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ABSTRACT
This thesis examined the ‘recoil’ effect of the ice hockey stick shaft during a
stationary slap shot. Nine subjects were tested. Four were classified as ‘elite’ and
the remaining five as the ‘recreational’ group. Their performances were evaluated
by simultaneously recording stick movement and bending from high-speed video
capture (1000 Hz) and puck acceleration from a triaxial accelerometer positioned
inside the puck. Data were analyzed with a one-way ANOVA for several
dependant variables including final puck velocity, stick shaft bending, biade-puck
contact time and stick kinetic energy. The results indicated that: 1) the puck
velocity was influenced by skill level, blade-puck contact time and stick bending
energy but not puck acceleration. Further studies are needed to address the
influence of events before and after blade-puck contact as well as the strength of

the player on the mechanical energy and impulse given to the puck.
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RESUME

Cette thése devait examiner le effet du recourbement de I'axe de baton d'hockey
sur glace pendant un lancer frappé. Neuf sujets ont été examinés. Quatre ont
été classifiéss comme ‘élite* et cing comme 'récréationnel’. Leurs exécutions ont
été évalués en enregistrant simultanément le mouvement du baton et le
recourbement avec capture cinématographique a haute vitesse (1000 hertz) et
I'accélération de la rondelle avec un accélérometre a trois axes placé a l'intérieur
du rondelle. Les données ont été analysés avec un ANOVA a sens unique pour
plusieurs variables dépendantes comprenant vitesse de rondelle, recourbement
d'axe de baton, le temps de contact de lame-rondelle et I'énergie cinétique final
du baton. Les résultats ont indiqué que : 1) la vitesse de rondelle a été influencée
par le niveau de compétence, temps de contact de lame-rondelle et I'énergie de
recourbement de baton mais pas I'accélération de la rondelle. D'autres études
sont nécessaires pour adresser linfluence des événements avant et aprés le
contact de la lame-rondelle, soit la force des joueurs sus I'énergie mécanique et

l'impulsion donnée ala rondelle.
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DEFINITIONS
Backswing: The stick is raised backward from behind the puck to the highest

point over the shoulders.

Bending angle: Stick shaft deformation in the minor axis due to initial impact
(ground and puck) during the slap shot.

Bending Energy: Stick elastic (potential) energy due to impact (based on
maximum stick distance deflection).

Bend-Phase: Period of stick shaft deformation in the minor axis due to initial
impact (ground and puck) during the slap shot.

Deflection Distance: The distance of stick shaft deformation in the minor axis
due to impact.

Downswing: The stick is swung forward from the highest point over the
shoulders to the impact with the ground.

Follow through: The phase when the stick is off the ground and continuously
decelerates forward until the end of swing movement.

Loading: The maximum bending and torsion occur on the shaft of the stick
during the impact between the stick and the puck.

Pre-loading: The initial impact between the stick and the ground.

Puck Energy: Kinetic energy (i.e. energy of motion) of the puck as a result from
the impact during the slap shot.

Puck Impulse: Impulse transmitted to the puck during the impact (i.e. blade-
puck) in the slap shot.

Recoil Angle: Stick shaft deformation in the minor axis that follows the bending
angle during the slap shot (i.e. unbending)

Recoil-Phase: Period of Stick shaft deformation in the minor axis that follows the
bend-phase during the slap shot (i.e. unbending period)

Release: The moment when the puck is propelled by the stick.

Segment Joint Angle: Angle observed within stick shaft due to its deformation in
the minor axis during the slap shot.
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Slap shot: A type of shooting technique that is able to produce the maximum
puck velocity in ice hockey.

Stick Energy: Stick kinetic energy observed in the downswing (i.e. previous to
impact) during a slap shot.

Time window A (T, ) : Initial to final blade-puck contact times during the slap
shot.

Total puck contact (Tg) : Total effective contact time between blade and puck
during the slap shot.
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CHAPTER 1

INTRODUCTION

The hockey stick is a basic and fundamental tool in the game of ice hockey. It is
used as an extension of the arms in order to control puck movement as well as to
project the puck in passing and shooting.

In general the stick has not changed substantially in form; (with the noted
exception of blade curvature) however, the materials used to construct the stick
have evolved.

In the beginning, hockey sticks were made completely of wood. By the 1950’s,
shaft and blade were constructed separately and then joined to form the
complete stick. Later on in the 1960’s, the stick was modified with a curvature
applied to the blade that allowed improvement in the maneuverability during
forehand stick handling as well as in the shooting velocity (Dowbiggin, B., 2001;
Pearsall et al.,1999). By the 1970’s the wood used and weight were reduced by
enveloping the wood core and the blade with fiberglass and plastics. Lately in the
1980’s and 1990's alternative construction materials for the stick include carbon
plastics, aluminum alloys and fiberglass in various combinations.

The hockey stick is used for controlling puck position and shooting into the
opponent team’s net. Shooting skills are determined by several mechanical
factors (Pearsall et al. 2000), particularly the trajectory of the puck is determined
mainly by: impulse of the puck, acceleration of the puck, mass of the puck,

contact time with the puck, initial velocity of the puck, initial/final velocity of the
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stick, mass of the stick, forces exerted by the player, stiffness of the stick and

stick bending.

1.1 Nature and Scope of the Problem

The ability of shooting the puck with an optimal precision and velocity is a
decisive factor in the overall performance of a player (Pearsall et al., 2000). For
this reason the impulse given to the puck, which is directly proportional to its
velocity, is a determinant mechanical factor in a hockey game. Hence the puck
velocity measures have been used as one of the primary parameters of shot
performance. Depending on the level of the player, it is expected that puck
velocities for the standing slap shot fall within 80 to 115 km/h. However, it is
possible to record higher velocities due to improvements in the material
construction of ice hockey sticks as well as training programs of players.

Different approaches and methods have been used to calculate puck velocities in
a slap shot, such as: impact velocity by Alexander et al. (1964) with a ballistic
method, instantaneous velocity by Chau et al. (1973) using cinematography and
maximal velocity by Rothsching (1997) with a radar gun among others. However,
nowadays alternative technologies can be considered for measuring impact puck
responses in a slap shot, such as the piezoelectric accelerometers and various
opto-electric tracking devices (e.g. vicon, optotrack) that permit high sampling
rates (i.e. greater than 1000 Hz).

On the other hand, stick bending (Pearsall et al. 2000) and puck contact time

(Doré & Roy, 1976; Hoerner, 1989; Marino 1998) have been identified as
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important mechanical factors related to shooting, and consequently related to
puck velocity. However, the link between contemporary stick mechanical
properties and shot performance is not easily identified. For instance, Pearsall et
al. (1999) conducted a biomechanical study of slap shots performed by six elite
players using different sticks, and surprisingly the elastic stiffness characteristics
of the stick (varying between 13 KN/m and 19 KN/m bending stiffness) were
found to have a minimal effect in determining shot velocity.
Nonetheless, there is reason to believe that material properties may influence
projectile speed. Therefore, in other sports in which ball impacts are involved,
impact contact time is also considered a shooting factor. For example in golf, it is
believed that impact duration is a factor in the performance of the shot (Roberts
et al. 2001). Thus, generally golfers perceive that the ball is “absorbed” by
traditional wooden élubs increasing the contact time between ball and clubface
and decreasing the speed at which the ball leaves the club face. On the other
hand, with modern titanium clubs they believe the face to be “harder” and
perceive the ball to come off the club face quickly with increased velocity and a
reduced contact time.
It is possible to divide the ice hockey stick research into twelve main areas with
different categories and interest (Murphy, S., 2001):

1) Type of shots (e.g. slap shot, wrist shot, snap shot, stick handling),

2) Type of stick (e.g. wood, glass-wood, composite),

3) Geometric parameters (e.g. shaft length, mass, curve/pattern),

4) Static parameters (e.g. materials, shaft stiffness, blade strength),
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5) Kinematics (e.g. 2D, 3D, puck velocity, stick trajectéry),

6) Dynamics (e.g. typical loads, puck reaction forces, blade dynamics),

7) Puck parameters (e.g. mass, diameter, thickness),

8) Participant interaction (e.g. anthropometrics, coordination, specific
training),

9) Game situations (e.g. shooting while moving at max velocity, stationary
shooting.),

10)Playing surfaces (e.g. new ice, polyethylene, snow covered ice),

11)Manufacturing technology (e.g. wood, aluminum, laminates),

12) Modeling (e.g. type of shot, shaft & blade, puck deformations).

Particularly, direct relationships between the areas of kinematics and dynamics in

shooting performance still need to be addressed.

1.2 Rationale

In Canada, the sport industry and recreational activity products related to ice
hockey are an important example of manufacturing processes and engineering
innovations in equipment designs, materials and constructions. Such industry
helps Canada to remain economically competitive both in domestic and
international markets. Particularly, most major manufacturers of ice hockey
equipment currently are based in Canada (e.g. Toronto, Montreal, and Calgary).
Moreover, ice hockey has a substantial social and economic value in Canada. It
is estimated that over 4.5 million Canadians are involved in hockey as players,

coaches, officials or direct volunteers (Hockey Canada, annual report, 2003).
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Consequently, applied ice hockey research is relevant for sport industry in order
to design and manufacture better products.

Regarding ice hockey stick research, several studies have been conducted (e.g.
Marino, G.W. 1998, Pearsall et al. 1999, Murphy S., 2001, Wu et al. 2003) with
respect to the performance of shooting skills. The stick parameters examined
have included bending and torsion stiffness with a variety of construction
materials. From these studies, the authors suggested that movement patterns of
elite players were predominant factors in determining critical outcomes such as
puck velocity despite the variation of stick stiffness. However, the effect of the
different mechanical factors (e.g. stick bend, puck velocity, puck contact time) on
shooting performance are not completely understood; for instance, how do these
parameters affect the catapult or recoil effect of the stick during a shot. Hence,
the purpose of this study was to investigate the relationship between puck

velocity and stick bending during a stationary slap shot.

1.3 Objectives of the Study

The purpose of this study was to examine the recoil (‘catapult’) effect of the ice
hockey stick shaft during a stationary slap shot as observed for elite and
recreational players. Puck velocity, stick bending (angle and distance deflection),
and puck contact time were the main parameters of interest. In addition,
estimates of stick kinetic energy during the swing, shaft elastic energy storage

and recoil, as well as energy transfer to the puck will be determined.
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1.4 Hypotheses
The following research hypotheses are stated:
1) There will be significant differences between elite and recreational players
in puck velocities and stick bending energy;
2) A high correlation between puck velocity and stick bending energy will be
found; and
3) A high correlation between puck contact (acceleration and time) and puck

velocity will be found.

1.5 Limitations

1) The experiment was conducted in room temperature (22° to 24°C) instead
of ice rink temperature;

2) The subjects performed the tasks on a polyethylene sheet (i.e. artificial ice
surface) instead of the actual ice surface;

3) All the slap shots were performed with piayers remaining stationary;

4) The subjects did not wear the full gear (i.e. no skates, shoulder paths,
elbow pads, hockey pants, shin guards, jock strap, neck guard and
helmet) but did use gloves;

5) The experiment was not performed under a real game situation;

6) The target was only 3 m away;
7) Stick kinematics were focused on the lower part of the shaft (i.e. 3 last

distal segments);
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8) Stick and human kinetics were not measured;
9) Only nine male subjects were recruited; and

10) Only 2D stick kinematics was performed.

1.6 Delimitations
1) Only the slap shot was measured;

2) Only one type of hockey stick was used (i.e. wood brand Bauer Supreme

3030 );

1.7Independent (IV) and Dependent (DV) Variables
IV: Skill (2 factors, i.e. elite and recreational).
DV:
- Puck: acceleration, velocity and energy.
- Stick:
o angle deflection (i.e. bend and recoil),
o angular velocity,
o distance deflection, and its respective
o times of occurrence, as well as
o the bending energy.

- Stick/Puck: Contact Times
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CHAPTER 2
REVIEW OF LITERATURE
2.1 Ice Hockey Basics
The origins of ice hockey in Canada date back to the 1880’s, when it was a
recreational winter activity (Pearsall et al.,, 2000; Dowbiggin, B., 2001). The
natural environment of the cold winter provided the ice. Due to the special
conditions that are needed in the game of ice hockey (e.g. low friction surface) a
unique set of skills is involved. Such skills include the general movement patterns
of skating, stick handling, and checking. These movements patterns are

characterized by a series of voluntary movements in time and space. The

following diagram (Figure 2.1.1) summarizes the fundamental hierarchy of

hockey skills.
Hockey Skills } I
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—Ppassing F—non-contact (stick)/ contact (hody)
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large radis turns
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Figure 2.1.1 Fundamental Hockey Skills (Pearsall et al., 2000)
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2.2 Ice Hockey Slap Shots

There are two main shooting techniques: the wrist shot and the slap shot. The
slap shot is executed by grasping the stick with both hands approximately 40 to
60 cm apart. The skill involves six different phases: backswing, downswing,
preloading, loading, release and follow-through (Pearsall et al., 1999; Wu et al
2003)

During the preloading phase, the blade of the stick makes contact with the ice
surface prior (6 to 12 inches) to impact with the puck (creating the “slap” sound)
and stick bending is initiated. Subsequently, the puck is impacted by the blade
(loading phase) and then propelled (released phase) towards the goal or net.

On the other hand, a wrist shot involves less swing than the slap shot, with the
hands holding the stick 0.15 to 0.30 m apart; and it is used for higher accuracy
(Hoerner,1989).

Through the years, puck velocities have been used as a guideline for measuring
the performance in slap shots as well as in wrist shots. Some of the different
approaches and techniques for calculating puck velocities in a slap shot are
summarized in Table 2.2.1.

In early research, qualitative approaches were done for describing the mechanics
of slap shots. For example, Hayes in 1965 suggested than a heavier stick would
increase the striking mass but decrease the velocity at contact. Wells and
Luttgens (1976) concluded that different parts of the body have different
contributions in the performance of the slap shot (e.g. 25 % trunk, 40 to 45 %

shoulders, and 30 to 35 % elbow and wrist movements).
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Table 2.2.1 Summary of puck velocities (km/h) during a slap shot reported by various
studies (Pearsall et al. 2000).

Slap Shot [km/h]
Studies Method Velocity Age Skate Stand
Alexander et al. 1963 Ballistic impact Adult 127 111
Alexander et al. 1964 Ballistic Impact Varsity 121
Cotton
1966 Aduit 100 90
Stop
Furlong 1968 Watch Average Pro's 175
Chau et al. 1973 Cine Instant Adult 132 110
Roy et al. 1974 Cine Average Junior B 89 92
Roy and Dore 1976 Sound Average Pee wee 69
Adult 96
Dore and Roy 1976 Sound Average Adult 104 97
High
Simm and Chau 1978 Cine Max School 150
Aduit 200
Rothsching 1997 Radar Max Varsity 108

Later , Emmert (1984 ) found different muscle activation patterns for the slap shot
phases, such as pectoralis major, deltoid and biceps brachi during the back
swing phase; pectoralis major, anterior deltoid, external/internal obliques in the
downswing phase and finally teres major, latissimus dorsi, obliques, triceps and
anterior deltoid.

As can be noticed in Table 2.2.1, Alexander et al. (1963) conducted one of the
first quantitative studies regarding speed and accuracy in slap shots as well as
wrist shots. By comparing both type of shots, it was found that slap shots were
faster (30.8 to 35.3 m/s) than wrist shots (26.6 to 32.6 m/s). Cotton (1966) found
higher velocities of the wrist and slap shots while skating (90 and 100 km/h
respectively).

Chau and colleagues (1973) used high speed cinematography to recorded the
kinematics of several hockey activities (two adult players and one juvenile), such
as skating speeds, stick kinematics, puck velocities and puck impact forces

among others. Shooting speeds were recorded with two cameras, at frames of
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400 Hz and 750 to 1000 Hz respectively. A maximum skating slap shot puck
velocity of 132 km/h was found.

Later, Roy and colleagues (1974) by using high-speed filming (200 to 500 Hz)
recorded puck velocities (Junior B players) finding the maximum value for a slap
shot of 89 km/h. Also, they recorded stick kinematics included the impulse
duration during puck-blade contact, maximal deflection, maximal angular velocity
and percentage of puck velocity among others. In such study the authors
suggested that stick deformation was mainly due to friction blade/ice rather than
blade/puck.

In a study made by Roy and Doré (1976) average puck velocities were
determined with a digital time counter triggered by a magnetic cell embedded in
the ice and stopped by the impact sound recorded by a microphone. Slap shot
velocities of 69 km/h were found for the pee wee group, the adult group had
average velocities of 97 km/h.

On the other hand, stick stiffness is considered another relevant factor in
shooting. For instance, Roy and Doré (1976) investigated the effect of the stick
with two different stiffnesses on the velocity and accuracy of slap and sweep
shots of pee wee level players (11 years old). Two different sticks were used, a
senior stiff stick (24.1 Ib/in) and a senior flexible stick (17.1 Ib/in). The authors
suggested that the flexible stick produced a 4 % increase in velocity (from 54.4
km/h to 56.8 km/h) and in accuracy.

Also Roy and Doré (1973, 1974,1975, 1976) performed the first kinetic studies of

the slap shot, as well as wrist shots, sweep shots and backhand shots. Stick
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dynamics response was obtained by using high-speed film (200 frames/s)
cinematography and strain gauges located on the shaft and blade. Regarding the
kinematics, they calculated: puck velocity, impulse phase, deflection of the shaft
during the impulse phase and velocity of the blade during impulse phase. For the
kinetics, the authors suggested again that flexible sticks required lower forces to
achieve the same puck velocity recorded with stiffer sticks.

An experiment conducted by Lessard ef al. (1994) in the Department of
Mechanical Engineering at McGill University, analyzed shaft stiffness dynamic
responses of three different materials: aluminum, carbon fiber and wood. By
performing linear and torsional static deformation analysis, the authors found
stiffer properties for carbon fiber and aluminum sticks than wooden sticks.

Marino (1998) also analyzed the performance characteristics of different hockey
sticks (e.g. wood, composite and aluminum), by testing weight, center of mass,
flex strength, torsional resistance and break force. Aluminum sticks were found
the strongest whereas composite sticks were found the lightest.

A study conducted by Pearsall and colleagues (1999) examined the influence of
stick stiffness on the performance of ice hockey slap shots. Six elite players
participated on the study, performing six slap shots with sticks of four different
shaft stiffness (13 KN/m, 16 KN/m, 17 KN/m and 19 KN/m). The dynamics of the
slap shots were evaluated by recording initial ground reaction forces and the
stick deformation from the high speed filming system. Also puck velocities were
obtained by using a radar gun. The highest maximum puck velocity was found for

the stick with a stiffness of 13 KN/m (108.2 km/h), whereas the lowest was
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recorded for the stick with stiffness of 17 KN/m (105.9 km/h). On the other hand,
for the ground reaction forces measured by a force plate, the highest peak
vertical force was found on the stick with the stiffness of 17 KN/m and the lowest
peak vertical force on the stick with the stiffness of 13 KN/m. In terms of stick
kinematics, the highest peak deflection and greatest time for reaching this value
was found on the stick with the lowest stiffness (13 KN/m). However, the authors
suggested that the results indicate that the subjects are probably more important
in determining shot velocities than the stick characteristics.

More recently Wu et al. (2003) examined the performances of slap and wrist
shots using sticks with different stiffness (carbon fiber composite and wood
laminate). Forty subjects (male and female) of different skills levels participated
in the study. The mechanics of the shots were measured by using simultaneously
a force plate, a high speed camera (1000 frames/s) and a radar gun. The resuits
showed that slap shots produced greater puck velocities than wrist shots. For
instance, male skill players produced puck velocities of 108 km/h (30 m/s) for the
slap shot and 70.92 km/h (19.7 m/s) for the wrist shot. Furthermore they found
that shot velocity was directly related to the skill level and upper body strength of

the person taking the shot.

2.3 Kinematic Analysis Methods
A biomechanical analysis can be conducted by either of two perspectives:
kinematics and kinetics (Levangie, 2001; Hamill & Knutzen, 2003). Kinematics is

concerned with motion characteristics and analyzes motion from a spatial and
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temporal perspective without regard for the forces producing the motion; whereas
kinetics examines the forces acting on the system. The following Figure 2.3.1

illustrates such perspectives.

[ Biomechanical Analysis ]

l Kinematics

position
velocity
acceleration

I Linear l

position

velocity
acceleration

Figure 2.3.1 Perspectives of Biomechanical Analysis (adapted from Hamili & Knutzen, 2003).

Since the origin of human locomotion research, optical measurement techniques
have made a substantial impact in the understanding of motion analysis. Etienne
Jules Marey (1830-1904) was a prolific pioneer of such optical instrumentation
(Novacheck 1997; Nigg & Herzog, 2002 ); he was among the first to achieve
photographic documentation of movement with the photographic rifle. Marey
(1882) published the first chronophotographic pictures of a marching human and
a horse jumping én obstacle.

Eadweard Muybridge, a contemporary of Marey, used a series of cameras to
take multiple pictures in rapid succession of animals and humans in movement,
publishing the 11 volume photographic work, Animal Locomotion(1887),

considered one of the treasures of early photography studies in human and
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animal movement (Inman et al.1981; Nigg & Herzog 2002; Andriacci & Alexander
2000).

Today, camera and marker systems are the most frequently used tool in
biomechanical kinematic analysis (Nigg & Herzog, 2002). Such systems include
conventional high-speed film cameras, high speed video cameras and cameras
that sense electromagnetic wave signals. Markers, which are used for
representing points on the system of interest such as prominent bony landmarks,
may be passive (e.g. reflective tape) or active (e.g. electronic transmitters).

In such systems, passive markers are tracked when they reflect the light back of
the camera source light. The video signal is digitally converted and fed into a
computer that examines the video data looking for objects above a threshold of
light. This process (i.e. digitization) involves viewing each frame of the video tape
and identifying and storing the coordinates (i.e. X, y, z) for each of the markers, in
each of the frames of the film. However, a camera provides a 2D image of a 3D
situation on a “film” (or video) medium. The determination of three-dimensional
spatial coordinates from several (at least two cameras) two-dimensional sets of
data is performed by using the DLT (direct linear transformation) method (Abdel-
Aziz and Karara, 1971). That is, for “m” markers, the DLT method provides a
linear relationship between the two-dimensional coordinates of a marker, on the
film and its three dimensional location in the space ( Nigg & Herzog 2002,
Pourcelot et al., 2000). The accuracy of the 3D reconstruction positions of the

markers depends mainly upon the quality of the DLT reconstruction, the quality of
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the lenses used, the accuracy of the calibration frame and the deformation of the

film.

2.4 Acceleration Measuring Techniques

The use of accelerometers in biomechanics is relatively new, due to the fact that
the piezoelectric effect was discovered by the Curie brothers in 1880, which was
later used to quantify forces and accelerations. The piezoelectric effect was put
to practical use in the 1920’s and 1930’s. The KISTLER Company constructed
the first commercially available piezoelectric force plate for gait analysis for the
biomechanics laboratory of the ETH Zirich in 1969. Thus, acceleration
measuring techniques have been developed paraliel to force measuring methods
( Nigg & Herzog ,2002).

Accelerometers have been widely used in biomechanical research, for instance,
Prokop (1972) used accelerometers mounted in the shoe sole of spike shoes on
several track surfaces. Later, Morris (1973) used five accelerometers to quantify
the three-dimensional movement of the shank. Afterwards, accelerometers
mounted on head, hip and shank were used during alpine skiing (Nigg,1973)
and, walking and running (Unold,1974). In subsequent years, the use of
accelerometers in biomechanical analysis has been extended in several ways,
such as: for measuring vibration in soft tissue (Saha,1977), for the quantification
of joint kinematics (Chao,1978), for measuring skeletal accelerations at the tibia
(Light,1980), and for determining the bone to bone impact forces in the ankle and

knee joint with an effective mass model (Denoth, 1980) among others.
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Today, accelerometers are frequently used for biomechanical evaluations of
protective equipment for sports (e.g. helmets), helping mainly in the development
of safety standards of sport helmets (Bishop, 1993, Pearsall et al. 1998). For
instance, prior to the introduction of an ice hockey helmet standard in Canada
several players died from blows to the head even though they were wearing head
protection (Fekete, 1968).

Measuring principles used in accelerometers include strain gauge, piezoresistive,
piezoelectric and inductive transducers. Piezoelectric accelerometers in general
are transducers universally used for vibration measurements. Its acceleration
proportional output can be integrated to give velocity and displacement
proportional signals. The heart of a piezoelectric accelerometer is the slice of
piezoelectric material, usually an artificially polarized ferroelectric ceramic, which
has the unique piezoelectric effect. When it is mechanically stressed, either in
tension, compression or shear, it generates an electrical charge across its pole
faces which is proportional to the applied force. The piezoelectric element is
arranged so that when the assembly is vibrated the mass applies force to the
piezoelectric element which is proportional to the vibration acceleration (i.e. 2n,
Newton Law, F=ma). For frequencies below the resonant frequency of the spring-
mass system, the acceleration of the mass will be the same as the acceleration
of the base, and as a result the output signal magnitude will proportional to the
acceleration to which the system is subjected.

The following Figure 2.4.1 illustrates the construction of a piezoelectric

accelerometer.
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Figure 2.4.1 Piezoelectric Accelerometer
( adapted from Briiel &Kjaer, Measuring Vibration, 1982)

There are two common configurations for piezoelectric accelerometers: The
Compression Type, where the mass exerts a compressive force on the
piezoelectric element, and The Shear Type where the mass exerts a shear force

on the piezoelectric element. The following Figure 2.4.2 illustrates these two

types of configurations.
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Figure 2.4.2 Common configurations in piezoelectric accelerometers (adapted from Briiel &Kjaer,
Measuring Vibration, 1982)

As a general rule vibration parameters are usually measured in metric units in
accordance with the ISO requirements (Brie! &Kjser, Measuring Vibration, 1982),
however the gravitational constant “g” is still widely used for acceleration levels,
where a factor of almost 10 (9.81) relates the two units, so that conversion within

2 % is a simple matter.
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Three main characteristics are considered in the construction of accelerometers:
sensitivity, mass and dynamic range. It is ideal to have a high output level, but
here the weight of the accelerometer could be compromised due to the fact that
high sensitivity normally implies a relatively big piezoelectric assembly. However
in normal circumstances the sensitivity is not a critical problem as modern
preamplifiers are designed to accept low level signals.

The mass of accelerometers becomes important when measures on light test
objects are needed, because additional mass could significantly alter the
vibration levels and frequencies at the measuring point. As a general rule, the
accelerometer mass should not be greater than one tenth of the dynamic mass of
the vibration part onto which is mounted. The following table 2.4.1 summarizes
the main characteristics of piezoelectric accelerometers typically used in
biomechanical experiments.

Table 2.4.1 Main Characteristics of piezoelectric accelerometers. ( Nigg & Herzog 2002)
Transducer MASS NATURAL FREQUENCY SHOCK RANGE
FREQUENCY RESPONSE RATING

Piezoelectric low 20,000 to 0to 5000 Hz Several 0.01to
1-2¢ 30,000 Hz magnitudes 10,000 g
higher than
upper limit
of range

As we can see, most accelerometers used in biomechanical analysis are
extremely light and weigh only a few grams. The natural frequency is typically
high and the frequency response is sufficiently for the frequencies relevant for

biomechanical measurements. Piezoelectric accelerometers have the advantage
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on the higher range respect to other types (e.g. strain gauges, piezoresistive,

inductive).

2.5 Basic Energy Concepts

Since this research project involves estimates of energy, it is relevant to review
basic kinetic concepts (e.g. work, mechanical energy).

Considering a particle moving in one dimension, if a constant force Fx, along the
X axis, acts on the particle, then the work done by the force on the particle as it
moves some given distance is defined as the product of the force and the

displacement: W=FA, Eq. (2.5.1)

In the case of three-dimensional motion where the different directions of the force

and displacement are considered: W = F A, +F A +FA, Eq. (2.5.2)
Or more general : W = FeAr Eq. (2.5.3)
Such dot product is equal to: W = FA Cos6 Eq. (2.5.4)

where F is the constant force acting on the particle while undergoing a
displacement with an angle 6 between the force and the displacement.

When the Force F is not constant, the definition of work in the case of a three-
dimensional force, involves an integral. Figure 2.5.1 shows how a particle moves
along some given path from point P17 to point P2. By dividing the path into short
segments, each of length Ar, the force and direction of motion within each
segment are approximately constant and the work done on the particle is given

by equation (2.5.4).
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P2

-]

Figure 2.5.1 Force F acting during a small displacement A
(adapted from Ohanian 1985).

Then, the total work is approximately the sum of all such amount of work. In the
limit when A, — 0, this sum becomes the integral:

P2
W= j FCos8dr Eq. (2.5.5)
Pl

where dr, is the element of length along the path followed by the particle,

more compactly
P2
W= [F odr Eq. (2.5.6)
Pl

This expression helps to derive an important identity between the work done on a
particle and the change of speed of the particle.
Thus, from equation 2.5.6 :

P2

W= (Fdx+F,dy+F.dz) Eq.(2.5.7)
Pl
N , . dv
Considering the first term of the integrand F, =m dt" Eq. (2.5.8)

P2 P2
p
The integrand of the first term is j F dx = j m%”—dx Eqg. (2.5.9)
Pl Pi
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where the velocity V| is function of time.

However for the purpose of the integration in equation 2.5.9, it is better to

express the velocity as a function of position.

Then v, :il.VLE{
dt dt dx

or L I Eq. (2.5.10)
dt dx dt dt dx

Consequently, by substituting in equation 2.5.4

P2 P2 dV Var
[ Fx=[mv,—2dc= [m-v.av, Eq. (2.5.11)
Pl Pl dx "\

And by the theorem of calculus we obtain

V2x 1 V2.r 1 1
.[m.VXde:m'[*Vx2:| =m[—V22x—_VI§:I
2 2

Vi ix 2

W=%mV22x —émV,i Eq. (2.5.12)

Where 7V,

lx

is the x velocity at P71 and V, is the x velocity at P2. For the
components F, and F,, following the same process the final result for equation

(2.5.7) will be:

P2
W= | (Fde+ Fdy+ F.d)=smv2 - Lz o Loz _Lye (Lo Loy
; : 2 2 27 2 2

Or W=%mV22 —%mVl2 Eqg. (2.5.13)
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Where, V2=V +V!+V}

Equation (2.5.13) is showing that the work done by the net force between P17 and

P2 is proportional to the change in the square of the velocity.
The quantity K = %sz Eq. (2.5.14)

is called the kinetic energy of the particle.
Hence, equation (2.5.5) says that the work done on the particle by the net force
equals the change in the kinetic energy.

W=K,-K,
Or W =AK Eq. (2.5.15)
Result called the work energy-theorem.
Therefore, kinetic energy (i.e. energy of motion) is a measure of the degree to
which a system has the ability to do work on some other system (Lerner, 1996;
Ohanian, 1985; Hamill & Knutzen, 2003). The generation of a sufficient level of
kinetic energy is especially important when projecting an object (e.g. batting, ice
hockey slap shot). For example, kinetic energy is developed in baseball over the
collision phase with the bat and will project the ball at velocities of more than 100
mph . A kinetic energy in the range of 320 J and 115 J for the bat and the ball
respectively, before the collision, has been found. After the contact, the kinetic
energy of the bat was reported to be reduced to 156 J and the ball’s kinetic

energy increased to 157 J (Fallon et al., 2000).
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On the other hand, mechanical energy also can be measured as the capacity of
a particle to do work by virtue of its position in the space. Considering the case of
gravitational potential energy for a particle of mass m moving under the influence
of the constant gravitational force (i.e. Fx=0, Fy=0, Fz=-mg) from point P7 to point

P2, and from the definition of work (Equation 2.5.15):

Z2
W= [(-mg)dz=-mg [} =-mg(Z, - 2,)

zi
= W=-mg(Z,-7Z))=-mgZ, + mgZ,

Or W=-U(Z,)+U(Z)) Eq. (2.5.16)
Where the function U(Z )=mgz is called the gravitational potential energy.

If the only force acting on a particle is gravity then by combining equation (2.5.16)
and equation (2.5.15) the relation between potential energy and kinetic energy is

obtained:

~U(Z,)+U(Z))=K, - K, Eq. (2.5.17)

= K, +U(Z,)=K, +U(Z,)

This equality indicates that that quantity K +U(Z ), is a constant of the motion
K +U(Z )=|constant] Eq. (2.5.18)

The sum of kinetic and potential energies is called the mechanical energy of the

particle, and is designed with an E
E=K +U(Z) Eq. (2.5.19)

If the only force acting on the particle is gravity, then the mechanical energy

remains constant: £ = [cons tant]
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This is the law of conservation of mechanical energy.

Since the sum of the potential and kinetic energies must remain constant during
the motion, an increase in one must be compensated by a decrease in the other;
this means that during the motion, kinetic energy is converted into potential
energy and vice versa.

An object that is deformed may also store potential energy. This type of energy
has to do with elastic forces. When an object is deformed, the resistance to the
deformation increases as the object is stretched. Thus the force that deforms the
object is stored and may be released as elastic energy.

The force applied to deform a structure and the resulting deformation are referred
to as stress and strain (Hamill & Knutzen, 2003; Nigg & Herzog 2002),
respectively. A typical engineering material when subjected to a uniaxial or
tension test will demonstrate a stress-strain (Dhanjoo, 1982; Hamill & Knutzen,

K.M.,2003). curve as figure 2.5.2 shows:

Fracture

Yield point

Stress

Elastic Plastic

[« R el

Strain

Figure 2.5.2 An ideal Strain-Stress Curve, Showing elastic and
plastic regions, as well as the elastic modulus.
(adapted from Dhanjoo, 1982; Hamill & Knutzen, K.M.,2003)
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In this curve, the slope of the linear portion of the curve is the elastic modulus, or
stiffness of the material. Stiffness is thus calculated as:

k= stress O
strain &£
. . F
where o is the force per unit areao = - and

€ is the relative change of length ¢ = % .

For very small extensions or strain, up to the order of 0.1% (Dhanjoo, 1982) the
material behaves in a linear and elastic manner. In other terms, when the load is
removed the material responds like a spring (i.e. mass-spring system) and
returns to its original position. When loading is applied at stresses above the
elastic limit (yield point), then permanent or plastic deformation (fracture) occurs.
The material can normally sustain much higher elongation, of the order of 35 %
of its original length, before fracture of the material occurs (Dhanjoo, 1982).
Following a similar procedure as the one described for obtaining the kinetic
energy (Lerner,1996; Ohanan,1985), and considering Hook’s Law (F=-KXx), it is
possible to obtain the potential elastic energy( i.e. strain energy) as :

SE = —;—kxz Eq. (2.5.20)

where x is the distance over the object is deformed , and k& (i.e. stiffness) is the
proportionality constant, which depends on the material deformed and represents
the object’s ability to store energy.

Widely discussed in biomechanics literature (Hamill & Knutzen, 2003) is how
muscles and tendons, and certain devices such as spring boards for diving,

store this strain energy and release it to aid in human movement.
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In athletics performance several pieces of equipment (e.g. trampolines, poles in
pole vaulting, ice hockey sticks in shooting) achieve such and end.

One example of the use of energy storage is the design of the tuned running
track at Harvard University, where McMahon and Greene (1979) analyzed the
mechanics of running and the energy interactions between the runner and the
track in order to develop and optimum design for the track and surface. In this
study an average speed advantage of nearly 3 % was observed, during the first

season on the new track.

2.6 Structural Dynamics

Due to the limitations in modelling and in mathematical solutions for static and
dynamics responses of several mechanical systems, engineers and
mathematicians have proposed different approaches for modelling the elements
that constitute a system. Thus, several numerical techniques with different
degrees of complexity have been developed, in order to solve the analytical
model (i.e. differential equation) that describes a specific problem.

In general, for modelling a system under several external actions, simplifications
and assumptions are made with respect in the physical properties of the system
or in its actual behaviour, in order to find the most relevant effects and responses
of the system. Following these simplifications and through the mathematicél
model, it has been possible to propose a representation of the system and the
actions on it. It is possible to then obtain a solution describing the effects on an

element or specific mechanical system.
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Particularly, for modelling the elements of a system under bending forces,
elements designated as “beams” have been used. These “beam” elements are
structures that carry loads which are mainly transverse to the longitudinal
direction, thus producing flexural stresses and lateral displacements (i.e.
deflection curves) (Paz, 1991; Rodriguez et al. 1996; Chopra, 1995). Figure 2.6.1

illustrates a basic beam element and its deflection due to an external force.

Beam element

Beam Flexion

Figure 2.6.1 Beam element under flexural stress
(adapted from Rodriguez et al.,1996).

In general, a beam element flexion depends basically on two aspects:

a) support conditions (i.e. boundary conditions)

b) actions on the element (i.e. external forces)
The support conditions will determine the degrees of freedom of the element, that
is, the displacement restrictions of the element. The actions on the element will
lead to consideration of the specific response to study, whether static or dynamic

in nature.
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In the study of a beam element response it could be of interest to know:
¢ the maximum deflection caused by external forces, or

¢ the deflection occurring at specific points of the element (e.g. closer to the
support point), or

e specific points under impact conditions (i.e. collisions) with other bodies.

The following basic example could illustrate this concept and give the base for
studying more complex problems (e.g. stick-puck impact).

Considering the example illustrated on Figure 2.6.2, a box with a mass of 1000
kg that is release from 1m height over the center of a rod, whose physical
dimensions and properties are given by:

Longitudinal length (L) = 10m

Transverse section = 0.20m x 0.50m

Modulus of elasticity (E)= 25,000 MPa

rod
transversal
section

0.50m

0.20m

deflection

< 10m —>
Figure 2.6.2 Beam representation of a system mass-rod during impact.
Under the assumption, that the box remains adhered to the rod at the time of the

initial impact, the main objectives for studying the system mass-rod would be:
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¢ Describe the oscillatory movement generated on the rod,

¢ Estimate the maximum vertical deflection of the rod,

¢ Estimate maximum forces acting on the rod
The first step for finding the solution to this problem is to formulate the model of
the system with one degree of freedom, in order to describe the oscillation
movement generated on the rod. When the impact takes place the rod will tend
to bend and vibrate due to the impact. In this way, a dynamic system is created,
where the mass is initially given by the box and the “stiffness” is given by the rod,
which can be modelling as a “beam” element.
This system can be represented by the following differential equation (Elishakoff

at al. 1987, Chopra, 1995, Rodriguez et al., 1996; Irvine,1999; Paz,1991;) :

mi+hc=0 Eq. (2.6.1)

Where

m= box mass

k= stiffness of the beam element
= acceleration of the system

= displacement of the system

SRRV

Before solving this differential equation of 2" degree, it is necessary to find ‘m’
and ‘k’. Since the box mass is known, it is only necessary to determine the
stiffness (i.e. k), which is function of the parameters:

L= Length of beam element,

E=Modulus of elasticity of the beam model,
I= Moment of inertia of the element,
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And a Factor ‘S’ which is function of the beam element; in the case of the current

example:

S=48, then the stiffness of the beam element is given by

48E]T
K = T Eq. (2.6.2)
Where
L =10m,
E =25 000 MPa,
And
0.5°x0.2

[=—""""2 =0.002083 m*
12

Then, by substituting in Equation 2.6.2 the stiffness is obtained

_ 48x25000x0.002083

K
10°

=2.5 MPa*m=2.5*10% N/m

Given that the mass is 1000 kg, the frequency of the system (beam+box) in rad/s

will be given by

o= \/z =50 rad/s Eq.(2.6.3)
m
or
=2 -79Hz Eq.(2.6.4)
2z
with a period T=1/f =1/7.96=0.126 s Eq.(2.6.5)

Based on the above analysis, and considering the static deflection of the beam

element given by
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P
k

- _"ig; Eq.(2.6.6)

It is possible to obtain the differential equation in equilibrium for the system.
Thus, by substituting ‘k’ in terms of frequency (Equation 2.6.3) in Equation 2.6.1
and then dividing by ‘m’ the resultant expression is given by:

¥+w'x=0 Eq. (2.6.7)
Where

X = acceleration
o =angular frequency of the system
x = displacement

And whose solution is given by

x(1) = (%Ojsin(a)t) + cos(ar) Eq. (2.6.8)

where ‘x’ is the deflection of the beam element.

At the instant of the impact box-rod , that is at t=0, the displacement of the mass

is zero, then  x, =0.

To obtain the velocity of the mass at the moment of the impact, it is necessary to
obtain the velocity of the box after falling 1 m. The kinetic energy (i.e.mv?/2) of
the box in the instant of the impact must be the same as the potential energy

before it is released (i.e. wh).

That is

_;:mv — wh Eq. (2.6.9)
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w
where m=—,
g

By isolating the velocity, it is obtained

v =2gh Eq. (2.6.10)

= v’ =2gh = 2*9.81*1=19.6 m?%/s?
Then, the resultant velocity of the box at the moment of the impact is given by

v =443 m/s

Thatis, v, is 4.43 m/s.

Thus, it is possible to obtain the deflection in the centre of the rod at any instant

‘', after the impact.

Then, by substituting in Equation 2.6.8, it is obtained the maximum dynamic

deflection of the rod:
x(1) = (v, / w)sin(awt) + x, cos(wt) = (4.43/50)sin(50¢) + 0 cos(50¢)

= x(t) = 0.08865sin(50¢) Eq. (2.6.11)

This can be seen graphically as the following Figure 2.6.3 shows.
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Rod Deflection

displacement x(t)
[m]
=)

time [s]

Figure 2.6.3 Dynamic response of the system mass-box during impact.

The maximum dynamic deflection produced on the centre of the bar is taking

place at the instant

50t=7/2

that is, when t=7/100=0.0314 s and this deflection is 0.0886 m, that is:
0.0886k=0.0886*2.5*10°=221 500 N

This force can be obtained through the calculation of the maximum acceleration

and then by multiplying by the mass. The expression for the acceleration is

obtained by deriving twice respect to the time the equation of the dispiacement

previously obtained, that is

By taking , x(¢) =0.0886sin(50¢)
And then deriving, the velocity is obtained

x(¢) = 0.0886w cos(wr) Eq. (2.6.12)
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And deriving again, the expression for the acceleration is given by

%(t) = —0.08860"° sin(wt) = —221.5sin(cwt) Eq. (2.6.13)

The maximum acceleration is taking place at t=0.0314 s , that is when the
maximum displacement is occurring, and whose value is -221.5 m/s*
Thus, the maximum force is
F= ma=(1000) x (~221.5sin(50(0.0314)))
F=221500 N
Which is the same value as the one previously obtained.
It should be notice that a different value would be obtained if the box is placed

directly on the rod (i.e. no distance falling), in such case the load on the rod

would be

1000 kg * 9.81 m /s?= 9800 N

and the maximum deflection produced on the rod

Se=W/k=9800/2.5%10° =0.004 m

It can be seen from the previous basic example, the similarities between the
system analyzed rod-box and the event of impact stick-puck during a slap shot,
where the box could be the puck, and the stick could substitute by the rod.
However, given the simultaneous non-constant forces existing during the event
of the slap shot, predicting stick shaft deformation is not and easy task, which
might be one of the reasons of the almost non existent research in impact blade-

puck during slap shot.

53



However, static studies have been done, based on a “beam” model, for instance
Lessard et al. ( 1994) studied the linear deformation (i.e. static bending stiffness)
and torsional deformation (i.e. torsional stiffness) based on the ‘beam’ cantilever

configuration.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Ice Hockey Stick and Puck

Hockey sticks of wood laminate shaft construction (Bauer Supreme 3030) with
‘left and right handed blades were used in the experiment. The stick shaft
dimensions were: length 1.35 m, major axis length 0.02 m, mass 0.6 kg.

The puck physical parameters were: mass (accelerometer + puck) 0.260 kg,

diameter 7.62 cm (3 inches), thickness 2.54 cm (1 inch).

3.2 Subjects

Nine male subjects volunteered for this study and signed the consent forms. This
research was approved by the Ethics Board of the Faculty of Education at McGill
University (see attached ethics approval, Appendix A). Based on a review of
each subject’s background with regards to experience ice hockey and preliminary
shot velocity tests (threshold = 100 km/h) , four were classified as the elite group
(mean mass: 181.4 = 8.7cm, mean weight: 85.2 £7.5 kg, mean age 31 i13.3
years) and the remaining five as the recreational group (mean height: 171.9 + 8
cm, mean mass: 74.5 + 9.5 kg, mean age: 28.8 + 7.6 years). Only two subjects
from the elite group were right handed shooters, and the rest, including the

recreational group, were left handed shooters.

3.3 Testing Apparatus
Data collection consisted of the simultaneous use of a high speed video

recording (HSC Motion Scope RedLake Imaging, Model PCI 1000), and a
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piezoelectric triaxial accelerometer (Kistler Inst. Co., model 8792A500) linked to
a coupler (Charge Ampilifier Type 5134, Kistler Instrumentation Corp., Amherst,
NY,USA) then to a data acquisition card (AT-MIO-16X PC DAQ board, National
Instruments). Puck/stick contact time were recorded using the same DAQ by
means of wrapping the blade of the hockey stick and the puck with a metal foil
(Figure 3.3.2), thereby creating a +5 v contact circuit which allowed the

synchronization of both systems (i.e. HSC and accelerometer).

3. 3.1. High Speed Video System

A high-speed video system (1000 Hz) was used to record the stick movements.
The camera was positioned 4 m laterally to the puck and 1.10 m vertically above
the puck. The camera was oriented horizontally and perpendicular of the stick’s
main plane (sagittal) of motion. Eight adhesive reflective markers were placed
along the shaft of the stick at 0.10 m intervals above 0.20 m from the heel blade.
The blade of the stick was wrapped with a metal foil (Figure 3.3.2), in order to
create a contact circuit similar to the method used by Roberts et al. (2001) .The
markers locations were digitized using the Ariel Performance Analysis System ™
(Ariel Dynamics, San Diego CA) and could be located to within 3mm per pixel
(picture element) from the video recording of an 1.5 m by 1.5 m filed of view.
Angle deflections, velocities and respective times of occurrence from the four
distal segments 4, 5, 6 and 7 (Figures 3.3.3, 3.5.1) were the three dependant
variables obtained from this analysis. The total angle of deflection (Btota) of

simple bending observed in the camera’s plane of view was calculated as the
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intercept angle between projection lines from segment 4 (8s.6) and segment 6
(87-8) of the stick (Figure 3.3.3). The four segments were located below the

bottom hand of the stick.

3.3.2. Accelerometer

A piezoelectric triaxial accelerometer (Model 8792A500, Kistler Instrum..Corp,
Ambherst, NY, USA) was used for obtaining puck accelerations for each trial. The
main technical characteristics and dimensions are showed in the following table

3.3.1 and figure 3.3.1.

Table 3.3.1 Main characteristics of the triaxial accelerometer,
Model 8792A500 (http://www kistler.com)

Acceleration Acceleration Thresold Sensitivity Resonant

range limit frequency
[d] [gpk] [grms]  [mV/g] [kHz]
+500 + 1000 0.01 10 54
29.2mm )
/ AN

4-pin connector
Microtech
(X,Y,2,GND)

Triaxial Accelerometer K-Shear 8732A800
Figure 3.3.1 Piezoelectric triaxial accelerometer used in the study.
(http://www kistler.com)

As was mentioned before the signal output from the accelerometer is typically

small voltage or charge and is proportional to the applied stimulus.
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Accelerometer sensitivity is the constant which defines the relationship between
the input and output signal and is commonly provided in terms of mV/g or pC/g.
Low impedance sensors are typically chosen for maximum sensitivity within the
expected input acceleration range. Thus, a calibration certificate with the exact
value was provided by the manufacturer. Since the available full scale voltage is
+ 5 volts, the sensitivity can be determined by dividing the expected acceleration
range into the full scale voltage. For example, a £50 g range indicates a
sensitivity of 100 mV/g. Regarding our model of accelerometer (Kistler Model
8792A500), the sensitivity was 10 mV/g.

An accelerometer’s sensitivity is calibrated at a specific frequency (commonly
100 Hz) and its deviation from this reference sensitivity is presented typically by
stating its 5% or 10% deviations limits in terms of frequency.

The accelerometer was embedded in the center of a modified puck (i.e. core
drilled out). This puck was further wrapped with metal adhesive foil to create the
contact circuit linked by a 10 m cable (i.e. through the + 5v signal given by the
HSC data-output) to a similar metal foil on the blade (Figure 3.3.2). In addition,
the accelerometer was attached to a cable leading to an amplifier (Charge
Amplifier Type 5134, Kistler Instrum. Corp., Amherst, NY, USA) and to a PC
DAQ board (AT-MIO-16X,National Instruments) and the signals were recorded at
10 KHz using LabView 6.1 software in a PC Pentium 11I(IBM,128 MB Ram,
Windows 98, Second Edition). In summary the experimental set up is shown in

Figure 3.3.3.
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Figure 3.3.2 Computer and cable systems for HSC (a) and accelerometer inside the puck (b).
Also, markers on the stick (c) and on the top of the puck (b) are shown.
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bottom hand
ﬁ.«»«-—m.,,,\

r'eﬂ'e;t}

™ markers N\

accelerometer circuit
l= —— ='l high speed camera I
puck / blade contact circuit 5V DC

Figure 3.3.3 Set up of the experiment. Stick angle deflections (85-6, 06-7, 67-8, Btotal ),
accelerometer’s axis and complete computer systems.
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3.4 Testing Protocol

The subjects wore ice hockey gloves and stood on a 3 m square piece of 0.004
m thick polyethylene (artificial ice) to execute the slap shots. Subjects performed
a minimum of three practice trials. Each subject took from eight to ten slap shots.
A minimum of 60 s occurred between each trial. A shot was considered a good
trial if:

1) The puck went into the target area (0.60 m x 0.60 m) approximately 3.3 m
from shoot to goal,

2) The puck/blade contact circuit was working properly,

3) The puck acceleration was successfully captured, and

4) The subject was satisfied that the trial was a maximal effort.

3. 5 Data Analysis

3.5.1 Stick kinematics

Once that the digitizing process with the Arial Performance Analysis System ™
(Ariel Dynamics, San Diego CA) was complete (i.e. extraction of the X, y
coordinate positions of stick markers) , the stick kinematic data were organized
in Microsoft ® Excel 2002 spreadsheets in order to identify parameters from joint
angles and joint angular velocities with respect to time. Basically, the event (i.e.
slap shot) was divided into different sequences (i.e. t1, t2, 13, 4, t5 and te)

according with the time events defined (Figure 3.5.1). The base of such times
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(i.e. initial/final and total contact) were given by the puck/blade contact circuit
recorded by the PC DAQ board (AT-MIO-16X, National Instruments).

The initial and final puck/blade contact times were defined as t1 and ts,
respectively. As it is shown in Figure 3.5.1, the complete time interval (i.e. Time
A=te-t1) and the total time puck contact (i.e. Time B=2At, where puck
acceleration >10g’s) were synchronized with the stick joint angles and stick joint
angular velocities.

Two main phases were observed: stick bend and stick recoil. Times t2 and t3
were defined as the points in time where maximum stick bending (i.e. max 0,)
and maximum stick angular velocity (i.e. max w,) occurred inside the contact time
window (A) during the slap shot, respectively. On the other hand, times t4 and ts
were defined as the points in time where maximum stick recoil (i.e. min 6,) and
minimum stick angular velocity (i.e. min ®,) were taking place inside the contact

time window (A) during the event, respectively.
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Figure 3.5.1 Synchronization of stick kinematics and puck acceleration (g's) through the puck
circuit contact. Initial to final contact (Time A = te - t1)) and total contact (i.e. Time B=2At,

where puck acceleration >10g’s) are shown (a). Also stick angle deflections (8) and stick angular
velocities (w) are shown (b, ¢), as well as their respective times of occurrence. Note: the
maximum and minimum direction of bend and recoil phases are identified (b, c¢).
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The following Figures 3.5.2 - .4 show and example of the different phases of the
slap shot based on the times t1 through te for the deflection angle between
segments 6 and 7 (Figure 3.3.3) of one elite subject’s trial. Such time events
were calculated considering t1 as the temporal reference point, which was given
by the contact circuit puck/blade for the initial contact. Also, the figures show on
the top left corner of each image a black or white box, indicating that the contact

circuit was “on” (puck contact) and “off” (no puck contact), respectively.

Blade-puck circuit closed (“on”)

puck

Originfreference
point

Shooting direction

t1 : Initial blade puck contact

Blade-puck circuit closed (“on”)

puck

Shooting direction

Origin/reference
point

16 : Final blade puck contact

Figure 3.5.2 Initial (t1) and final (t6) puck contact of the slap shot. It is shown in the top left
corner that the puck/blade circuit was “on”. Images were collected at 1000 frames/second.
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Blade-puck circuit closed (“off")

Origin/reference
point

{2 : Maximum stcik bending (max 6a)
Blade-puck circuit closed (“off”)

puck

Origin/reference

Shooting direction N
point

t4 : Maximum stcik recoil (min 6a)

Figure 3.5.3 Maximum bend (i2) and maximum recoil (t4) of the slap shot.

Blade-puck circuit closed (“off”)

Origin/reference
point

3 : Maximum Stick angular velocity (max wa)
Blade-puck circuit closed (“off’)

puck

Origin/reference
point

Shooting direction

t5 : Minimum Stick angular velocity (min wa)

Figure 3.5.4 Maximum w (t3) and minimum w (t5) of the slap shot.
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3.5.2 Acceleration Data Processing

The puck acceleration and the puck/blade time contact (Figure 3.5.1) were

captured by the high speed DAQ board (10 Khz, AT-MIO-16X, National

Instruments) in a binary format and then converted to a “txt” format by using a

LabView 6.1 software module. A post analysis with Microsoft ® Excel software

(2002) was done. This analysis included the integration in time of the
acceleration data via the trapezoidal rule (Leithold,1981) in order to obtain the
velocity-time history (Irvine, 2004) . A velocity-time pattern of the integration data

of one elite subject’s trial is shown in Figure 3.5.5. Peak puck velocity was

identified as the maxim

um velocity achieved from this integrated data

accelerometer.
Puck Velocity

140 , .

' Peak Puck Velocity !
L0 I S eI T
100 4o Jomm e T P
B — O 40— -

£ ' ]
Y 1 [ S 2 ------------------------------------------------------------------------- HE—
40 oo e T

1 ]
0 J T lIAA ihb”!y P—

) :

0 ¥ H T 1 T T T i

0 0.01 Io.oz 0.03 0.04 0.05 0.06 0.07 I 0.08
t1 time (s) te

Figure 3.5.5 Graphic example of the acceleration data integration (i.e. puck velocity).
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3.5.3 Stick and Puck Energies

The maximum and average kinetic energy of the stick shaft during the swing of
the slap shot were calculated. Given that the slap shot consists of both rotational
and translational movements (Woo, 2004) as it is shown in figure 3.5.6, and
considering the assumptions of classical Newtonian mechanics, an

approximation of the stick swing energy was defined by

E stick—swing =E stick—translational + E stick—rotational
where
|
E stick-translational — E s—t 5 myv, Eq (351 )

was the energy due to translational movement , and
1
Estick—rotational = Es«r = Ela)s Eq (352)

was the energy due to rotational movement.

A

Estick-swing = Estick-translational + Estick-rotationali

Vstick-resultant = Vvt + Ws T
Figure 3.5.6 Deconstruction of the swing slap shot in terms of kinetic energy and velocities,

i.e. translational velocity (v, ), angular velocity (@, ) and total length of the stick shaft (r).
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Hence, stick swing energy was

E = Es—s = Es—t + Es—r

stick—swing
= E_ = é—msvf +-12—1w3 Eq. (3.5.3)

where = mass of the stick shaft (i.e. 0.600 kg),

s

v, = translational velocity of the stick shaft,

I = moment of inertia of the stick shaft, and

o, = angular velocity of the stick shaft (i.e. average angular
velocity of segments 4,5,6 and 7)

Considering the rotational movement as predominant in the slap shot (Woo,
2004) and the translational movement contribution, the tangential resultant speed

(i.e. linear velocity of distal segment 7) of the stick shaft was defined by
Vstick—-result. = a)sr + vt Eq (354)
where

¥ = total stick shaft length (i.e. 1.35 m), and

V, = translational velocity of the stick shaft

solving for V,

3 vt - Ktick—l'esult. - a)sr Eq (355)

Then by substituting equation (3.5.5) in equation (3.5.1) the stick kinetic energy
due to translational movement was obtained for the time history of each event.
Furthermore, for obtaining the kinetic rotational energy given by equation (3.5.2),

the mass of the stick shaft was considered to be distributed uniformly, with the
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axis of rotation perpendicular to the plane of view through the center of mass, in

order to obtain the moment of inertia given by
I, =1—12—M(a2 +b%) Eq. (3.5.6)

where

M = mass of the stick shaft

a = distance of the stick major axis

b = total stick shaft length

The above equation approximates the shaft’s shape as a uniform rectangular
body.

However, considering that the axis of rotation was not necessarily situated at the
center of mass but, instead, at the top hand (i.e. first marker on top of the shaft)
as observed by Woo (2004), the parallel axis theorem was used for obtaining the

moment of inertia of the stick shatft:
I=1,=1_+MD? Eq. (3.5.7)

where D = distance between the two axis of rotation points at the center of
mass (cm) and the parallel center of rotation.

By substituting equation (3.5.6) into equation (3.5.7) the moment of inertia of the
stick shaft was obtained. Therefore, knowing the angular velocity of the lower
stick shaft (i.e. average angular velocity of segments 4,5,6 and 7) given by the
previous kinematic analysis, the elements required for the calculation of the stick
swing energy were completed. The following Figure 3.5.6 shows the stick shaft’s

geometric parameters and mass considered for this analysis.
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inor axis

/

Major axis a=0.62m

M= stick shaft mass = 0.600 kg

b = r = total stick shaft length

mp = puck mass + accelerometer mass=0.260 kg* D= distance between the two axis of rotation

Figure 3.5.7 Stick shaft dimensions, showing major and minor axis (adapted from Pearsall et al,
1999).

Finally, the stick bend energy was estimated by assuming a linear elastic

deformation behaviour defined as

L Eq. (3.5.8)

Estt’ck—bend = 2

where K = stick stiffness

d = distance deflection of the stick shaft
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An average stick stiffness of 15,000 N/m  was assumed based on three point
bend tests (Wu et al., 2003).

Taking into account a geometric deformation depicted by the stick during the
slap shot, as Figure 3.5.7 shows, the linear distance deflection of the stick shaft

was estimated.

Figure 3.5.8 Deflection distance of stick shaft.

By considering the rectangle triangle described by the segments 4, 5 and 6

(Figure 3.5.7) the relationships between angle and the sides were given by

Sin@z% Eq.(3.59) and COS9=% Eq. (3.5.10)

where
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h = hypotenuse
d = deflection distance

¢ = length (segment 5 +segment 6+segment 7)
8 = maximum angle deflection (i.e. 856 + 0 6-7 + 0 7-8)

Solving for A for equations (3.5.9) and (3.5.10) we obtained

= ¢ h = d
Cos6 and Sin@
By equating 4
P = d __c = d=cx Sin6
Sin@ Cos6 Cos6

thus, d=cxTané6 Eq. (3.5.11)

where 6 = maximum angle deflection (Gtétal)obtained by previous kinematic
analysis (section 3.3.1)

Therefore, by substituting equation (3.5.11) on (3.5.8) and considering the

K= 15,000 N/m, the stick bending energy during the slap shot was calculated.

Regarding the kinetic energy of the puck, it was given by
E,u==mv, Eq. (3.5.12)
where v, = velocity of the puck ( section 3.5.2)

m ,=mass of the puck (including mass of the accelerometer, section 3.1)
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3.5.4 Statistical Analysis

The independent variable (factor) for this study was the skill level (i.e. elite and

recreational) of ice hockey players.

The dependant variables related with the puck included: peak puck velocity,

average puck acceleration, blade/puck contact time, puck energy

The dependant variables related with the stick included: stick distance
deflection, angle deflection, angular velocity and times inside the blade/puck
contact time window as well as in the total event. Stick energies were also
included such as rotational, translational and bending energies.

Statistical Analysis performing one way ANOVA and Multiple Regression
(Correlation Matrices and Linear Regression) was done by using Systat® 8.0

(SPSS Inc. 2000) statistical software.

A summary of the variables noted above is presented in the following table 3.5.1.
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Table 3.5.1 Summary of variables investigated

Variable Abbreviation Description
1v:
Skill (2 levels) Elite, Elite players,
Rec Recreational players
DV:
Time Window A Ta Initial to final puck-blade contact.
Total Contact Time T Total puck-blade contact (Tp < Ta)
Percentage Tg/Ta Percentage contact time total in contact
time window A.
Average Acceleration Accel Puck average acceleration
Final Puck Velocity Vel ms Peak puck velocity in m/s
(Peak puck velocity in km/h)
(Vel kmh)
Maximum segment joint angle Stick Bend phase within T, for
(within T,) segments:
max 956 A 4
max 967 A 5
max 678 A 6
Minimum segment joint angle Stick Recoil phase within T4 for
(within Ty) segments:
min 956 A 4
min 967 A 5
min 978 A 6
Maximum segment joint angle Stick Bend phase in total event for -
(total event) segments:
max 956 4
max 667 S
max 073 6
Maximum angle deflection max 0 Maximum angle deflection observed in
(total event) segments 4,5 and 6 (i.e. max0ss + max
067+ max O73)
Minimum segment joint angle Minimum segment joint angle
(total event) in total event for segments:
min Os 4
min 07 5
min 678 6
Minimum angle deflection min 6 Minimum angle deflection observed in

(total event)

segments 4,5 and 6 (i.e. min Bs¢ +
min O¢; +min 675 )

...continued
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Table 3.5.1 continued

Maximum segment joint angle

Stick joint angular velocity observed at

velocity stick bend phase within T4 in segments:
(within T4) max Mse A 4

max ey A 5

max ®m78 A 6
Minimum segment joint angle Stick joint angular velocity observed at
velocity stick recoil phase within Tx in
(within Ta) segments:

min ®s56 A 4

min W67 A S

min w7g A 6
Time to max 0 Time point for stick Bend phase within
(within Ta) Ta for segments:

T max 056 A 4

T max 667 A 5

T max 678 A 6
Time to min 6 Time point for stick Recoil phase within
(within Ta) Ta for segments:

T min 056 A 4

T min 667 A 5

T min 678 A 6
Time to max 9 Time point for stick Bend phase in total
(total event) event for segments:

T max 056 4

T max 667 5

T max 678 6
Time to min 0 Time point for stick Recoil phase in
(total event) total event for segments:

T min 656 4

T min 667 5

T wmin 678 6
Time to max ® Time point for stick joint angular
(within Ta) velocity observed at stick bend phase

within Ty | in segments:

T max »56 4

T max 067 5

T max w78 6
...... continued
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Table 3.5.1 Continued

Time to min ®

Time point for stick joint angular

(within Tj) velocity observed at stick recoil phase
within T4 | in segments:
T min ©56 4
T min 067 5
T min ©78 6
Time to max total deflection © | T maxo Time point for maximum angle
(total event) deflection observed in segments 4,5 and
6 (i.e. max0ss + max 067 + max 673)
Time to min total deflection © | T nine Time point for minimum angle
(total event) deflection observed in segments 4,5 and
6 (i.e. min B5¢ + min B¢; +min O3 )
Recoil Angle Difference between Stick Bend phase
(total event) and minimum segment joint angle
in total event for segments:
RCC0956 4 (max 956 -min 956)
R600967 5 (max 667 -min 667)
Recobs 6 (max 073.min O7g)
Maximum Deflection Distance | d Maximum stick distance deflection
based on maximum angle deflection
(i.e.max 0)
Average Stick Rotation E av rot Average of the stick rotational kinetic
Energy energy
(total event)
Average Stick Translation Eau Average of the stick translational kinetic
Energy energy
Average Total Stick Energy E av tot Average of total stick kinetic energy
Maximum Stick Rotation E max_rot Maximum stick rotational kinetic
Energy energy
Maximum Stick Translation E max_tr Minimum stick translational kinetic
Energy - energy
Maximum Total Stick Energy | E max tot Maximum total stick kinetic energy
Maximum Bending Energy Eq Stick Elastic Potential Energy based on
maximum stick distance deflection (i.e.
d)
Maximum Puck Energy Epuck Puck kinetic energy based on Final Puck

Velocity (i.e.Vel ms)
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CHAPTER 4

RESULTS
The results for the DV examined are presented. For the one way ANOVA and

Multiple Regression (Correlation Matrices and Linear Regression) analysis,

respectively.

4. 1 ANOVA of Accelerometer Measures

4.1.1 ANOVA of Puck Accelerations
e Average Acceleration: Accel

No significant differences (NSD) between both groups (p=0.86) were found on

puck average accelerations (Table 4.1.1)

Table 4.1.1. Puck Average
accelerations (g's) .

g's
Mean SD
Elite 63.8 9.9
Rec 61.8 19.5

4.1.2 ANOVA of Puck Velocities
e Final Puck Velocity m/s (km/h) : Vel
Significant differences in final puck velocity were observed (* p < 0.004). On

average, the ‘elite’ group showed greater puck velocities than the ‘rec’ group,

120.8 £ 18 km/h and 80.3 +11.6 km/h respectively (Table 4.1.2).
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Table 4.1.2 Final puck velocities.

Elite
Rec

Km/h m/s
Mean SD Mean
120.8 18.0 335
80.3 11.6 22.3

SD
5.0
3.2

4.1.3 ANOVA of Times

¢ |Initial to final Puck Contact: T
e Total Puck Contact: Ty

Puck-blade contact times were found with significant differences in the total

puck contact time (Tg) and with almost significant differences in the complete

time window (T,), as Table 4.1.3 and Figure 4.1.1 show.

Table 4.1.3 Puck-blade contact times.

TA * TB ke
Mean SD Mean SD
Elite 0.044 0.009 0.038 0.009
Rec 0.033 0.006 0.027 0.005
*p<0.06 ** p<0.04
Means
*n<0.06 **p<0.04
0.060
0.050
0.040 -
z :
S 6.030 4 @ Elite
£ B Rec
0.020 -
0.010 -
0.000 -

Figure 4.1.1 Puck-blade contact times T, and T,
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o Percentage total puck contact in contact time window A : Ty, Ta
NSD were found (p=0.46) for the percentage of contact times (Tg, Ta). Means of

such percentage are shown in Table 4.1.4

Table 4.1.4 Percentage puck-
blade contact times.

Tp/Ta

Mean SD
Elite 86.6 5.1
Rec 80.9 13.9

e Time to max 8 within Ta (Time 2) I Tmax 056 A, Tmax 067 A, Tmax 678 A
e Time to min © within T4 (Time 4) . Trin 056 A, Tin 067 A, Tmin 078 A

NSD were found in the time points for stick bend phase (Time 2) within T, for the
segments analyzed, as it is shown in Table 4.1.5 and Figure 4.1.2. In contrast

time points for stick recoil phase (Time 4) were found to be significantly different
between groups (Table 4.1.6 and Figure 4.1.3).
Table 4.1.5 Time points for stick bend phase within Tx

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)

Tmaxes6A Tmaxe56A Tmax067A Tmax067A Imaxo78A  Tmaxd78A

Mean SD Mean SD Mean SD
G_1:1 (Elite) 0.011 0.014 0.011 0.007 0.016 0.011
G_2:2 (Rec) 0.021 0.011 0.022 0.010 0.021 0.011
=0.278 p=0.084 p=0.566

Table 4.1.6 Time points for stick recoil phase within T4

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)

TmineseA Tmine56A  Tmin067A Tmin 067A Tmin678A  Tmin 078A

Mean SD Mean SD Mean SD
G_1:1 (Elite) 0.046 0.013 0.036 0.010 0.035 0.013
G_2:2 (Rec) 0.013 0.008 0.014 0.006 0.017 0.007
p=0.002 p=0.006 p=0.032
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Means T2: TmaxB56A,Tmax067A, Tmax078A

0.035
0.030 oo ] p=0.366_ T T E

0025 o mmgumemoe oo |

0.020 4o

@ seg 5-6
W seg 6-7
Oseg7-8

(XVF]: 5 S -
0.010 {---

time [s]

0.005 +---

0.000 - .
0.005 G_1:1 (Eite) G_2:2 (Rec)

Figure 4.1.2 Time points for stick bend phase within T4

Means T4:Tmin 856 A, Tmin 6867 A, Tmin 678 A

p=0.002

time [s]

G_1:1 (Elite) G _2:2 (Rec)

Figure 4.1.3 Time points for stick recoil phase within Tx.
e Time to max w within Ta (Time 3): T max 56 » L max 067, T max 78
e Time to min w within To (Time 5) : T 1min 056, T min w67 > 1 min 078
NSD were found in time points for stick joint angular velocity at stick bend
phase within T4 (Time 3), as it is shown in Table 4.1.7 and Figure 4.1.4. Time
points for stick joint angular velocity in stick recoil phase within Ta (Time 5)

were found with NSD for segments 4 and 6 (i.e. T min w56, T min w78), @nd for the
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segment 5 (Tuin os7) @ Significant difference (p=0.010) was found (Table 4.1.8

and Figure 4.1.5).

Table 4.1.7 Stick joint angular velocity (w) observed at stick bend phase within Ty

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)
T max ©56 T max 56 T max 67 T max 067 T max o78 T max o»78
Mean SD Mean SD Mean SD
G_1:1 (Elite) 0.049 0.054 0.031 0.022 0.018 0.010
G 2:2 (Rec) 0.015 0.007 0.018 0.006 0.019 0.003
p=0.201 p=0.211 p=0.747

Table 4.1.8 Stick joint angular velocity (w) observed at stick recoil phase within T4

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)

T min 056 T min 56 T min w67 T min ©67 T min ©»78 T min 78
Mean sSD Mean SD Mean SD
G_1:1 (Elite) 0.032 0.019 0.028 0.004 0.024 0.009
G 2:2 (Rec) 0.020 0.006 0.017 0.006 0.025 0.009
p=0.247 p=0.010 p=0.934
Means T3: Tmaxw56, Tmaxw67, Tmaxw78
0.120
0.100 4
0.080 A
% 0.060 |- B seg 5-6
E H seg 6-7
£ 00404 DO seg7-8
0.020 4-
0.000 -
G_1:1 (Hite) G_2:2 (Rec)
-0.020

Figure 4.1.4 Stick joint angular velocity (w) observed at stick bend phase within T,
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Means T35: Tminw56, Tminw67, Tminw78

0.060

0.050

0.040 -

E seg 5-6
B seg 6-7
Dseg7-8

0.030 ----

time [s]

0.020 +---

0.010 +---

0.000 -

G_1:1 (Elite) G_2:2 (Rec)

Figure 4.1.5 Stick joint angular velocity (w) observed at stick recoil phase within T,

¢ Time to max total deflection 8 (max0ss + max 87 + max 643 in total event:
T max 0

o Time to min total deflection B8(min 05 + min 6¢; +min 6+ in total event:
T min 6

NSD were found in maximum total deflection time points (Table 4.1.9 and Figure
4.1.6) for the total event. However, there were significant differences in minimum

total deflection time points (*p=0.012) in the total event as Table 4.1.9 and Figure

4.1.6 show.

Table 4.1.9 Time points for maximum (T max e ) and minimum (T ine )
total deflection 8 in total event.

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)
T max 0 T max 0 T min 0 T min 0
Mean SD Means SD
G_1:1 (Elite) 0.009 0.014 0.032 0.014
G 2:2 (Rec) 0.005 0.031 0.007 0.007
p=0.831 * p=0.012
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Means : T max6, T min 6

0.060

0.050 --emmemmemeecfee Y S
*p=0.012

0.040 -
0.030 -

0.020 -
0.010 4---

T max angle

time [s]

B T min angle

0.000
-0.010 4-ceeeeeee G 1A (Elite). ... Gl22(Rec). ...
0020 o
-0.030

Figure 4.1.6 Time points for maximum (Tax o) and minimum (Tiine) total
deflection © in total event.

e Timetomax 0 in Total Event : T max 656> T max 667 » 1 max 678
o Time to min O in Total Event : T wmin 656, T min 667, T min 678

NSD were found in time points for both bend (T max 056 » T max 067 »1 max 678) and

recoil phases (T min 656, T min 667, T min 678 ) @S it is shown in Tables: 4.1.10 - .11 and
Figures 4.1.7 - .8

Table 4.1.10 Time points for stick bend phase in total event.
Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)
T max 056 T max 056 T max 067 T max 067 T max 678 T max 678

Mean sD Mean sD Mean SD
G_1:1(Elite) 0.006 0.016 0.001 0.018 0.005 0.022
G 2:2 (Rec) 0.026 0.014 -0.001 0.036 0.008 0.013
p=0.087 p=0.933 p=0.780

Table 4.1.11 Time points for stick recoil phase in total event.
Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. Var. list)

Tminess Tminos6 Tmines7 Tminos7 Tminors T minors

Mean SD Mean SD Mean SD
G_1:1(Elite) 0.058 0.082 0.031 0.021 0.016 0.023
G 2:2 (Rec) -0.012 0.009 0.011 0.020 0.032 0.015
p=0.093 p=0.202 p=0.231
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Means: Time to max 8 in total event

0.050
0.040 |
0.030 -
0.020 1
0.010 4----
0.000
-0.010
20,020 - enereemeemnem e e T

1 J S IE—

0,040 oo mem T

-0.050

B seg 5-6
W seg 6-7
Oseg7-8

time [s]

Figure 4.1.7 Time points for stick bend phase (T . 656 » T max 067 T max 678)in total event.

Means: Time to min 8 in total event

- B seg 5-6
E W seg 6-7
= Dseg 7-8

Figure 4.1.8 Time points for stick recoil phase (T i g6, T min 667, T min 678 ) N total event

4.2 ANOVA of Stick Kinematics Measures. HSC.

4.2.1 ANOVA of Stick Joint Angle Displacements

e Maximum segment joint angle within Ta : max 056 o, max 047 o, max 675 o
e Minimum segment joint angle within Ta: min s o, min O67 o, min O75 o
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With regards to the stick bend phase within Ta, NSD were found for

maximum segment joint angles max 6¢7 4 and max 6,3 » However, for the most

proximal segment examined (max 0ss o), @ significant difference was found

(p=0.041, Tables 4.2.1 -.2 and Figures 4.2.1 - .2).

Table 4.2.1 Maximum stick segment joint angle displacements (bend phase)whithin T,

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)

max 956A max 956A max 967A max 967A max 978A max 978A

Mean SD Mean SD Mean SD
G_1:1 (Elite) 181.64 1.79 181.74 1.57 184.01 3.34
G _2:2 (Rec) 179.56 0.54 180.05 0.55 180.91 0.70
p=0.041 p=0.058 p=0.079

Table 4.2.2 Minimum stick segment joint angle displacements (recoil phase)whithin Ty,

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)

min 656 A min 656 A min 667 A min 957 A min 973 A min 678 A

Mean SD Mean SD Mean SD
G_1:1 (Elite) 178.56 0.84 178.51 0.57 178.33 1.25
G 2:2 (Rec) 177.79 0.80 178.24 0.98 178.46 1.13
p=0.205 p=0.643 p=0.877

Means: max056A, max867A, maxB78A

*p=0.041
188.0
186.0 -
184.0 -
max 56 A
o 182.0 +--- B max 67 A
S 180.0 4--- Omax 78 A

178.0 +---

176.0 +---

174.0 A

G_1:1 (Bite) G_2:2 (Rec)

Figure 4.2.1 Maximum stick segment joint angle displacements (bend phase) whithin T,
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Means: min856A,min667A,minb78A

180.0
179.5 4
179.0 4
178.5 +--
178.0 --
177.5 +--
177.0 +--
176.5 +--
176.0 +--
175.5 4

@ min 56 A
& min 67 A
omn78 A

deg

G_1:1 (Hite) G_2:2 (Rec)

Figure 4.2.2 Minimum stick segment joint angie displacements (recoil phase) whithin T4

e Maximum segment joint angle in total event: max 656 max 67 max 05
e Minimum segment joint angle in total event : min 85 min 667, min 673

NSD were found for maximum and minimum stick segment joint angles in the

total event, as it is shown in Tables 4.2.3 - .4 and Figures 4.2.3 - 4,

Table 4.2.3 Maximum stick segment joint angles in total event.

Summary Tabie of Means (tabstat4.sta)
N=9 (No missing data in dep. var. list)

max 0Osg max 0Ose max Og7 max O¢7 max 073 max 075
Mean SD Mean SD Mean SD
G_1:1 (Elite) 182.128 1.700 182.390 1.170 184.661 2.873
G_2:2 (Rec) 181.207 0.579 181.366 0.768 182.899 1.743
p=0.289 p=0.156 p=0.290

Table 4.2.4 Minimum stick segment joint angles in total event.

Summary Table of Means (tabstat4.sta)
N=9 (No missing data in dep. var. list)
min 05  min Osg min Bg7 min Og; min 674 min 073
Mean SD Mean SD Mean SD
G_1:1 (Elite) 175.881 3.503 176.266 3.209 175.655 3.626
G_2:2 (Rec) 176.695 0.944 177.239 1.267 177.251 1.550
p=0.629 p=0.550 p=0.399
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Means: max056, max067, max978

172.0

170.0

B max 56
m max 67
o
3 Omax 78
G_1:1 (Elite) G_2:2 (Rec)
Figure 4.2.3 Maximum stick segment joint angles in total event
Means: min856, min667, min678
=0.629
182.0 =
180.0 -
178.0
B min 56
> 176.0 4-- B min 67
® 1740 0 min 78

G_1:1 (Elite) G_2:2 (Rec)

Figure 4.2.4 Minimum stick segment joint angles in total event

e Recoil angle in total event: Recobs¢ (max 0s6 -min 6ss) Recolg; (max 67 —min
967), RCCOG78 (max 67g_min 978 )

NSD were found in recoil angle (difference between maximum and minimum
segment joint angles) for the total event as Table 4.2.5 and Figure 4.2.5 are

shown. However post hoc analysis identified inter-segment differences in stick

shaft's bend within groups.
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Table 4.2.5 Recoil angle in total event.

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)
Recobs¢ RecoBs4 Recobe; Reco0g47 Reco0 RecoO7g
Mean SD Mean SD Mean SD
G_1:1 (Elite) 6.25 3.38 6.12 4.05 9.01 5.96
G _2:2 (Rec) 4.51 1.48 4.13 1.96 5.65 2.68
p=0.330 p=0.360 p=0.290
Means: Reco856, RecoB67, RecoO78
16.00 p=0.33
p=0.36
£ /o [0 SSSRRRIEN NS SO RS S NS SO N —
p=0.29
12,00 ---mrmmee oo
B3 Reco 56
10.00 -
'§’ 8 Reco 67
ke 8.00 1 O Reco 78
6.00 -
4.00 +--
2.00 +--
0.00 - ;
G_1:1 (Elite) G_2:2 (Rec)

Figure 4.2.5 Recoil angle in total event.

o Difference between Segments: max 6s¢ vs max 65; p=0.60
max 05 VS max 675 p=0.02

Post hoc analysis identified significant differences (p=0.02) in maximum stick

bending for the total event between segment 4 (max 6s¢) and segment 6(max 6+s)

as Figure 4.2.6 shows. On the other hand, NSD were found between segment 4

(max 6s6) and segment 5 (max 647) as the same Figure 4.2.6 shows.
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Means Difference Between Segments:
maxB56 vs maxf67, maxf56 vs maxd78
188.0

*p=0.02
186.0 ---m-ommmr oo e

184.0
& 1820 o
180.0 - b P

1780 4—F o f

176.0

max856 maxB867 rnaxe6 maxB78

Figure 4.2.6 T-Test for differences in maximum stick bending between segment 4
{max 0s¢) vs segment5 (max 0g7) and 6 (max 675)

e Difference between segments : max 057 vS max 055 p=0.604
max 0¢7 VS max 07 p=0003

Also, a post hoc analysis identified significant differences (p=0.003) in maximum
stick bending for the total event between segment 5(max 0¢;) and segment 6
(max 6+5) as Figure 4.2.7 shows. Conversely, NSD were found between segment

5 (max 0¢7) and segment 4 (max 6s¢) as the same Figure 4.2.7 shows.

Means Difference Between Segments:

maxB67 vs max056, max067 vs max878
188.0

*p=0.003
0 P S S
(7% 0 I SRR Row———" U S
& 1820 gz o I ------------

180.0 -4 koo
1780 -4 f
176.0 maxB67 max856

Figure 4.2.7 T-Test for differences in maximum stick bending between segment 5
(max 0g7) vs segment 4 (max 6sg) and 6 (max 6-g)
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¢ Difference between segments : min 85 vs min 057 p=0.27
min 05 VS min 6,5 p=0.65

NSD were found in the post hoc analysis in minimum segment joint angle

deflection for the total event as Figures 4.2.8 and 4.2.9 show.

Means Difference Between Segments:
min®56 vs min®67, min656 vs min878

180.0
179.0
178.0 -
1770 Aoeemememee oo
176.0 - - f L mEEm ] L
1750 4fik ol b L
1740 4 fode L b Ld L]
1730 4—p el .} | T S
1720 4] bl b L e N
171.0

deg

£

min678

mmS min

Figure 4.2.8 T-Test for differences in minimum stick deflection between segment 4
(max 0s) vs segment 5 (max 057) and 6 (max 6)

¢ Difference between segments: min 8¢7 vs min 6s¢ p=0.27
min 667 VS min 978 p=061

Means Difference Between Segments:
minf67 vs min®56, min®67 vs min678

=027 | L p=061 -

min®67 min856 mino67 mino78

Figure 4.2.9-Test for differences in minimum stick deflection between segment 5
(max 6g7) vs segment 4(max 0z5) and 6 (max 07s)
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e Maximum 6 deflection (max8ss + max 867+ max 673 ) in total event : max 6
¢ Minimum 6 deflection (min6ss . min 6¢;7 + min 675 ) in total event: min 6

There were significant differences in maximum angle deflection (max 6 ) between
both groups (p=0.03). In contrast, NSD were found in minimum stick angle

deflection (min 6).Table 4.2.6'and Figure 4.2.10 show such results.

Table 4.2.6 Maximum and Minimum 6 deflection in total event.

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)
max 6 max 6 min 6 min 0
Mean SD Mean SD
G_1:1 (Elite) 7.6 4.0 -3.7 3.3
G 2:2 (Rec) 2.2 1.5 -5.0 1.9
p=0.03 p=0.46

Means: Max and Min 8 deflection in total event

15.0

10.0

5.0 4-- max
2 deflection
o .
| min
0.0 deflection

-5.0 4

| p=0.46 |
-10.0

Figure 4.2.10 Maximum and Minimum 8 defiection in total event.
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4.2.2 ANOVA of Stick Joint Angular Velocity
e Maximum segment joint angle velocity within Ta: max mse o, max we7 A
max 78 A
¢ Minimum segment joint angle velocity within Ta: min wse o, min we7 4 ,
min W78 A
With regards to stick joint angular velocities , NSD were found for both bend

(maxmse o, max me7 o Max @7 o ) and recoil (min wss o, Min wg7a, Minwsga ) phases, as

Tables 4.2.7 -.8 and Figures 4.2.11 - .12 show.

Table 4.2.7 Stick joint angular velocities observed at stick bend phase within T,

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)

maxmsga MmMaxddsga mMaXmgra Max®egra MAXM78a MaAxX 78 A

Mean SD Mean SD Mean SD
G_1:1 (Elite) 130.95 163.23 168.77 63.18 422.27 311.43
G 2:2 (Rec) 121.90 88.00 109.55 82.67 147.33 121.29
p=0.92 p=0.28 p=0.11

Table 4.2.8 Stick joint angular velocities observed at stick recoil phase within T,
Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)

minmwssa MiNWMsea MINWg7a MINWe7A MINWM784  MINM7gA

Mean SD Mean SD Mean sSD
G_1:1 (Elite) 2.77 177.41 -97.24 151.76 -242.65 387.11
G_2:2 (Rec) -58.59 81.13 -37.34 43.88 -129.09 143.81
p=0.51 p=0.42 p=0.56
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Means : max w56, max w67, max w78

800.0 p=0.92
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Figure 4.2.11 Stick joint angular velocities observed at stick bend phase within T,

Means : min w56, min W67, min w78
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Figure 4.2.12 Stick joint angular velocities observed at stick recoil phase within T,

4.2.3 ANOVA of Maximum deflection distance of the Stick : d
There were significant differences in maximum stick deflection distance (based
on maximum angle deflection: max 0) between both groups (p=0.029) as Table

4.2.9 and Figure 4.2.13 show.
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Table 4.2.9 Maximum stick deflection.distance

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)
d d
Mean SD
G_1:1 (Elite) 0.040 0.022
G 2:2 (Rec) 0.012 0.008
p=0.029

0.070

Maximum Stick Deflection Distance: d

[ *p=0.029

0.060
0.050 -
0.040 -
0.030 +----

distance [m]

0.020 -
0.010 -

0.000 -

G_1:1 (Bite) G_2:2 (Rec)

@ G_1:1 (Bite)
® G 2:2 (Rec)

Figure 4.2.13 Maximum stick deflection distance.

4.3 ANOVA of Stick and Puck Energy Measures.

e Stick rotational energy: E 4, ot (average), E max ot (Maximum)
e Stick translational energy : E .,  (average), E max_« (Maximum)

o Total stick energy: E ., « (average), E max ot (Maximum)

With regards to stick kinetic energy, NSD were found neither translational (E,,

(average), Enax_«(maximum)) nor rotational (E ,y ot (average), E max ot (Maximumy)

as Tables 4.3.1 - .2 and Figures 4.2.14 - .15 show.
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Table 4.3.1 Average stick kinetic energy (rotational, translational and totat)
in the slap shot swing.

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)
E av_rot E av_rot E av_tr E av_tr E av_tot E av_tot

Mean SD Mean SD Mean SD
G_1:1 (Elite) 52.91 17.50 27.50 14.56 80.41 29.13
G 2:2 (Rec) 44.08 1251 22.36 10.65 66.44 22.30
p=0.41 p=0.56 p=0.44

Average Stick Kinetic Energy

120.00

100.00 --------- oo P e e

80.00 4--n-oeesofeneaeean] SO LU |OU: SR IR

B Eav_rot
60.00 - e T B e I T B At EmEav_tr
L DEav_tot

E [joules]

40.00 {- 0 I

PUNESES N E—

0.00 -

G_1:1 (Hite) G_2:2 (Rec)

Figure 4.2.14 Average stick kinetic energy (rotational, translational and total)
in the slap shot swing.

Table 4.3.2 Maximum stick kinetic energy (rotational, translational and total)
in the slap shot swing.

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)

E max_rot E max_rot E max_tr E max_tr E max_tot E max_tot
Mean SD Mean SD Mean SD
G_1:1 (Elite) 10355  21.87 75.72 57.37 179.27 7746
G 2.2 (Rec) 75.35 23.49 48.09 20.52 123.44 42.86
p=0.11 p=0.34 p=0.21
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Maximum Stick Kinetic Energy

300.00

250.00 -

200.00 -
@ E max_rot
B Emax_tr

0 E max_tot

150.00 -

E [joules]

100.00 +-

50.00 +-

0.00 -

G_1:1 (Hite) G_2:2 (Rec)

Figure 4.2.15 Maximum stick kinetic energy (rotational, translational and total)
in the slap shot swing.

o Stick elastic potential (bend) energy: E4
o Puck energy: Epyck

On the other hand, there were significant differences in stick elastic potential

energy (based on maximum stick deflection distance: d) and puck energy, as

Table 4.3.3. and Figures 4.2.16 - .17 show.

Table 4.3.3 Stick elastic potential and puck energies.

Summary Table of Means (tabstat5.sta)
N=9 (No missing data in dep. var. list)
Ed Ed Epuck Epuck
Mean SD Mean SD
G_1:1 (Elite) 16.49 13.29 152.25 49.45
G _2:2 (Rec) 2.10 2.10 66.93 16.81
p=0.05 p=0.01
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Stick Bend Energy: Ed

G_1:1 (Elite) G_2:2 (Rec)

Figure 4.2.16 Means of stick elastic potential (bend) energy.

Puck Kinetic Energy: Epuck

G_1:1 (Bite) G_2:2 (Rec)

Figure 4.2.17 Means of puck kinetic energy.
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4.4. Regressions and Correlation Statistics.
Correlation matrices among the dependent variables (DV) are presented. Also,
taking into account the final puck velocity (Vel ms) as the predictable variable,
linear regression equations and some examples of their graphical trends are
presented. Overall results showed high linear relationships between the
predictable variable (Vel ms ) and the dependent variables:

« Total Puck Contact: Ts,

« Initial to final puck contact: Ta,

« Maximum segment joint angle within T, : max 6s6 o , max 067 o, max 675 4 ,

o Maximum angle deflection in total event: max 0 ,

« Maximum distance deflection of the stick: d ,

o Maximum stick kinetic energy: E max_rot, E max_tr »E max_tot,

« Stick elastic potential (bend) energy: E4 , and

o Puck energy: Epuck

4.5 Regressions and Correlation Statistics of Puck Velocity versus average

acceleration and contact times.

The following Table 4.5.1 shows the correlation matrix between the final puck
velocity (Vel ms) and the blade-puck contact times T, and Tg ; and the puck
average acceleration (Accel), as well as with the percentage TgTas. Higher
correlations (indicated in bold) between final puck velocity and contact times T,

and Ty were found. In the case of contact time T, a determinant coefficient of r2=
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0.54 was found (Equation 4.5.2), whereas for contact time Tg a determinant

coefficient of r?= 0.82 was found (Equation 4.5.1, Figure 4.5.1).

Table 4.5.1 Correlation matrix of DV: Puck velocity, puck aceleration and
contact times.

Correlations (tabstat5.sta)
Marked correlations are significant at p < .05000
N=9 (Casewise deletion of missing data)
Vel ms Accel Ta Tg Tg/Ta
Vel ms 1.00
Accel 0.14 1.00
Ta 0.74 -0.49 1.00
Ts 0.91 -0.19 0.91 1.00
Tp/Ta 0.59 0.58 0.05 0.46 1.00
® V uek=720.473 Tp +4.422 Eq. (4.5.1)
(R= .91, R?= .82 Adjusted, R*= .79, p<0.001, SEE=3.20)
TB vs Vel ms
45
A0 oo ]
L T SEISTI RIS U __ ool ER R N
TE)I B0 T
>
25 e T e
y =720.47x + 4.4224
20 4. . R=0.8199
.
15 . : . ; -
0.02 0.025 0.03 0.035 0.04 0.045 0.05
TB [sec]

Figure 4.4.1 Linear regression for total puck contact(Tg) vs final puck velocity(Vel ms)

oV puek=596.21 T, +4.63 Eq. (4.5.2)
(R=.74,R2= 54 Adjusted, R*= .48, p<0.02, SEE=5.10)
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4.6 Regressions and Correlation Statistics of Puck Velocity versus

maximum joint angle within T4,

The following Table 4.6.1 shows the correlation matrix between final puck
velocity (Vel_ms) and the maximum segment joint angles within Ta (max 6s6 A,
max 0g7 o, Max 67s o ). Also linear regressions are shown in Equations 4.6.1-.3,
where higher determinant coefficient where found for joints ‘max 6g7 o, and ‘max

0784, thatis, r?= 0.65 and r?=0.64, respectively.

Table 4.6.1 Correlation matrix of DV: Puck velocity and
Maximum segment joint angle.

Correlations (tabstat5.sta)
Marked correlations are significant at p < .05000
N=9 (Casewise deletion of missing data)

Vel ms max 0564 max Og7a maxOsga

Vel ms 1.00
max Osea 0.66 1.00
max g7 0.81 0.64 1.00
max 0734 0.80 0.51 0.97 1.00
* V puek=4.16 max 047 4 -724.19 Eq. (4.6.1)

(R= .81, R?= .65 Adjusted, R*= .60, p<0.01,SEE=4.46)

e V puck = 2.12 max 973 A -359.95 Eq (462)
(R= .80, R?= .64 Adjusted ,R?= 59, p<0.01,SEE=4.49)

o V puck = 2.43 max 967A + 0.91 max 678 A—578.94 Eq (463)
(R= .81, R?= .66 Adjusted ,R*= .54, p<0.04, SEE=4.76)

4.7 Regressions and Correlation Statistics of Puck Velocity versus times of
maximum and minimum joint angles within T,
The following Table 4.7.1 shows the correlation matrix between final puck

velocity (Vel_ms ) and the times to maximum (Time 2: T max 056 A, T max 067 A,T max 678
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4) and minimum (Time 4:T in 056 A, T min 667 A, T min 678 4) SEgMent joint angles within

Ta . Also linear regressions are shown in Equations 4.7.1-.4, where higher

determinant coefficient where found for times to minimum segment joint angles.

Table 4.7.1 Correlation matrix of DV: Puck velocity, Times to max and min 8 within T

Correlations (tabstat5.sta)
Marked correlations are significant at p < .05000
N=9 (Casewise deletion of missing data)

Vel ms Tmaxes6a Tmaxes7a Tmaxo78a Tminessa Tmines7a  Tmine7sa
Vel ms 1.00
Tmax956A -0.36 1.00
Traxe674 -0.42 0.38 1.00
Tiaxe78A -0.03 0.09 0.88 1.00
Tminessa 0.68 -0.29 -0.65 -0.44 1.00
Tmines7A 0.72 -0.59 -0.65 -0.37 0.91 1.00
Tmin6784 0.71 -0.57 -0.59 -0.34 0.80 0.94 1.00
e V puck = 237.09 T min 6564 +20.73 Eq (47 1)
(R= .68, R?= .46 Adjusted, R?= .38, p<0.04, SEE=5.53)
o V puck ™ 365.63 T i, 0674+ 18.66 Eq (472)
(R=.72 ,R?*= 52 Adjusted, R*= .46, p<0.03,SEE=5.20)
L] Vpuck= 370.69 T n o734 +18.06 Eq (473)
(R=.71, R?= 50 Adjusted, R?= 43, p<0.03,SEE=5.32)
® Vouek= 90.88 Trinossa + 59.99 Thin 6674
+203.60 T,ino7sa + 18.29 Eq. (4.7.4)

(R=.73, R?*= 54 Adjusted, R?= .26, p<0.24, SEE=6.06)

4.8 Regressions and Correlation Statistics of Puck Velocity versus times of

maximum and minimum joint angular velocities within T,

The following Table 4.8.1 shows the correlation matrix between final puck

velocity (Vel ms ) and the times to maximum (Time 3:T max w56, T max 067, T max ©78)
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and minimum (Time 5: T minoss, T minw67 » T minw7s ) S€gMent joint angular velocities
within T4 . Also linear regressions are shown in Equations 4.8.1-.4, where higher
determinant coefficient where found for times Thaxess @nd Toax ws7 , @S well as

for the time T i 067 (Figure 4.8.1).

Table 4.8.1 Correlation matrix of DV: Puck velocity, Times to max and min w within T,
Correlations (tabstat5.sta)

Marked correlations are significant at p < .05000

N=9 (Casewise deletion of missing data)

Vel_ms Tmax ©56 T max w67 T max ®78 T min m56 T min w67 T min ©78
Vel ms 1.00

Tmax ®56 0.75 1.00
Tinax 067 0.74 0.93 1.00
T maxw78 -0.12 -0.11 0.06 1.00
T min w56 0.33 0.09 0.08 0.62 1.00
T min 067 0.91 0.53 0.59 -0.14 0.26 1.00
T min w78 0.01 0.29 0.24 -0.51 -0.57 0.14 1.00
® V puek=140.03 Trax o6 + 23.08 Eg. (4.8.1)

(R=.75 R*= 56 Adjusted R?= .50, p<0.02,SEE=4.98)

A\ puck = 864.73 T min w67 T+ 8.06 Eq (482)
(R=.91 R?= .83 Adjusted R*>= .81, p<0.001,SEE=3.12)

\4 puck = 65787 T minws7 +83.55 T max w56 — 23178 T min ©78
'128099 T max ®»78 + 18.25
(R=.99 R?*= .98 Adjusted R*= .96, p<0.001,SEE=1.42) Eq. (4.8.3)

v puck= 331.27 T max 67 T 19.46 Eq (484)
( R=.74, R?= 55 Adjusted, R?= .49,p<0.02,SEE=5.05)
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Tmin w67 vs Vel ms
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Figure 4.8.1 Linear regression for time to min w within To(Time 5):T minws? VS
final puck velocity (Vel_ms).

4.9 Regressions and Correlation Statistics of Puck Velocity versus

maximum and minimum joint angular velocities within T,

The following Table 4.9.1 shows the correlation matrix between final puck

velocity (Vel ms ) and the maximum (max wss o4, max we¢7 4, max wzs o ) and the

minimum (min ®se A, Min 7 A Min w73 4 ) sSegment joint angular velocities within Ty

. Also linear regression is shown in Equation 4.9.1, where a relatively high

determinant coefficient was found for max w734 and min wss A (i.e. r*=0.53).
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Table 4.9.1 Correlation matrix of DV: Puck velocity, maximum and minimum segment joint w
within Ty

Correlations (tabstat5.sta)

Marked correlations are significant at p < .05000

N=9 (Casewise deletion of missing data)

Vel ms maxmsea maxmera Maxorga MiNMsea MiNMe7a MIiNW7g
Vel ms 1.00

maxmsea -0.05 1.00

maxme7a 0.42 0.39 1.00

maxmrg 0.61 -0.22 0.65 1.00

Minmse A 0.09 0.50 -0.17 -0.45 1.00

minme7a -0.50 0.44 -0.42 -0.81 0.61 1.00

minw7g A -0.49 0.25 -0.34 -0.78 0.47 0.89 1.00
L] Vpuck= 0.02 maxwss + 0.03 minwsg o + 22.01 Eq (491)

(R=.73 R*= 53 Adjusted R?= .38, p<0.1,SEE=5.56)

4.10 Regressions and Correlation Statistics of Puck Velocity versus time to
minimum segment joint angle within T,,

The following Table 4.10.1 shows the correlation matrix between final puck
velocity (Vel_ms ) and the times to minimum segment joint angles within Ta ( Tmin
056A, Tmin 067A » Tmin 678a )- Also linear regressions are shown in Equations 4.10.1-

.2, where low determinant coefficients where found (i.e. r’= 0.47, r?=0.43).

Table 4.10.1 Correlation matrix of DV: Puck velocity and
time to min 6 (Recoil) within T, .

Correlations (tabstat5.sta)

Marked correlations are significant at p < .05000

N=9 (Casewise deletion of missing data)

Vel ms Tminessa Tminos7A  Tmine78A

Vel ms 1.00

Tmin 6564 0.69 1.00

Tmin 0674 0.66 0.93 1.00

Trmin 0784 0.51 0.80 0.94 1.00
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e V puck = 182.85 T in 6564 + 25.23 Eq (4101 )
(R=.69, R?= .47 Adjusted, R?= .39, p<0.04,SEE=5.48)

¢ Vo= 212.37 Trinos74 + 25.93 Eq. (4.10.2)
(R=.66, R?= .43 Adjusted, R?= .35, p<0.05,SEE=5.68)

4.11 Regressions and Correlation Statistics of Puck Velocity versus
maximum and minimum segment joint angle in total event.

The following Table 4.11.1 shows the correlation matrix between final puck
velocity (Vel_ms) and the maximum ( max 65, max 07 max 6+5) and the minimum
(min 6s, min 67, min 675) segment joint angles in total event . Also linear
regression is shown in Equation 4.11.1, where a relatively high determinant
coefficient was found for joint ‘max 6¢7' , thatis, r*=0.57.

Table 4.11.1 Correlation matrix of DV: Puck velocity, maximum and minimum angle in total
event

Correlations (tabstat5.sta)
Marked correlations are significant at p < .05000
N=9 (Casewise deletion of missing data)

Vel ms max 05 max0s; max 03 minOss minBs; min O
Vel _ms 1.00

max 0Ose 0.53 1.00
max 047 0.75 0.50 1.00
max 073 0.64 0.38 0.97 1.00
min Osg -0.43 0.09 -0.51 -0.52 1.00
min B¢7 -0.60 -0.28 -0.68 -0.63 0.86 1.00
min 673 -0.65 -0.24 -0.63 -0.63 0.86 0.82 1.00
® V uek= 5.06 max 047 -893.28 Eq. (4.11.1)

(R=.75, R?= .57 Adjusted, R*>= .51, p<0.02,SEE=4.96)
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4.12 Regressions and Correlation Statistics of Puck Velocity versus time to

minimum segment joint angle in total event.

The following Table 4.12.1 shows the correlation matrix between final puck
velocity (Vel_ms ) and the times to minimum segment joint angles in total event
(T min 6s6, T min 067, T min 678). AlsO linear regressions are shown in Equation 4.12.1
and Figure 4.12.1, where a high determinant coefficient was found for the time

“T 1nin 056 (Ie r’= 075)

Table 4.12.1 Correlation matrix of DV: Puck velocity and
time to min 6 in total event.

Correlations (tabstat5.sta)

Marked correlations are significant at p <

.05000

N=9 (Casewise deletion of missing data)

Vel_ms T min 956 T min 667 T min 678

Vel ms 1.00
T min 656 0.87 1.00
T tmin 667 0.60 0.71 1.00
T min 678 -0.44 -0.08 0.00 1.00
e V puck = 97.94 T win 056 +25.42 Eq (4121)

(R=.87, R?=.75 Adjusted , R?>= .72, p<0.002,SEE=3.74)
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T min 656 vs Vel ms

Vel_ms

-0.03 -0.01 0.01 0.03 0.05 0.07
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Figure 4.12.1 Linear regression for time to min 8 in total event: T i, 456, Vs final
puck velocity (Vel_ms).

4.13 Regressions and Correlation Statistics of Puck Velocity versus recoil

angle and time to maximum total deflection in total event.

The following Table 4.13.1 shows the correlation matrix between final puck
velocity (Vel_ms ) and the recoil angle (Reco0ss Recofs; Recodzs), as well as
with the time to maximum total deflection in total event (T nax ¢). Also linear
regressions are shown in Equation 4.13.1-.2, where relatively high determinant
coefficients were found for the recoil angles 'Recofs;” and ' Recofyg’, that is,

r*=0.49 and r*=0.50, respectively.
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Table 4.13.1 Correlation matrix of DV: Puck velocity, recoil angle
in total event and time to max total deflection 0 in total event .

Vel ms
Recob 56
Recob¢;
ReCOG7g

T max 0

Correlations (tabstat5.sta)
Marked correlations are significant at p < .05000
N=9 (Casewise deletion of missing data)

1.00
0.65
8.70
0.71
0.40

Vel ms RecoOsg

1.00
6.92
0.88
0.51

Recobg7

1.00
0.90
0.54

RCCOG73

1.00
0.59

T max 0

1.00

¢ V uk=1.64 RecobBs7+ 19.09

(R=.70,R?= 49 Adjusted, R>= .42, p<0.03,SEE=5.36)

¢ V uek=1.12 RecoB7 +19.28

(R=.71, R?= .50 Adjusted, R*= .44, p<0.03, SEE=5.28)

Eq. (4.13.1)

Eq. (4.13.2)

4.14 Regressions and Correlation Statistics of Puck Velocity versus

maximum and minimum angle deflections in total event, and maximum

deflection distance.

The following Table 4.14.1 shows the correlation matrix between final puck

velocity (Vel_ms ) and the maximum (max 6) and the minimum (min 6) angle

deflections in total event, as well as with the maximum deflection distance of the

stick (d). Also linear regressions are shown in Equations 4.14.1-.2 and Figures

4.14.1-.2, where high determinant coefficients were found for maximum angle

deflection (max 6) and for maximum distance deflection of the stick (d), that is,

r*= 0.82 for both variables.
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Table 4.14.1 Correlation matrix of DV: Puck velocity, maximum and minimum angie deflection
in total event, and maximum stick deflection distance.

. Correlations (tabstat5.sta)
Marked correlations are significant at p < .05000
N=9 (Casewise deletion of missing data)
Vel ms max6 (deg) max0 (rad) minB(deg) min O (rad) d

Vel ms 1.00
max0 (deg) 0.91 1.00
max0 (rad) 0.91 1.00 1.00
min6 (deg) 0.04 0.15 0.15 1.00
mind (rad) 0.04 0.15 0.15 1.00 1.00

d 0.91 1.00 1.00 0.15 0.15 1.00

¢ Vpuek=1.64 max0 + 19.73
(R=.91, R*= .82 Adjusted, R?= .80, p<0.0008,SEE=3.18)

Eq. (4.14.1)

45

max 8 vs Vel ms

Vel ms

15

IV JB SRR

25 4o

A0 4]

1 S o

20 T

y = 1.6432x + 19.733
R? =0.8217

max 6 [deg]

10 12

Figure 4.14.1 Linear regression for maximum angle deflection in total event: max 9
vs final puck velocity (Vel_ms).

o Vpu=30851d +19.78
(R=.91, R?= .82 Adjusted , R?= .80, p<0.0007,SEE=3.16)

Eq. (4.14.2)

109



45.00 dvs Vel ns
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y = 308.51x + 19.786
R? = 0.8237
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d [m]

Figure 4.14.2 Linear regression for maximum deflection distance of the stick: d vs final
puck velocity (Vel_ms).

4.15 Regressions and Correlation Statistics of Puck Velocity versus times
to maximum and minimum total deflections in total event.

The following Table 4.15.1 shows the correlation matrix between final puck
velocity (Vel_ms ) and the times to maximum (T maxe) and to minimum ( T i)
angle deflections in total event. Also linear regression is shown in Equation

4.15.1, where a relatively low determinant coefficient was found for T nin g, that is,

r2=0.48.

Table 4.15.1 Correlation matrix of DV: Puck velocity, time to

max and min total deflection 0 in total event.
Correlations (tabstat5.sta)
Marked correlations are significant at p < .05000
N=9 (Casewise deletion of missing data)

Vel_ms T max 6 T min 6
Vel ms 1
T max 6 0.40 1
T mine 0.70 -0.03 1
® V puck= 296-57 T min 0 + 21.85 Eq- (4.1 5.1)

(R=.70, R*= .48 Adjusted, R?= .41, p<0.04,SEE=5.41)
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4.16 Regressions and Correlation Statistics of Puck Velocity versus stick
and puck kinetic energies.

The following Table 4.16.1 shows the correlation matrix between final puck
velocity (Vel_ms ) and:

e Stick rotational energy: E 4 1 (average), E max_rot (Maximum)

Stick translational energy : E ., - (average), E max « (Maximum)

Total stick energy: E .y (o« (average), E max_tor (Maximum)

Stick elastic potential (bend) energy: E4

Puck energy: Eyyck

High correlations (indicated in bold) were found for stick maximum energies (i.e.
Emax rot » E max_tr ), Stick elastic potential (bend) energy (i.e. Es) and puck energy
(i.e. Epuek )- Linear regression analysis shows these high correlations in Equations
4.16.1-.5 and Figures 4.16.1-.5, where the higher determinant coefficients were
observed for the stick elastic bend energy (i.e. Eq ) and the puck kinetic energy

(i.e. Epuek ) , thatis, r*=0.81 and r?=0.97, respectively.

Table 4.16.1 Correlation matrix of DV: Puck velocity, stick kinetic energy (translational and
rotational), total stick kinetic energy, stick elastic potential energy and puck kinetic energy.

Correlations (tabstat5.sta)
Marked correlations are significant at p < .05000
N=9 (Casewise deletion of missing data)

Vel_ms E av trot E av tr E av tot E max rot E max tr E max tot Ed Epuck
Vel ms 1.00
E av rot 0.32 1.00
Eau 0.53 0.75 1.00
E av tot 0.45 0.95 0.92 1.00
E max rot 0.72 0.68 0.76 0.77 1.00
E max « 0.72 0.45 .85 0.67 0.80 1.00
E max tot 0.76 0.57 0.86 0.78 0.92 0.97 1.00
Eq4 0.90 0.07 0.39 0.23 0.57 0.75 0.71 1.00
Epuck 0.99 0.26 0.53 0.41 0.71 0.77 0.79 0.95 1.00
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® Viuek=0.20 E ax roe +10.07 Eq. (4.16.1)
(R=.72 ,R2?= 52 Adjusted ,R*= .45, p<0.03,SEE=5.21)

45

Vel_ms

15

40

35

30

25

20

E max_rot vs Vel ms

y =0.196x + 10.071
. R? = 0.5227

0 20 40 60 80 100 120 140

Emax_rot fjoules]

Figure 4.16.1 Linear regression for stick rotational (maximum)energy: E oy rof
vs final puck velocity (Vel_ms).

¢ Vpuek=013E moy o« +19.76 Eq. (4.16.2)
(R=.72 R*= .52 Adjusted,R?= .45, p<0.03,SEE=5.21)

45

Vel_ms

25

15
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35 S
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20

Emax_tr vs Vel ms

y =0.1249x + 19.758
R?=0.52

0 20 40 60 80 100 120 140 160

Emax_tr [joules]

Figure 4.16.2 Linear regression for stick translational (maximum) energy: E nux «

vs final puck velocity (Vel_ms).
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o V puck ™= 0.08 E max_tot T 14.82 Eq. (41 63)
(R=.75, R?= .57 Adjusted, R?>= .51, p<0.02,SEE=4.91)

Emax tot vs Vel ms
45 = =

. *

1 SRR SRR SRS o

14 J P S

Vel ms

> y =0.0841x + 14.822°

. R? = 0.5748
20 e

15

0 50 100 150 200 250 300

Emax_tot [joules]

Figure 4.16.3 Linear regression for stick total (maximum) energy: E x 1o
vs final puck velocity (Vel_ms).

L] V puck= 0.56 Ed + 22-50 Eq. (4.16.4)
(R=.90, R*= .81 Adjusted, R?=.78, p<0.001,SEE=3.30)

Vel ms

Ed [joules]

Figure 4.16.4 Linear regression for stick elastic potential (bend) energy: E, vs final
puck velocity (Vel_ms).
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¢ Vouek=013 Epyex +14.16

Eq. (4.16.5)

(R=.99, R?= .97 Adjusted R*= .97, p<0.0001,SEE=1.23)

45

E puckvs Vel ms

T

158 SR ————

Vel_ms

3 S

15

1 P

20 e

y =0.1253x + 14.16
R? = 0.9731

100 150 200 250
Epuck [joules]

Figure 4.16.5 Linear regression
(Vel_ms).

for puck energy: E, Vs final puck velocity
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CHAPTER 5

DISCUSSION

5.1 General- Hypotheses

The purpose of this study was to identify the recoil effect of the ice hockey stick
shaft during a stationary slap shot as observed for elite and novice players. This
discussion will begin by addressing the original hypotheses.

Firstly, it was hypothesized that there would be significant differences between
elite and recreational players in puck velocities and stick bending energy. This
was found to be true, as the results indicated significant differences in final puck
velocity (p=0.004). On average, the ‘elite’ group achieved higher puck velocities
than the ‘rec’ group within a range of 120.8 £ 18 km/h and 80.3 £ 11.6 km/h,
respectively (Table 4.1.2). Moreover, significant differences were observed in the
stick elastic (bend) energy (p<0.05), whereby the ‘elite’ and ‘rec’ groups showed
16.49 + 13.29 joules versus 2.10 + 2.10 joules, respectively (Table 4.3.3, Figure
4.2.16).

Secondly, it was hypothesized that a high correlation between puck velocity and
stick bending energy would be found. This was also shown to be true, given the
high determination coefficient (r*=0.81) (Equation 4.15.4, Figure 4.15.4).

Thirdly, it was also hypothesized that a high correlation between blade-puck
contact (acceleration and time) and puck velocity would be found. This was found
to be partly true, since high correlations with puck contact times were found, that

is, determination coefficients of r*=0.82 and r?= 0.54 were found for ‘total puck
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contact’ (Tg) and for ‘initial to final puck contact’ (Ta), respectively (Table 4.4.1,
Figure 4.4.1, Equations 4.4.1-2). However, a low correlation with puck
acceleration (Accel) was found (r=0.14) as can be seen in Table 4.4.1. In addition
no significant differences were found between both groups (p=0.086) on puck
average acceleration (Accel), which was within the range of 63.8 + 9.9 g's and

61.8 £ 19.5 ¢'s for the ‘elite’ and “rec” groups, respectively (Table 4.1.1).

5.2 Puck Velocity

As was expected, the results indicated significant differences in final puck
velocity (Vel). The findings were within the range of previous studies (Alexander
et al.,1963; Chau et al.,1973; Doré & Roy,1976; Sim & Chau, 1978; Marino,
1991; Pearsall et al., 1999 & 2001; Wu et al.,, 2003). For instance Wu et al.
(2003) findings for the skill group were 30.0% 2.6 m/s, while peak puck velocities
for the current study were 33.5 £ 5 m/s. For the unskilled group (recreational),
velocities of 23.3 £ 3.9 m/s were reported, whereas in this research project the
recreational group performed slap shots at 22.3 + 3.2 m/s. However, there are
small discrepancies in reported speed with other studies (Alexander et al.,1963;
Cotton, 1966; Roy,1976), in which lower values for standing slap shots were
reported. This might be related to the various measuring techniques used (i.e.
ballistic, stop watch, cine) for recording puck velocities, among other factors (e.g.
mechanical properties of the stick and the environment, subject sample size). In
the present study, by integrating the data results from the accelerometer

(embedded inside the puck), the puck velocity was estimated. Acce|erometers
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are widely used in biomechanics research (Morris,1973; Nigg,1973; Unold,1974;
Saha,1977; Denoth,1980; Bishop, 1993) as they provide direct kinetic measures
(e.g. bone to bone impact forces in the ankle, Denoth,1980), fact that gives
confidence to the puck velocity data obtained.

In addition, variation in player’s skill (i.e. shooting technique) as well as body
mass and strength may be related to the discrepancies in puck velocity reported

by previous studies (Wu et al. , 2003).

5.3 Temporal events within T,
With regards to the temporal events of the slap shot (i.e. T4, Tg, ti-t6) during

puck-blade contact, a difference in both magnitude and sequence of the two
main phases (i.e. stick shaft bend and recoil) between the two groups (i.e. ‘elite’
and ‘rec’) was observed. From the average times for the three stick shaft
segments examined (normalized by time percentage of the blade-puck contact
time, T,), a consistent bend-recoil sequence for the ‘elite’ group was observed, in
contrast to the ‘rec’ group, where a ‘recoil’ phase was relatively non existent.

As shown in Figure 5.1, for the ‘elite’ group, the bending occurred at the instant
of first contact (t1) until 28.8 % of blade-puck contact time window T,_followed by
the recoil phase, which lasted until 59.8 % after bend phase or 88.6 % after ‘t1.
On the other hand the “rec” group showed a different sequence, in which the
bend phase began only half of the way through the contact time window T, (i.e.

44 .4 %), covering 18.2 % of T4 then followed by the recoil-phase.
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The recoil-phase in the ‘rec’ group was presumed to account for 35.4 % of the

time interval, as can be seen in Figure 5.1.

no stick shaft deflection

Rec

11: mitial blade-puck contact t6: Final blade-puck contact

D0

recoit

Figure 5.1 Percentage bend-recoil during puck-blade contact time in the slap shot.

The results also showed differences between ‘elite’ and ‘rec’ players based on
when the maximum and minimum stick shaft angular velocities (w) occurred; that
is, the recoil-phase versus the bend-phase, respectively. Furthermore, a direct
relationship between the recoil-phase and the stick angular velocity timing were
- suggested, since times to maximum and minimum angular velocities (w) were
found to be strongly related with the final puck velocity, as Table 4.7.1 and

Equations 4.7.1-.3 indicate (e.g. r*=0.98, Equation 4.7.3).
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The results also suggest that blade-puck contact time had a major effect on final

puck velocity (Vel), and consequently on the impulse given to the puck ( i.e

jz'f F(a:) than puck acceleration. The regression analysis supports this fact (as

shown in Table 4.4.1, Equation 4.4.1 and Figure 4.4.1), where a strong linear
relationship (r*=0.82) between total puck contact (Tg) and final puck velocity (Vel)
was indicated. Stated simply, the longer the blade was in contact with the puck
during the slap shot the greater the final puck velocity.

The significant differences found between groups in blade-puck contact time
were consistent with the previous study by Woo (2004), where in the ‘elite’
players performed the typical shot motion with greater horizontal translation
towards the target than the ‘recreational’ group.Thus ‘elite’ players have the
opportunity for a longer blade-puck contact time during the slap shot.

Findings related to puck-blade impact duration have not been mentioned before
in the ice hockey research literature; however, Roberts et al. (2001) reported
impact duration for other sports, such as golf, football and tennis, measured with
different techniques (i.e. force plate, high-speed imaging, electrical circuits). By
using the electrical circuit technique the authors found the average impact
duration of the golf swing of 0.000404 s or 0.404 ms; that is, an excellent
resolution considering nature of the event. Moreover, the electrical circuit
technique was reported as the most accurate in comparison with the others, for
instance, in the high speed imaging technique, the start and end points of contact
are difficult to determine and the resolution of the measurement is limited by the

frame rate of the camera. These facts, support the impact duration estimates
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stated in this study; which was defined by the ‘initial to final puck contact’ variable
(Ta) and the ‘total puck contact’ variable (Tg). As Table 4.1.3 and Figure 4.1.1
shown earlier, a significant difference was found between groups in Tg (p<0.04),
within a time range of 0.038 £ 0.009 s and 0.027 £ 0.005 s, for the ‘elite’ and ‘rec’
groups, respectively. Also, it is noticeable that Tp < T4, that is, from initial (t1) to
final (ts) blade-puck contact there was no continuity on the electrical circuit
activation, as can be seen in Figures 3.5.3 - .4, this fact could be explained by a
number of factors, including blade vibration that might have affected the

properties of the electrical circuit.

5.4 Temporal events outside T,

Alternatively, if we consider events beyond the boundaries of the blade-puck
contact interval, in some instances the beginning of shaft bending and the
completion of shaft recoil may precede or follow, respectively, blade-puck
contact. For instance, typically with the ‘elite’ subjects, shaft bending precede
blade-puck contact; however, the time at which this occurred was not
determined. Similarly, both ‘elite’ and ‘rec’ subjects typically achieved ultirﬁate
shaft recoil after blade-puck contact, an event not precisely estimated. Future
studies should address these points in order to determine their relevance in the
performance of the slap shot.

From the above it is clear that the skill level of the players, had a major influence
on the observed timing of the stick shaft bending behaviours as weli as on puck

impulse.

120



This is supported by the significant differences found in:
e Times to minimum 6 within the contact window T.
Tmin 056A (p=0002),

Tmin 067 A (p=0006),
Tminorsa (p=0.032),

¢ |Initial to final puck contact: T, (p<0.06),

e Total puck contact : Ty (p<0.04), and

¢ Time to minimum 6 deflection for the total event: T in ¢ (p=0.012).

Thus, these findings strongly suggest that the blade-puck contact time and
the interrelated bend-recoil sequence may be determinant factors in the
performance of the slap shot. This notion is particularly compelling since the

average acceleration magnitude was similar for both skill groups (Table

4.1.1).

5.5 Stick angle displacements and Stick Deflection Distance

With regards to the maximum and minimum stick joint angle displacements (i.e.
bend and recoil-phases, respectively) within contact time window T, (Figure 5.2),
no significant differences were found between groups except for the most
proximal joint segment examined (i.e. joint 5-6).

However, as Figure 5.2 also shows, in the bend-phase, for both ‘elite’ and ‘rec’
groups, there was a trend observed of increasing shaft deflection towards the
distal joint segment (i.e. 7-8) examined (Figures 4.2.1.-.2). Further, a combination
of increasing and decreasing trends was observed for the recoil-phase for both

groups.
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Average Maximum and Minimum Segment Joint Angle within Ta
185.0
L[:Z /[ S T i i
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Figure 5.2 Average maximum and minimum joint angle displacements within TA.

Also, it is observed in Figure 5.2 a greater joint angle difference between the
last joint (i.e. 7-8) and the others (i.e. 5-6, 6-7) in the case of the ‘elite’ group.
This fact may contribute to the significant differences found in maximum angle
deflection in the total event, and consequently to the maximum stick distance
deflection, average difference between segments and stick elastic (bend)
potential energy.

In general, the joint angle displacements found inside the time contact
window ‘T’ were similar to trends observed in the total event (Figures 4.2.3-
4). These differences in stick shaft deflections between both groups, might
be related to the different load distribution applied to the stick shaft between

the top and bottom hands. In other words, the shooting technique is
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determining different angular displacements within the stick shaft during a
slap shot.

Findings in post hoc analysis for average joint angle displacements within
groups indicate significant differences between the proximal joints 5-6, 6-7
(i.e. closer to the bottom hand), and the joint 7-8 (Figures 4.2.6 -.7). This fact
lends support to the previous discussion about growing trends towards the
distal joint ségment 7-8 in maximum joint angle displacements, in which the
‘elite’ group may have proportioned the major contribution. Also, the tapering
in the lower part of the shaft, which has less resistance, evidently is a
contributing factor to the major angle displacements observed in the distal

joint (i.e. 7-8).

In addition, regression analysis showed a strong linear relationship between
maximum joint angle displacements within contact time window T and final
puck velocity. As can be seen in Equations 4.5.1 -3, an average

determination coefficient r’=0.65 was observed.

Hence, the group differences in maximum joint angle displacements may be
interpreted to explain in large part the differences in group puck velocities.
Moreover, regression analysis showed a strong relationship between the total
maximum angle deflection (i.e. max 6) and final puck velocity (i.e. Vel), where

a determination coefficient r?=0.82 was obtained (Equation 4.13.1, Figure

4.13.1),

Given the previous discussion and as it was expected, significant differences

in maximum stick distance deflection were found between groups (i.e.
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p=0.029, Table 4.2.9, Figure 4.2.13). Furthermore, a strong relationship
between maximum deflection distance and the final puck velocity was found
(i.e. r*=0.82, Equation 4.13.2, Figure 4.13.2). Together these reéults suggest
that stick bending behaviours were strongly related to final puck velocity,

corroborating the observation of Pearsall et al. (1999) and Wu et al. (2003).

5.6 Mechanical energy and Impulse

In general, the findings regarding kinetic energy of the system (i.e. stick-puck)
may be considered consistent with the ‘catapult’ behaviour expected; that is,
during the ‘preloading’ phase (i.e. blade surface contact) the stick swing
energy (E max tot) is converted in part into elastic potential energy (Eg) within
the stick’s shaft and continues during the ‘loading’ phase (i.e. blade-puck
contact) as the stick deforms by bending about its minor axis (note: this
bending is distributed along the lower shaft’s length and to a greater extend at
its most distal end). Then, as the stick shaft unbends (i.e. recoil), the elastic
potential energy of the stick is converted back into kinetic energy, which is
transmitted in part or in whole to the puck (i.e. Eyu) and this gives additional

impulse to propel the puck during ‘release’ and ‘follow-through’ phases.

No significant differences were found for the stick kinetic energy (rotational
and translational) as it is observed in Tables 4.3.1-.2 and Figures 4.2.14-.15.
However, significant differences between groups were found in the elastic
(bend) potential energy (i.e. Eq) and in puck kinetic energy (i.e. Epuc) (Table

4.3.3 and Figures 4.2.16-.17).
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Considering the impact between puck-blade (stick) only in terms of pre-post
energies, these findings were consistent with the principle of conservation of
total mechanical energy of the system; in other words, the total kinetic energy
is either preserved (i.e. elastic impact) or in part dissipates (i.e. non elastic
impact) but does not increase. Figure 5.3 summarize these findings, in which

the loss of kinetic energy of the system (i.e. stick-puck) during the impact was

given by
2 V2 2 2
ARE =| Ve [Ty || Ve eV Eq. (5.1)
2 2 2 2
where

m, = mass of the stick

m, = mass of the (puck + accelerometer)
Vv, = velocity of the stick before impact
v, = velocity of the stick after impact

v, = velocity of the puck before impact

v, = velocity of the puck after impact

Before impact ¥, =0, then Equation (5.1) is reduced to

2 2 2
AKE =| e |y | oY Eq. (5.2)
2 2 2
Or
AKE = Eswing - (Ebend + Epuck) Eq (53)
= AKE = Eswiug _(Ed +Epuck) Eq (54)
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Figure 5.3 also shows the resultant ‘impulse’ imparted to the puck, which was

given by

J= ]F(r)dt Eq. (5.4)

and evaluating integrals, we obtain
— ¢2 — —_—
J = Im-a(t)dt = J=m(v, —v,) Eq. (5.5)
t1

Where the linear momentum is given by

p=m-v Eq. (5.5)
That is, the impulse imparted to the puck is equal to the change in the linear
momentum of puck.

J =p,=-p = J= Ap Eq. (5.6)

where the initial momentum of the puck was zero, given its resting initial

condition (i.e. v, =0).

As Figure 5.3 shows, a greater loss of kinetic energy (i.e. AKE=10.53 + 14.72

joules) and a greater impulse (i.e. J=8.71+13 kg'm/s ) imparted to the puck
was obtained for the ‘elite’ group, this fact is expected due to the significant
differences found in stick elastic (bend) energy (i.e. E4) and in the puck kinetic

energy (i.e. Epuck).

Thus, it would appear that part of the kinetic energy of movement in the system

(i.e. stick-blade) was converted into potential energy of deformation and recoiled
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back into kinetic energy of movement, this is consistent with the concept of a
‘catapult’ behaviour in which the kinetic energy and momentum of the bodies (i.e.
system stick-puck) before blade-puck impact are determinant factors for
imparting momentum and kinetic energy to the puck, in other words the amount
of stick elastic (bend) energy (i.e. Eq) was strongly related with the final puck
velocity. This fact was supported by the regression analysis, where a

determination coefficient r?’=0.81 was found (Equation 4.15.4, Figure 4.15.4).

Impulse

Emax_tot

Events

energy events fdr the sfi’c:k-pu/ch system dhrir;g t
swing kinetic energy (E max_tot), stick elastic (bend) energy (Eq ) and puck kinetic energy (Epuck )

are shown. Also, loss of kinetic energy of the system (AKE) and the ‘impulse’ (}) imparted to the
puck are indicated.

Of course the impact scenario for this event is more complex, since the impact

event was not instantaneous but instead occurred over 30 to 40 ms, and,

127



furthermore, energy gains and losses could have occurred at other stick-ground

interfaces.

Muscle work performed during blade-puck contact is another factor for imparting
momentum and kinetic energy to the puck, however, this was not measured
given the previously established limitations of the study. Also, during blade-puck
interaction the blade should be deformed during collision, however, the

contribution of blade potential energy of elastic deformation was neglected in

this study.

In addition to work done on the puck, there is loss of energy due to other factors
such as hysteresis losses, surface-blade friction, puck surface friction, blade
vibration, which finally dissipates as heat. All these factors were considered small
compared to the energy transferred to the puck. Future studies should address

these points in order to determine their influence on the performance of the slap

shot.

5.7 Future Directions and Relevance

At first glance, the mechanics of the ice hockey stick may seen simplistic,
however, as section 2.6 (i.e. structural dynamics) shows, the analysis of the stick
mechanics in a slap shot could be achieved through a “beam” model, where the
denominated “cantilever” beam configuration could mimic the stick. Such a

configuration has a free point as Figure 5.7.1 shows.
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I

Figure 5.7.1 Cantilever beam configuration
(adapted from www.vibrationdata.com)

For this configuration, the static deflection is given by

e
3E1

and the angle in the free point

o
2EI

(Rodriguez et al., 1996; Irvine,1999; Paz,1991; Chopra, 1995)

The next study of the slap shot, should attempt to solve the stick shaft’'s bending
behaviour as a cantilever beam configuration with specific boundary conditions,
as well as include interaction of stick-puck (i.e. loads-displacements).
Computational modelling with a finite element analysis may also be desirable.
For instance the ABAQUS © ( RI, USA) software is capable of simulating a
variety of physical phenomena such as the fatigue properties for material
devices, collapse characteristics during a collision, and shock responses

structures (http:// www.abaqus.com).

Lessard et al. (1994) considered this approach (i.e. beam element and finite

element analysis) for analysing linear and torsional deformation responses in
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wooden and carbon fibre hockey sticks; however, the impact event puck-blade
(stick) has not yet been addressed in biomechanics literature.

This approach has been considered for analyzing the ‘catapult’ behaviour in
other sports. For instance in pole-vaulting, Ekevad and Lundberg (1995,1997)
modelled the pole with 20 beam elements and the vaulter with other seven beam
elements linked together by pin joints. By modelling with ABAQUS (version
4.8,1989) they obtained some interesting results such as when using the
optimum pole length, the maximum increase in the potential energy of the vaulter
was 1.27 times the initial kinetic energy of the vaulter and the pole.

Thus, a better description of the complex event of the impact blade-puck in a slap
shot, which involves the ‘catapult’ effect under different loading conditions,

friction forces, and material properties among other factors (Figure 5.7.2), could

be achieved in future studies.

top hand force

<—— bottom hand force

reflective
markers

n—— i force

line of travel puck friction force

impact ground reaction force

Figure 5.7.2 Main external contact forces involved in a slap shot that must be considered for
future full stick dynamics studies.

130



This study provides unique estimates of the dynamic response of the stick shaft;
specifically the relative contribution of the kinetic energy of the system (i.e. stick
shaft-puck) into the mechanical energy of the puck. This is relevant from several
points of view. Firstly, given that ice hockey as a discipline is extremely tool
dependant (i.e. ice hockey stick) and even though there has been no evidence
that the performance of the slap shot is affected by using either composite or
wooden sticks (Pearsall et al. 1999, Wu et al, 2003), by investigating the
‘catapult’ effect with different stick materials, some insights could be provided
leading to product development such as optimization of design (e.g. blade
geometry, recoil kick point), construction and materials. Thus, development of
stronger, lighter and more flexible ice hockey sticks could have a great effect on
puck velocities. Secondly, the precise knowledge of the biomechanics of the stick
shaft loading and bending could provide relevant information to understand the
injury mechanisms implicated in the execution of the slap shot (Lacroix, 2000).
Thirdly, it could provide elements for a better understanding between science
and coaching, which are not always in agreement. For example, in various sports
(e.g. soccer-football) to attain the highest ball velocity, the coaches advise the
athletes to “follow through” during a striking motion. In other words, the coaches
want the athletes to move the whole body in the intended direction of the ball
flight and to follow the ball after the initial contact. This recommendation is
frequently given not only in soccer, but also in volleyball, tennis and even table
tennis (Tsaousidis et al., 1996). In the case of ice hockey, coaches could take

into account that the blade-puck contact time occurring during the ‘release’ and
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‘follow through’ phases is directly related with the increment of the mechanical
work done on the puck and consequently the increment of the puck outcome

velocity.

The present study showed several strengths in terms of instrumentation involved
(e.g. high resolution in HSC and accelerometer) and consistency with the results
obtained. However, some experimental limitations should be noted; such as, the
fact that the polyethylene ice surface was not the same as real iée; the subjects
performed stationary slap shots and the only equipment used were their gloves;
the sample size consisted only of nine adult male subjects; and 2D analysis was
performed.

Several improvements could be made in future studies, for instance with a larger
sample size the variability of the sampling distribution could be decreased and
consequently the statistical power and confidence of the study could be
improved. By improving the electrical circuit consistency and by analyzing in
more detail the events occurring before and after blade-puck contact, a more
precise description could be performed. By using smaller reflective markers a
better resolution in the digitizing process could be achieved. In addition, with a
3D analysis by using alternative motion tracking systems such as the VICON™
system, higher sample rates (i.e. >1000 Hz) could increase resolution allowing at
the same time to observe torsion responses in the stick shaft during the slap
shot. Moreover, by integrating the kinematics along with additional kinetic
measurement techniques, such as hands grip dynamometers (i.e. top and bottom

hand forces measures), force plate (i.e. stick ground reaction force), multiple
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accelerometers on the stick (i.e. one per reflective marker) and EMG, may
provide further insights regarding this crucial skill (i.e. slap shot) for the

performance of the ice hockey.

CONCLUSION

The present study was designed to examine the ‘recoil’ effect of the ice hockey
stick shaft during a stationary slap shot. With regard to puck velocity, the present
findings were in agreement with previous studies (Alexander et al.,1963; Chau et
al. 1973, Doré & Roy,1976; Sim & Chau, 1978; Marino, 1991; Pearsall et al. 1999
& 2001; Wu et al., 2003).

Stick elastic bend energy (i.e. Ed ) and blade puck contact times (i.e. T4, Tg) were
identified as the two main factors highly related to final puck velocity (i.e. Vel ).
From these results, a better understanding of the impact blade-puck event during
a stationary slap shot was obtained. This provides more insight into mechanical
parameters that influence the performance of ice hockey shooting. Further these
findings provide guidance for future ice hockey stick development (e.g.

construction materials, design).
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APPENDIX B

ANQVA Tables

The following tables demonstrate statistical procedures and results for each
variable examined in this study. ANOVA tables and t-test tables are included.
B.1 Accelerometer

B.1.1 Puck Accelerations
e Average Acceleration: Accel

Table B.1.1 Analysis of variance of average puck acceleration.

Analysis of Variance
(tabstat5.sta)
Marked effects are significant at p < .05000
SS df MS SS df MS
Effect Effect Effect Error Error  Error F P
Accel 8.82 1.00 8.82 181493 7.00 259.28 0.03 0.86

B.1.2 Puck Velocities

e Final Puck Velocity m/s : Vel ms
e Final Puck Velocity Km/h : Vel kmh

Table B.1.2 Analysis of variance of final puck velocity.
Analysis of Variance (tabstat4.sta)
Marked effects are significant at p < .05000
SS df MS SS df MS
Effect Effect Effect Error Error Error F p
Vel ms 281.290 1.000 281.290 116.182 7.000 16597 16.948 0.004
Vel kmh 3645.523 1.000 3645.523 1505.715 7.000 215.102 16.948 0.004

B.1.3 Times

e [nitial to final Puck Contact: T,
e Total Puck Contact: Ty

Table B.1.3 Analysis of variance of contact times T and Tp

Analysis of Variance (tabstat4.sta)
Marked effects are significant at p < .05000
SS df MS SS Df MS
Effect Effect Effect Error Error Error F p
Ta 0.00 1.00 0.00 0.00 7.00 0.00 5.22 0.06
Tg 0.00 1.00 0.00 0.00 7.00 0.00 6.79 0.04
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e Percentage total puck contact in contact time window A : Tg,;Ta

Table B.1.4 Analysis of variance of percentage Tg /T4 .

Analysis of Variance (tabstat5.sta)
Marked effects are significant at p < .05000

SS df MS SS Df MS
Effect Effect Effect Error Error Error F p
Tg,Ta 72.84 1.00 72.84 844.86 7.00 120.69 0.60 0.46

L] Tlme tO max e W|th|n TA (T'me 2) . Tmax 056 A, Tmax 067 A, Tmax 678 A
e Time to min 6 within Ta (Tlme 4) X Tmin 056 A, Tmin 067 A, Tmin 078 A

Table B.1.5 Analysis of variance of maximum and minimum angle deflection within Ty .

Analysis of Variance (tabstat5.sta)
Marked effects are significant at p < .05000

SS Df MS SS df MS

Effect Effect Effect Error Error Error F p
Tmax 656 A 0.000 1.000 0.000 0.001 7.000 0.000 1.385 0.278
Tmax 667 A 0.000 1.000 0.000 0.001 7.000 0.000 4.061 0.084
Tmax 678 A 0.000 1.000 0.000 0.001 7.000 0.000 0.363 0.566
Tminoese A 0.002 1.000 0.002 0.001 7.000 0.000 21.667 0.002
Timin 067 A 0.001 1.000 0.001 0.000 7.000 0.000 15.057 0.006
Temin 078 A 0.001 1.000 0.001 0.001 7.000 0.000 7.084 0.032

e Time to max w within Ta (Time 3): T max 056 > T max 067, T max 078
¢ Time to min w within Ta (Tlme 5) : T min ®56, T minaws7 »T min w78

Table B.1.6 Analysis of variance of maximum and minimum stick angular velocities withinT 4

Analysis of Variance (tabstat5.sta)
Marked effects are significant at p < .05000

SS df MS SS df MS

Effect Effect Effect Error  Error Error F P
T max w56 0.003 1.000 0.003 0.009 7.000 0.001 1.987 0.201
T max w67 0.000 1.000 0.000 0.002 7.000 0.000 1.891 0.211
T max 078 0.000 1.000 0.000 0.000 7.000 0.000 0.113 0.747
T min w56 0.000 1.000 0.000 0.001 7.000 0.000 1.593 0.247
T min 067 0.000 1.000 0.000 0.000 7.000 0.000 12.298 0.010
Trmin 078 A 0.000 1.000 0.000 0.001 7.000 0.000 0.007 0.934
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o Time to max total deflection 8 (max6ss + max 6s7 + max 673y in total event:

T max 6

¢ Time to min total deflection 8(min 6ss + min 67 +min 645, in total event:

T min 6

Table B.1.7 Analysis of variance of times to maximum and minimum total deflection in total event.

Analysis of Variance
(tabstat5.sta)
Marked effects are significant at p < .05000
SS df MS SS df MS
Effect Effect Effect Error Error Error F p
T maxe 0.000 1.000 0.000 0.005 7.000 0.001 0.049 0.831
T mino 0.001  1.000 0.001 0.001 7.000 0.000 11.460 0.012
o Time to max 8 in Total Event : T yax 056 s T max 667 > T max 078
o Time to min 8 in Total Event : T nin 656, T min 667, T min 078
Table B.1.8 Analysis of variance of times to maximum and minimum deflection in total event.
Analysis of Variance (tabstat5.sta)
Marked effects are significant at p < .05000
SS df MS SS df MS
Effect Effect Effect Error Error Error F p
T max 656 0.001 1.000 0.001 0.002 7.000 0.000 3.968 0.087
T max 667 0.000 1.000 0.000 0.006 7.000 0.001 0.008 0.933
T mex 078 0.000 1.000 0.000 0.002 7.000 0.000 0.084 0.780
T min 656 0.011  1.000 0.011 0.020 7.000 0.003 3.781 0.093
T min 667 0.001 1.000 0.001 0.003 7.000 0.000 1.978 0.202
T min 678 0.001 1.000 0.001 0.002 7.000 0.000 1.724 0.231
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B.2 Stick Kinematics. HSC.
B.2.1 Stick Joint Angle Displacements

¢ Maximum segment joint angle within Ta : max 055 o max 647 4, max 075 o
¢ Minimum segment joint angle within T4: min 656 4, min B¢7 o min G5 o

Table B.2.1 Analysis of variance of maximum and minimum segment joint angles within Tx.

Analysis of Variance

(tabstat5.sta)
Marked effects are significant at p < .05000

SS df MS SS df MS

Effect Effect Effect Error Error Error F p
max Os6 o 9.604 1.000 9.604 10.784 7.000 1.541 6.234 0.041
max O¢7 A 6.343  1.000 6.343 8.620 7.000 1.231 5.150 0.058
max 97z A 21.363 1.000 21.363 35.370 7.000 5.053 4,228 0.079
min Os6 o 1.314 1.000 1.314 4,722 7.000 0.675 1.948 0.205
min O¢7 A 0.160 1.000 0.160 4.790 7.000 0.684 0.234 0.643
min 073 o 0.036  1.000 0.036 9.774 7.000 1.396 0.026 0.877

e Maximum segment joint angle in total event: max 0ss max 6s7, max 073
¢ Minimum segment joint angle in total event : min 856 min 6¢7 min 65

Table B.2.2 Analysis of variance of maximum and minimum segment joint angles in total

Event.

Analysis of Variance (tabstat4.sta)
Marked effects are significant at p < .05000

SS Df MS SS df MS

Effect Effect Effect Error Error Error F p
max s 1.885 1.000 1885 10.016 7.000 1431 1318 0.289
max 6B¢7 2.333 1.000 2333 6464 7.000 0.923 2527 0.156
max 07g 6.899 1.000 6.899 36.924 7000 5275 1.308 0.290
min s 1471 1.000 1471 40369 7.000 5.767 0.255 0.629
min 47 2106 1.000 2106 37.315 7.000 5331 0.395 0.550
min 073 5663 1.000 5.663 49055 7.000 7.008 0.808 0.399
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Table B.2.3 Analysis of variance of recoil angle in total event.

Recoil angle in total event: Recofss (max 056 -min 0s¢) Recofs; (max 57 —min
067y, RecoB7s (max 073.min 05 )

Analysis of Variance

(tabstat5.sta)
Marked effects are significant at p < .05000

SS df MS SS df MS

Effect Effect Effect Error  Error Error F p
Recobsg 669 100 669 4309 700 6.16 1.09 033
RecoBg7 887 100 887 6463 7.00 923 096 0.36
Recof7g 2506 1.00 25.06 13513 7.00 1930 1.30 0.29

Difference between Segment joint angles: max 0s¢ vs max 6¢; p=0.60

max 055 VS max 67,5 p=0.02

Table B.2.4 Post hoc analysis between max. segment joint angles 5-6 vs 6-7,7-8.

T-test for Dependent Samples (tabstat5.sta)
Marked differences are significant at p < .05000
Std.Dv.

Mean Std.Dv. N Diff. Diff. t df p
max Osg 181.62 1.22
max Og7 181.82 1.05 9.00 -0.20 114 054 8.00 0.60
max 0Ose 181.62 1.22
max B+ 183.68 2.34 9.00 -2.07 219 2.83 8.00 0.02

Difference between segments : max 047 vs max 05 p=0.604

max 967 VS max B3 p=0.003

Table B.2.5 Post hoc analysis between max. segment joint angles 6-7vs 7-8, 5-6.

T-test for Dependent Samples (tabstat5.sta)
Marked differences are significant at p < .05000 4
Std.Dv.
Mean Std.Dv. N Diff.  Diff. t df p

max 067 181.821 1.049

max Bg7 181.821 1.049

max Osg 181.617 1.220 9.000 0.205 1.138 0.539 8.000 0.604

max 073 183.682  2.340 9.000 1.861 1.339 4.171 8.000 0.003
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Difference between segments : min 65 vS min 8¢; p=0.27
min 656 VS min 973 p=0.65

Table B.2.6 Post hoc analysis between min. segment joint angles 5-6. vs 6-7, 7-8.

min 956
min O¢7
min 656
min 073

Mean Std.Dv. N

176.33
176.81
176.33
176.54

2.29

Diff.

222 9.00

2.29

262 9.00

T-test for Dependent Samples (tabstat5.sta)
Marked differences are significant at p < .05000

Std.Dv.
Diff.

-0.47 1.19

-0.21 1.33

t

-1.19 8.00 0.27

-0.47 8.00 0651

df

¢ Difference between segments: min 6¢; vs min 655 p=0.27
min Og7 VS min Oy p=0.61

Table B.2.6 Post hoc analysis between min. segment joint angles 6-7. vs 5-6, 7-8.

min Q7
min 956
min 967
min 05

Mean
176.8064
176.3334
176.8064
176.5418

Std.Dv.
2.2198
2.2869
2.2198
2.6153

T-test for Dependent Samples (tabstat5.sta)
Marked differences are significant at p < .05000

Std.Dv.

N Diff.  Diff. t

9 0473 1194 1.1886

9 0.265

1.516  0.5234

df

8 027

8 0.61

Maximum 0 deflection (max0ss + max 647+ max 673) in total event : max 6

Minimum © deflection (min8ss + min 647 + min 65 ) in total event: min 6

Table B.2.7 Analysis of variance of maximum and minimum angle deflection.

max 0
min O

SS Df

Effect Effect

Analysis of Variance (tabstat5.sta)
Marked effects are significant at p < .05000

MS

62.60 1.00
404 1.00

Effect

62.60
4.04

SS df MS
Error Error Error

58.36 7.00
46.15 7.00

8.34
6.59

F
7.51
0.61

p

0.03
0.46
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B.2.2 Maximum Deflection Distance on the Stick : d

Table B.2.8 Analysis of variance of maximum deflection distance.

Analysis of Variance (tabstat5.sta)
Marked effects are significant at p < .05000

SS Df MS SS df
Effect Effect Effect Error Error
d 0.002 1.000 0.002 0.002 7.000

MS
Error

0.000 7.472 0.029

F

p

B.2.3 Stick Joint Angular Velocity

¢ Maximum segment joint angle velocity within Ta: max wse o, max we7 4 |

max m7g A
Minimum segment joint angle velocity within Ta: min wse o, min we7 4 |
min ®78 A

Table B.2.9 Analysis of variance of max. and min. segment joint angular velocities within T

Analysis of Variance (tabstat5.sta)
Marked effects are significant at p < .05000

SS df MS SS df MS

Effect Effect Effect Error Error  Error F p
maxmsea 182.11  1.00 182.11 110905.82 7.00 15843.69 0.01 0.92
maxe7a 779254 1.00 779254 39311.88 7.00 561598 139 0.28
maxmygea 167973.77 1.00 167973.77 349809.58 7.00 4997280 3.36 0.11
min mse A 8366.96 1.00 8366.96 120747.71 7.00 1724967 049 0.51
min Ms7 A 797120 1.00 797120 7679210 7.00 10970.30 0.73 0.42
min W7;g A 2865925 1.00 28659.25 532279.69 7.00 76039.96 0.38 0.56
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B.2.4 Stick and Puck Energy

Puck energy: Epuck

Table B.2.10 Analysis of variance of stick and puck energies..

Stick rotational energy: E . ot (average), E nax_ror (Maximum)

Stick translational energy : E ., « (average), E max_ ¢ (Maximum)
Total stick energy: E 4y 1 (average), E max ot (Maximum)
Stick elastic potential (bend) energy: E4

Analysis of Variance
(tabstat5.sta)
Marked effects are significant at p < .05000

SS df MS SS df MS

Effect Effect Effect Error Error  Error F p
E av_rot 173.18 1.00 173.18 1544.52 7.00 220.65 0.78 0.41
Eat 58.71 1.00 58.71 1090.10 700 15573 0.38 0.56
E av tot 433.56 1.00 433.56 4535.03 700 647.86 0.67 044
E imax_rot 1766.96 1.00 1766.96 364219 700 520.31 340 0.1
E max tr 1697.39 1.00 1697.39 1156049 7.00 165150 1.03 0.34
E max_tot 6928.00 1.00 6928.00 25346.75 7.00 362096 1.91 0.21
Eq4 45993 1.00 459.93 547.81 7.00 7826 5.88 0.05
Epuck 16178.72 1.00 16178.72 846554 7.00 1209.36 13.38 0.01
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