia depends on mass distribution and the rotation axis. Both are predetermined by the construction 

of the disc and the way of throwing respectively. An Ultimate Frisbee disc has a relative thin plane 

and a relative deep and thick lip to create a high moment of inertia.2 A thrower cannot influence the 

pitch moment, but he can influence the spin angular velocity. Therefore, he will try to throw the disc 

with high spin, because a high spin rate induces a low roll moment. For a more detailed explanation 

see Hummel (2003, p.18 ff ).  

Due to the increased drag resulting from the oscillation in the angle of attack, a thrower tries to 

throw the disc in a way with least wobble. That means, he tries to throw the disc without ñany com-

ponents of angular velocity about the ὼ and ώ-axesò (Hummel, 2003, p. 18). If he does, a significant 

wobble will be observable 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 once wobbling flying 

disc would not stop wobbling until a kind of torque acts on the disc. Without any detailed information 

she names the aerodynamic effects, which induces a pitch moment and the precessional roll rate ex-

plained above, as the wobble decreasing torque (Hummel, 2003, p.19). 

2.1.4 The Trajectory of a Flying Disc 

2.1.4.1 The Ideal Trajectory 

The trajectory of an ideal FrisbeeTM throw can be departed in three phases. The ascent from release 

until reaching the apex, a gliding phase and a so called ñflare outò (Lissaman, Hubbard, 2010, p.2531). 

To achieve a theoretical ideal throw, the disc would have to take a pitch angle for the least drag and 

                                                           
2 The lip of a Disc Golf disc is not deep but thicker. It is technically harder to throw it, but it flies with an even less pre-

cessional roll rate. 
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the most lift. It would ascend in a parabola like a ballistic throw. Starting with a pitch angle of 

roughly τυЈ, it would change its pitch angle for the least drag during climb. At the highest point it 

would start to lose height and change the pitch angle for optimal lift / drag ratio. This phase is called 

the ñgliding phaseò. At the end, when velocity comes close to zero, the pitch angle would increase 

again to achieve an optimal angle of attack and lift respectively (Lissaman, Hubbard, 2010, p. 2532). 

At the moment, discs changing their pitch angle by themselves are science fiction. Therefore, 

throwers try to throw in a way, which yields an optimal gliding phase. Regarding precession effects, 

Lissaman and Hubbard (2010, p.2532) point out: ñLong range is achieved by exploiting the gyro-

scopic terms so that the disc acquires a roughly wings level state near the apex and thereafter glides 

approximately constant attitude, giving the optimum lift/drag ratio.ò 

Hence, the morphological characteristics of the ideal gliding phase are comparable to birds flying 

without flapping or gliders in the air. This means the disc flies wings level or with the roll angle •

πÁ. An optimal gliding phase is achieved by flying in an optimal lift/drag ratio as long as possible.  

2.1.4.2 Free Disc Trajectory 

It is possible to throw the disc over far distances, up to 20m or more, in a nearly horizontal or 

nearly wings level trajectory (Hummel, 2003, p.21). Due to the spin of a disc, a precessional roll rate 

appears at all angle of attacks except for approximately  ωЈ (compare 2.1.3.2). Thus, to stay 

straight, the disc needs to fly with  ωЈ during the whole flight. Caused by drag, the disc loses 

velocity during its flight. As a consequence, the lift decreases causing the velocity vector slowly 

turning to point towards the earth surface. With this turn, the angle of attack increases again. Hence, 

it is possible to produce a throw with an almost constant angle of attack of  ωЈ and therefore no 

precession but a so called ñdownward steady glideò (Hummel, 2003, p.22 f). Hummel (2003, p. 24) 

calculated the optimal values for staying straight at  ωЈ. These are a pitch angle of — ρπȢσЈ 

and a straight velocity ὺ ωȢρ .3 Due to the gyroscopic effects, it is not possible to throw a disc 

exactly horizontal, which means without derivation in ὢ- and ὤ-values. The pitch moment induces a 

precessional roll rate and a roll angle • πЈ produces non-zero elements in the ὢ-axis components 

of the lift vector. However, the thrower can try to expand the phase of straight horizontal movement 

by a high velocity, an angle of attack with low drag and a high spin rate. As long as the angle of attack 

does not change too much, (look at the plateau in the pitching moment coefficient Crowther and Potts 

                                                           
3 In this case, gravity Ὣ accelerates the disc and exactly compensates the drag effect causing a constant velocity. This 

kind of throw is of theoretical interest and not useful. 
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(2007) measured) and the spin rate is high, precession stays low (compare 2.1.3.3). Due to the plateau 

in the pitching moment coefficient, an angle of attack with gravitation balancing lift is possible. In 

this case, a small but noticeable roll rate appears. This kind of throw is an often used throw for precise 

passing in Ultimate Frisbee. 

Hummel (2003, p.24 f.) gives common throw conditions for a usual 25m flight by an experienced 

thrower. She developed a computer simulation of a flight and compared the results to high speed 

video data (see below). This example with ñlittle initial wobbleò (Hummel, 2003, p.24) starts at a 

velocity ὺ ρτ, a spin rate ὶ υπ , a pitch angle — ρρЈ, a roll angle • πЈ and an angle of 

attack  υЈ (Hummel, 2003, p.24 f.). Therefore, the velocity vector points slightly upwards 

with  φЈ to the horizontal. 

 

Figure 5: "Force and flight configuration for  υЈ,— ρρЈ (Figure from Hummel, 2003, p.25). 

Due to the low angle (below ωЈ) of attack, the disc immediately starts to curve right. During the 

flight, drag slows the disc down to less than τ . Thus, the lift decreases and the downward compo-

nent of the velocity vector increases. Hence, the angle of attack increases, which is why the lift is 

heightened again and the disc does not sink as fast as it would without the effect of a growing angle 

of attack. Simultaneously, the increasing angle of attack couples gyroscopically with the roll angle 

and the disc curves to the left at the end of the flight (Hummel, 2003, p.24 ff.). During its σȢυίὩὧ of 

flight, the disc moves ςυά in ὣ direction and approximately πȢψά in X direction. The greatest verti-

cal distance to the ὣ-axis was a height of ςȢυυά after ρȢυίὩὧ and nearly ρά to the right after σίὩὧ of 

flight. The pitch angle changed less than ςЈ during the flight, but the angle of attack increased after 

ρȾτsec of decreasing nearly constantly. Hence, 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 flight (Figure from Hummel, 2003, p.26). Due 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 from Hummel, 2003, p.26). 

2.1.4.3 Special Phases of the Flight 

The most important phase for reaching distance is the gliding phase, as discussed above. ñLong 

range is achieved by exploiting the gyroscopic terms so that the disc acquires a roughly wings level 

state near the apex and thereafter glides approximately at a constant attitude, giving the optimum 

lift/drag ratioò (Lissaman, Hubbard, 2010, p.2532). This quotation from Lissaman and Hubbard out 

of ñMaximum range of flying discsò gives reasons for the aim of the ascent phase. If the aim is range, 

the disc will need to rise as high as possible, but more importantly, it needs to be given an optimum 

pitch and roll angle for an effective gliding phase.  

At the end of a flight a so called ñflare outò can be observed, which pilots from aircrafts are familiar 

with. It gives a name to the phenomenon of increasing lift at the expense of forward speed when the 

disc or the aircraft flies close to the ground (Lissaman, Hubbard, p.2530). At the end of a flight, it is 

sometimes visible by a disc slowing down to ὺ π  and a high precessional role rate. 

2.2 Methods in FrisbeeTM  Flight Science  

To investigate the physics of a FrisbeeTM flight, most scientists used wind tunnel measurements. 

Lorenz (2005) used on board measurements and biomechanics were scrutinized with high speed cam-

eras by Hummel (2001, 2003) and Sasakawa and Sakurai (2008). At the beginning of her Master 

Thesis, Sarah Hummel points out: ñUntil recently scientific, quantitative research on Frisbee flight me-

chanics was relatively scarceò (Hummel, 2003, p.3). In table 1 (see appendix), which lists all scientific 
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publications at hand or research quoted by these, only four publications older than 20 years paying atten-

tion to a flying disc can be found. Over the last eighteen years, the scientific interest in Frisbee flight 

dynamics has increased enormously. 

The first investigation of FrisbeeTM dynamics, which is quoted in the available material, is those 

from Stilley and Carstens (1972, quoted from Potts, 2005, p.44), who measured drag and lift with and 

without the influence of spin in a wind tunnel. There are a few older sources looking for the aerody-

namics of discus or other flying discs (compare Potts, 2005, p.67). Due to the focus of this thesis, 

these are neglected. In 1980, Lazzara, Schweitzer and Toscano (quoted from Potts, 2005, p.45) and 

in 1998 Ali (quoted from Potts, 2005, p.45) measured lift and drag in wind tunnels. In 1991, Naka-

mura and Fukamachi were the first investigating the airflow. 

With the end of the last millennium, methods began to become more versatile. Pesch (1999) tried to 

find out from ten very successful German Ultimate Frisbee players which factors or conditions are im-

portant for a long backhand throw. He utilized a questionnaire and a regular camera. In 2000, Hubbard 

and Hummel published ñSimulation of Frisbee Flightò, which was a computed estimation of a FrisbeeTM 

flight trajectory compared with high speed cameras. Potts and Crowther started to publicize several wind 

tunnel measurements in 2001. These last two research groups left their mark on the science about Fris-

beeTM characteristics during the last years and often quoted each other. There are a few scientists calcu-

lating theoretical mathematical models of Frisbee flights without measured data. Lorenz (2005) was the 

only one making investigations with on board sensors in recent science.  

Sarah Hummel wrote in her Master Thesis: ñQuantitative Frisbee throw biomechanics have been ne-

glectedò (Hummel, 2003, p.2). Her own publications two years earlier (Hummel, Hubbard, 2001) were 

the first paying quantitative attention to the biomechanics. In her Master Thesis from 2003, she expanded 

the researches (compare 2.3.2). Controneo (1980, quoted from Hummel, 2003, p.2) made some comparing 

research between backhand and forearm throws regarding the force contributions. Sasakawa and Sakurai 

(2008) published a research about the differences in the forehand throwing motion between skilled and 

unskilled players (compare 2.3.3). 

2.2.2 Wind Tunnel M easurements 

Apart from the works of Stilley and Carstens (1972, quoted from Potts, 2005, p.44), further inves-

tigations on lift and drag in wind tunnel measurements were done by Lazzara et al (1980, quoted from 

Potts, 2005, p.45), Ali (1998, quoted from Potts, 2005, p.45), Nakamura and Fukamachi (1991), 

Mitchell (1999, quoted from Potts, 2005, p.45), Yasuda (1999, quoted from Potts, 2005, p.47), Potts 

and Crowther (2000a, 2000b, 2001a, 2001b, 2002, 2007), Higuchi, Goto, Hiramoto and Meisel (2000, 
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quoted from Potts, 2005, p.46), Potts (2005) and Koyanagi, Seo, Otha, Ohgi (2012). After analyse of 

a number of publications, it can be noticed that the wind tunnel is the main instrument in the investi-

gation of flying discs. As already mentioned, the named scientists mostly measured lift and drag.  

Gyrodynamics and effects from spin respectively, were researched by Stilley and Carstens (1972), 

Lazzara et al (1980), Yasuda (1999), Potts, Crowther (2000a, 2002, 2007) and Potts (2005). Stilley 

and Carstens found ñspin to be negligibleò (Potts, 2005, p.45). ñLazzara et al concluded that spin 

generates a small lift componentò (Potts, 2005, p.45). The recent opinion of Potts and Crowther 

(2002) and Hummel (2003) considers spin as not influencing the flight dynamic per Magnus effect 

significantly (Crowther, Potts, 2002, p.6), but the influence of spin on the flight dynamics is given by 

the gyroscopic effects described above. 

Mitchell (1999, quoted from Potts, 2005, p.45) and Potts (2005, p.63 ff.) investigated if  the flying 

characteristics of a disc depend on the Reynolds number. Both of them came to opposite conclusions. 

While Mitchell discovered a strong interdependence between the Reynolds number and flight char-

acteristics, Potts and Crowther found out that for a speed range from φ  to ςυ  and an angle of 

attack between ρπЈ and σπЈ ñforce and moment coefficients are approximately independent of 

Reynolds numberò (Potts, 2005, p.64 or compare Potts, Crowther, 2002, p.5). Hummel (2003) refers 

to Potts and Crowther (2002) and does not investigate the influence of the Reynolds number herself. 

A few scientists tried to investigate the airflow around the disc in a wind tunnel. Nakamura and 

Fukamachi were the first, who visualized the airflow around a flying disc. They ascertained ñthat a 

pair of longitudinal vorticesò (Nakamura, Fukamachi, 1991, p.35) are formed behind the flying disc. 

These vortices are rotating inside down and produce a downwash. Hence, a lifting force on the flying 

disc appears (Nakamura, Fukamachi, 1991, p.35). Potts and Crowther (2000a, 2000b) also found this 

pair of vortices. They added several visualisations of surface flow on different angles of attack and 

different velocities. With particle image velocimetry on the airflow over a Disc Golf disc, Higuchi, 

Goto, Hiramoto and Meisel (2000 quoted form Potts, 2005, p. 46) added another type of disc being 

investigated. They focused on the vortices. Later, wind tunnel investigations were used as comparing 

data for computer simulations (Koyanagi, Seo, Otha, Oghi, 2012; Lukes, Hart, Potts, Haake, 2014). 

Probably, due to the setup of wind tunnel investigations, biomechanical aspects were neglected. 
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2.2.3 Computer Simulations  

A few computer simulations can be found in literature. Most of them were estimated with 

MATL AB (Hummel, Hubbard, 2000, 2002; Hummel, 2003; Potts, 2005). Crowther and Potts (2007) 

and Koyanagi et al (2012) developed their own mathematical models. All of these publications tried 

to present a model, which is able to calculate the trajectory of a flying disc by given start conditions. 

Potts (2005), Crowther and Potts (2007) and Koyanagi et al (2012) compared their estimations of 

flight parameters, such as lift and drag or the velocity on the global coordinate system, with wind 

tunnel data. For validation of their results they needed additional data from real flight situations. 

Therefore, Potts (2005) and Crowther and Potts (2007) used data from Hummel (2003). They found 

out that their estimations were ñqualitatively similarò (Crowther, Potts, 2007, p.12) but ñthe velocity 

magnitude for the simulated data shows a rapid decrease immediately following launch that is not 

present in the experimental dataò (Crowther, Potts, 2007, p.12). They suspected that their own calcu-

lated data showed this rapid decrease of velocity values due to wobbling in the beginning of the flight. 

This wobbling in the throws used as reference for an iterative MATLAB  algorithm induced an oscil-

lation on the angle of attack and hence increased drag significantly. Koyanagi et al (2012) measured 

their own real flight data with a motion capture system they did not explain in detail.  

Hummel and Hubbard (2000, 2002) and Hummel (2003) used high speed cameras (120 Hz in 

2000, 120 Hz and 200 Hz in 2003)) and markers on the disc to collect data for their estimations. In 

their first publication (2000), a mathematical model with eight aerodynamic coefficients, which have 

been iteratively approximated with the collected flight data, was presented. In Hummel and Hubbard 

(2002), two further coefficients were added to in sum ten coefficients. They wrote a MATLAB algo-

rithm for the determination of the parameters for each flight. For her Master Thesis, Hummel (2003) 

summarized the results from the two prior investigations and added a few optimizations.  

In 2014, Lukes, Hart, Potts and Haake investigated the flow around a disc with a computational 

fluid dynamics (CFD) simulation. This later publication in FrisbeeTM flight dynamics gave a model 

for describing the airflow over a rotating disc projectile. Lukes et al (2014) compared CFD analysis 

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

2.2.4 On Board Measurement 

The only scientist investigating flight dynamics with on board measurement is Ralph Lorenz 

(2005). In a first test phase, he placed a microcontroller, an accelerometer and two button cells un-

derneath the disc. In a second and third phase, he added several other sensors.  
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Lorenz (2005) assures that the sensors, microcontroller and batteries were placed in a way 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 coordinate 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. 

 

Figure 7: Plotted table from Lorenz (2005, p.741). The sensors he used are listed. The total mass of the disc 

in the second test phase was ςφπὫ, the mass of the original disc is ρχυὫ. 

The results received from his investigations varied in its usability. Due to the increased mass and 

the large number of instruments, the results were ñslightly lower than idealò (Lorenz, 2005, p.741). 

Another small problem Lorenz noted: ñThe accelerometers are over-ranged (span is ςὫ) at launch 

and impactò (Lorenz, 2005, p.742). However, in the plotted curves of, inter alia, sun sensors or mag-

netometers, every rotation is countable. He measured data at 8 am ñwhen the sun was sufficiently 

high above the horizon to give a good signal, but was still well in the eastò (Lorenz, 2005, p.744). In 

combination with magnetometers depending on the magnetic field of the earth, Lorenz was able to 

calculate the attitude for every moment of flight, including the launch of the disc. (Lorenz, 2005, 

p.744). He concluded that roughly half of the launch speed and the spin is almost entirely generated 

in the last πȢρί before release. This result confirms previous finding by Hummel and Hubbard (2001) 

or Hummel (2003).  

2.2.5 High Speed Camera 

Next to wind tunnel measurements, the use of high speed cameras seems to be the second basic 

method when investigating the dynamics of a FrisbeeTM flight. Due to the prevailing setup of research 

in a wind tunnel, it is, inter alia, easier to measure drag and lift coefficients or the flow over the disc. 
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However, with high speed cameras it is possible to investigate the whole throw, from throwing move-

ment until impact, in a real flight. Pesch (1999), Hummel and Hubbard (2000, 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 for, inter alia iterative, computer 

estimations. Hummel and Hubbard (2000; 2002) and Hummel (2003) used high speed cameras to 

collect data from active LED or reflective markers as reference for their MATLAB flight model of a 

flying disc. This data was also used by Potts (2005) and Crowther and Potts (2007) to control their 

mathematical FrisbeeTM flight models. On the other hand, they are used to describe the biomechanical 

aspects of the throwing motion from an outer and analysing view in detail. Only three projects doing 

this kind of research are available: Pesch (1999), Hummel and Hubbard (2001) / Hummel (2003) and 

Sasakawa and Sakurai (2008). These investigations will be discussed in chapter 2.3. The Super-8 

Cameras Pesch (1999) used with 25 full- and 50 half pictures per second are no high speed cameras, 

but they were used in a comparable way to the high speed cameras in the investigations of Hummel 

and Hubbard (2001) (ρψπ Ὄᾀ), Hummel (2003) (ρςπὌᾀ and ςππὌᾀ for flight investigations (short 

and long flights) and ρψπὌᾀ for investigations of the throwing movement) and Sasakawa and Sakurai 

(2008) (ςυπ Ὄᾀ). 

2.3 Review of Biomechanical Analyses of Throwing a Frisbee 

There are only a few research projects, which discuss the FrisbeeTM throw focusing on biomechan-

ics. Cotroneo (1980, quoted from Hummel, 2003, p.2) and Pesch (1999) (see below) graduated from 

University with biomechanical studies about throwing a FrisbeeTM for distance. The Master Thesis 

ñBiomechanical and aerodynamical aspects of the backhand and sidearm Frisbee-disc throws for dis-

tanceò by P.W. Cotroneo, written in 1980 at California State University, is unpublished and not at 

hand. Hummel (2003, p.2) refers to Cotroneo in only one sentence saying that Controneo compared 

the force contribution in several body segments during backhand and forehand FrisbeeTM throws. 

Nothing else about him or his work can be found in the literature. In 2001, Sarah Hummel and Mont 

Hubbard published ñA Musculoskeletal Model for the Backhand Frisbee Throwò. This investigation 

was presented in Hummelôs Master Thesis in a more detailed manner in 2003. The latest research, 

which can be found in the literature, is a ñBiomechanical analysis of the sidearm throwing motion for 

distance of a flying disc: A comparison of skilled and unskilled Ultimate playersò by Kei Sasakawa 

and Shinji Sakurai from 2008. 
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2.3.1 Robert Pesch (1999) 

The thesis for diploma ĂTechnikanalyse des weiten Rückhandwurfes im Ultimate Frisbee ï Eine 

empirische Untersuchung zur Strukturierung und zur Identifikation von Einflussgrößen mit Ableitung 

von konkreten Bewegungsanweisungenñ by Robert Pesch (1999) is unpublished but at hand. Robert 

Pesch investigated the long backhand throw for his diploma at the Johannes Gutenberg Universität 

Mainz. He chose ten German high level Ultimate Frisbee players for his investigations and combined 

the results from questionnaires and interviews with video data from the players for the analysis.  

A substantial difference to the recent works with high speed cameras is that Pesch (1999) did not 

work with markers but with a qualitative description and the computer programme ñSimi Motionò. 

In this software, the position, which is marked with an active LED in latest techniques, needs to be 

marked manually at the computer for each picture after filming (Pesch, 1999, p.54). When this time-

consuming work is done, the programme is able to calculate positions, angles and velocities between 

the marked points. Therefore, in Peschôs (1999) work, several systematic mistakes have been unpre-

ventable. Due to the resolution of φτπὼτψπ dots in ñSimi Motionò, the real position of a marked point 

could only be marked with a mistake of πȢτὧά. The, in comparison to high speed techniques, low 

frequency of pictures caused that points, which were moving with ςπ, aroused expanded to τπὧά 

on a picture. Thus, the later marking of points in video data needed to be precise, but in spite of 

working with the greatest care, Pesch guessed his mistake in marking at σὧά per marked point in 

each picture. (Pesch, 1999, p.55 ff.) Pesch knew about these mistakes and saw potential for future 

work, which needs to reduce these mistakes (Pesch, 1999, p.59 f.). 

In his questionnaires and interviews, Pesch asked about tactical and technical topics. The tactical 

part will be neglected completely, because it leads away from the aim of this thesis. Pesch used the 

answers on technical topics in combination with the filmed material to conclude a morphologic de-

scription of the throwing movement (Pesch, 1999, p.65 ff.). These aspects are of main interest. 

Pesch (1999) used the results from Simi Motion for a statistical comparison between the throwers. 

For each variable, such as initial speed, range of the throw, angular velocities or distances that a point 

of the body moved during the throwing movement, he identified the median, the standard deviation, 

the maximum / minimum and the ideal value. The ideal values for the different variables were given 

by the throw with the highest throw range. The first values he listed are the velocity at launch, the 

slope of the forearm, the roll and pitch angle, the angle between the projection of the initial velocity 

vector in the ὢὣ-Plane and the ὣ-axis and the angle of attack (Pesch, 1999, p.73). In the further 
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course, he discussed each value in detail (Pesch, 1999, p.73 ff.). Afterwards, he gave the same table 

for relevant variables in different fixed situations during the throwing movement. Pesch defined nec-

essary variables in maximal swinging back position and in launch position. In addition, he gave values 

for the phases of movement between the fixed positions. The variables he defined here are normally 

covered distances or angles for different reference points on the body. For most of the values, Pesch 

(1999) defined if a thrower trying to improve his performance should maximise or optimize this value 

(Pesch, 1999, p.72). 

Apart from tables, Pesch gave curves for several variables. Due to the limited scale, they will not 

be named in detail, but partly in comparison to the results from Hummel in the discussion. Figures 

are given in the appendix (see figures A1 and A2). 

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

The only published biomechanical research projects about the backhand FrisbeeTM throwing 

movement was given by Sarah Hummel and Mont Hubbard in 2001. They conducted research on the 

throwing motion of high level US Ultimate Frisbee players. In her Master Thesis, Hummel (2003) 

presented more detailed information about these investigations. 

2.3.2.1 Setup of Research 

The subjects were equipped with reflective markers at the torso, the humerus, the forearm, the 

hand and the disc. They were asked to do backhand throws for maximum range while being filmed 

with four ρψπὌᾀ cameras. However, the later analysis of data was based on seven throws of one 

subject with on average 57% of effort. The marker positions were chosen to collect data for a so called 

ñmusculoskeletal modelò with six degrees of freedom (DOFs) of a backhand FrisbeeTM throw (Hum-

mel, 2001, p.2). The developed model is based on an over arm throwing model by Cote (2001, quoted 

from Hummel and Hubbard, 2001, p.2) and Cote and Hubbard (2003, quoted from Hummel, 2003, 

p.51) respectively, with several modifications. ñThe FrisbeeTM throwing model has six DOFs and 

seven rigid bodies, the torso, clavicle, scapula, humerus, ulna, radius, and hand/discò (Hummel, 2003, 

p.52). The position of the shoulder is given by clavicular and scapular motion and therefore the three 

translational DOFs of the glenohumeral joint are neglected. The six DOFs in the model are three 

rotations of the humerus, elbow flexion, pronation / supination and wrist flexion. The following fig-

ures by Hummel (2003) present the definition of the angles for the used throwing model. 
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Figure 8: Used body angles. In figure 9 and in the text of her Thesis, Hummel used ‰  and ‰  the other way 

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

 

Figure 9: All defined body angles. The second column ñAxisò comes from the local coordinate system at each 

joint, see figure 10D (Figure from Hummel, 2003, p.53). 

Each body segment, shoulder, humerus, forearm and hand as well as the disc were equipped with 

three or more non-collinear markers (Hummel, 2003, p.55). ñFive additional markers were used to 

allow tracking of four virtual joint center markers throughout the throwing trialsò (Hummel, 2003, 

p.55). These estimated joint centres were used as the origins of body fixed Cartesian coordinate sys-

tems for each joint centre. Before analysing the position data, it was smoothed with a ρπὌᾀ Butter-

worth filter. With the help of a MATLAB algorithm and the knowledge that the distances between 

local coordinate system origins needed to be constant, Hummel measured or calculated, respectively, 
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the position data of all markers (real and virtual) from ρȢςυs before until ρί after the release of the 

disc. The MATLAB algorithm worked with the position matrices of the body segments, their gradient 

and hessian matrix. Euler rotations and hence the angles between the body fixed coordinate systems 

made the calculation of the 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 model into a musculoskeletal model, Hummel (2003) used data from Veegerôs, 

Helmôs, Woudeôs, Pronkôs and Rozendalôs (1991, quoted from Hummel, 2003, p.59) investigations 

about segment properties of the human body. Veeger et al. (1991) gave segment mass, inertia and 

centre of mass locations (see table A2 in the appendix). In combination with the estimated angular 

and linear velocities, Hummel was able to calculate the torques, power and work acting at the angles 

during the throwing movement.  

2.3.2.2 Test Results 

The results Hummel presented are based on seven throws from one right-handed male subject. He 

threw on average with υχϷ of his maximum launch speed that was measured with a radar gun 

at ςςȢτ . Thus, the mean initial speed was ρςȢχ  with a πȢως standard deviation and a mean initial 

spin rate of τφȢυ  (Hummel, 2003, p.60). 

2.3.2.2.1 Qualitative Kinematics 

Hummel divided the throwing movement into three phases. The first, which she called the wind-

up, begins with the left twist of the torso and ends at the maximal torso rotation to the left (See figure 

8). The weight of the thrower shifts to the left foot.4 The arm horizontally adducts and the elbow gets 

slightly flexed to about υπЈ. The second, the acceleration phase, starts at maximal left twist position 

and ends with the release of the disc. It is ñcharacterized by sequential uncoiling of the torso and arm 

segmentsò (Hummel, 2003, p.60). During this phase, the elbow flexes to χςЈ at first, before a rapid 

extension. Follow through, the third phase, begins with the release of the disc and ends at the maxi-

mum right twist of the torso. ñWhen the FrisbeeTM is released, the torso is tilted forward, the humerus 

and torso ὼ axes are nearly aligned, and the arm is externally rotating at the shoulder. The forearm is 

pronating and the elbow not fully extended. However, the wrist is fully extendedò (Hummel, 2003, 

p.60). 

                                                           
4 The left foot, caused to the values of torso twist ‰  (see figure 10A), needs to be, viewed from above with 12 oôclock 

in throwing direction, positioned at four to five oôclock and the right foot at ten to eleven oôclock. However, the posi-

tioning of feet and hips is not mentioned by Hummel. 
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2.3.2.2.2 Quantitative Kinematics 

   

                                 

Figure 10: Hummel (2003) plotted the values of joint angles in degrees over time in seconds (πȢυί per seg-

ment). With the vertical lines she marked windup, acceleration phase, release and follow through. Figure 10A 

shows the movement of the torso, figure 10B the movement of the humerus and figure 10C the movement of 

the forearm and wrist. The thinner lines are marking the standard deviation  ρ„ with ὲ χ throws (Figures 

from Hummel, 2003, p.62). Figure 10D is a schematic illustration of the thrower before the throw (at ρȢςυί). 

Here ὢ  is the direction of the throw. Notice the positioning of the feet explained above (Figure from Hummel, 

2003, p.57). 

At release in torso twist, horizontal adduction, adduction, elbow flexion, pronation and wrist flex-

ion, a rapid movement is observable. It is conspicuous that the beginning and velocity peak (except 

of pronation) of these rapid movements in torso twist, horizontal adduction, elbow flexion and wrist 

flexion follow each other. The widest range occurs in horizontal adduction, which is plotted in Figure 

10B. It shows ρτσЈ of motion in total. The maximum horizontal adduction is ωχЈ after windup and 

the beginning acceleration phase, before the angle decreases with an angular velocity of in peak 

φυσ  at πȢπτί. At the release of the disc, it shows υωω  at σЈ. During follow through, the 



 

24 

 

maximum horizontal abduction is τφЈ. The Elbow flexion stays nearly constant at υπЈ during wind-

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

ing to ςχЈ after release. ñAt release, the elbow is flexed υχЈ and has an angular velocity of τσρ  

in extensionò (Hummel, 2003, p.64). The wrist extends at release with σχω (Hummel, 2003, p.63f.). 

The angular data of torso and the six DOFs is plotted by Hummel (2003) for characteristic points in 

the following table. 

 

Figure 11: Angular displacement and angular velocity. (Figure from Hummel, 2003, p.63) 

2.3.2.2.3 Kinetics 

Hummel (2003) calculated the kinetics with segment properties, inter alia mass distribution and 

inertia, based on the model of Veeger et al (1991). She plotted peak joint torques and peak power as 

well as torque, power and work at release as shown in figure 12 (Hummel, 2003, p.65). Not exactly 

going ahead with her table Hummel calculated the total work done by the 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 speed of ρςȢχ  and an initial spin rate of τφȢυ , she 

calculated the translational kinetic energy as ρτȢσὐ and the rotational kinetic energy as ςȢυὐ to in 
















































