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Abstract

Field hockey sticks are interesting hand-held sports equipment, due to their duality in preferred stick be-
haviour. The stick is used for striking, where a high power is desired; but also for stopping, where good
control is required. This report aims to identify the properties that influence stick performance and to
design a field hockey stick with adaptable properties to improve stick performance; where performance
is defined as the ability of the stick to develop a high velocity when hitting a ball, and to provide proper
control when stopping the ball.

The stiffness, damping and mass of the stick are properties influencing the stick behaviour; these
properties are present locally, at the impact location, as well as over the full length as deflective prop-
erties due to the moment originating from the ball impact.

The deflective stiffness and damping properties are identified by applying a disturbance force on the
stick tip and measuring the displacement; this shows a range of stick stiffness from 1.4 to 3.0kN /m and
a stick damping from 0.5 to 2.7Ns/m. Measurements are performed analysing the influence of stiffness,
damping, mass and effective mass; this is done by a setup where a stick falls down towards a ball and
the ball distance is measured. Additionally, a mathematical model is developed for the analysis of these
stick properties. This consists of a collision model, including the coefficient of restitution reflecting the
stiffness and damping properties. It can be concluded that the effective stick mass is most influential
and the desired properties are opposite for striking and stopping.

A design of a mechanism that fits inside the stick is proposed, this mechanism reacts to the angular
acceleration of the stick, and thereby changes its properties between striking and stopping a ball. It
adapts the effective mass of the stick, by two weights moving towards the head of the stick when striking
a ball. By this increase in effective stick mass, an increase of 7% (compared to the original effective
mass) of the ball velocity after hitting the ball is expected.
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The field hockey game shows an interesting
controversy in the desired mechanical behaviour
of the hockey stick, as it is used not only to strike
the ball but also to stop and control the ball (Allen
et al., 2012). Therefore, the player desires a stick
with high power to obtain a high ball velocity when
striking; and at the same time, the stick should al-
low the player to stop and control the ball when
receiving it. Consequently, the desired character-
istics of the stick change based on the type of ac-
tion for which it is used.

However, it is not only a stick - ball interaction,
the human is also involved. Experienced play-
ers developed skills to overcome this controversy
in desired stick characteristics; by changing their
human characteristics, the stick - ball contact be-
haves as desired. However, for beginners it can
be difficult to develop these skills; even more so
for adult beginners, as they play with experienced
team members.

It is well known that sports improve people’s
well-being (lulian-Doru and Maria, 2013), team
sports are even more beneficial because they pos-
itively influence the continuation and participation
in sports and improve the social and mental health
of individuals (Andersen et al., 2019); therefore, it
is important to enable and stimulate participation
in team sports. However, it can be difficult for in-
experienced adults to join a team sport with ex-
perienced players. Especially field hockey shows
difficulties, as it requires technical abilities of the
player.

Beginners in field hockey are advised to play
with a stick with low stiffness, sometimes a
wooden stick or a stick with a low carbon percent-
age. These sticks make it easier to stop and con-
trol the ball; however, they have low power when
striking the ball (KNHB, 2023). This complicates
the participation of inexperienced adults in a team
of experienced players. It would be beneficial if the
stick had both properties: high power when hitting
and good control when stopping. However, this re-
quires a stick with adjustable behaviour; and it is
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Figure 1.1: Trade-off in field hockey sticks and the distinction
between beginners (joy) and experienced (top / pro) players
(Wibbens, 2015)

not yet clear which properties would be most im-
portant to change the stick characteristics. The
variation in stick behaviour is visually displayed
in the performance index by Wibbens (Wibbens,
2015) in Figure 1.1; where the trade-off between
handling and hitting and the distinction between
beginners and experienced players is shown. The
interesting part of this graph is the top right part,
where the stick would be optimal for both handling
and hitting.

Many research has been done on sports equip-
ment like ice hockey sticks, tennis rackets, base-
ball bats and golf clubs; however, these sports
only require high power and stopping the ball is
not important. Research into field hockey sticks
is scarce, and therefore research into the sports
equipment mentioned above is needed to get a
grip on the important properties of a field hockey
stick.

The goal of this project is to identify the proper-
ties that influence stick performance and to design
a field hockey stick with adaptable properties to im-
prove stick performance. Stick performance is de-
fined as the ability of the stick to develop a high ball
velocity when hitting a ball, and to provide proper
control when stopping the ball. Hence, the adapt-
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able stick will minimise the trade-off between hit-
ting power and stopping control of a hockey stick.
Obviously, field hockey includes more actions than
only hitting and stopping, but the biggest differ-
ence in desired stick behaviour is shown for these
actions; therefore, these are used to develop the
adaptable design.

To obtain this goal, the following questions are
answered:

» What properties influence stick performance?

* What properties have the greatest influence
on stick performance?

* How can these properties be adapted in areg-
ular field hockey stick during the game?

The next chapter will describe the background
needed to design an adjustable field hockey stick.
It includes a summary of the game, an overview
of interesting stick properties (taken from research
into field hockey sticks as well as other sports
equipment) and an analysis of the evolution of the
stick over the years. The background is used to
get an overview of the properties that would be
of most interest in the design of an adjustable
hockey stick. The subsequent chapter shows an
experimental analysis of several hockey sticks and
the influence of their properties, used to deter-
mine which property is most efficient to become
adjustable during the game. This analysis is fol-
lowed by a similar theoretical analysis, which uses
a mathematical model instead of experiments to
determine the most influential properties. The last
chapter describes the design of the adjustable
hockey stick. The report ends with a discussion
and conclusion.



2.1. Field hockey

Since its debut at the Olympics more than 100
years ago (Allen et al., 2012), field hockey has de-
veloped into a fast sport in which the stick plays an
important role. The stick is used to pass, score, re-
ceive and conquer the ball during the game; differ-
ent techniques are used to perform these actions.
Passing can be done by pushing (the stick and
the ball are in contact during the push, and they
both are in contact with the ground); sweeping (a
swinging movement of the stick while staying in
contact with the ground); striking (a sweeping up-
ward movement, no contact with the ground); or
scooping (lifting the ball of the ground). The same
techniques can be used for scoring; in addition,
the drag flick is used (the ball is raised by a drag-
ging movement, while the stick and ball are in con-
tact) (KNHB, 2023). For receiving and conquering
the ball, several techniques can be used, for which
control of the ball and the stick plays an important
role.

The stick head has a flat and a rounded side,
where it is only allowed to play with the flat side.
Therefore, the actions mentioned above can be
played with the forehand and most of them can
also be played with the backhand.

The actions played during the game require a
stick with high power and proper stick and ball con-
trol, meaning control of ball placement while hitting
the ball, as well as ball control when receiving the
ball. The variation in the game creates a situation
in which the desired stick behaviour and thereby its
properties, differ for different actions while playing
(Allen et al., 2012).

This control and power improve as the player
gets more experienced and depend on the stick
properties. The combination of the player and
the stick should be optimal for the best perfor-
mance; and it depends on several variables, like
the player’s position, length, weight, age and expe-
rience. The available sticks vary in shape, weight,
weight distribution, stiffness, length, curvature and
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material (KNHB, 2023).

The properties of the stick are limited by the
rules set by the International Hockey Federation
(FIH). The following is a summary of the most im-
portant rules for this project:

» The stick can be made of any material, except
metal.

» The shape of the stick is specified and has a
maximum length of 1050mm.

* The maximum diameter of the stick is 51mm.
+ The maximum weight of the stick is 737g.

» The entire stick should be smooth (with
smooth meaning that it cannot have rough or
sharp parts).

+ The maximum ball speed after striking is set
at 98% of the initial stick head speed.

The FIH rules do not specify the adaptability of the
stick during the game (FIH, 2023); interestingly,
the Tennis Federation has stated that the use of
adjustable rackets is not allowed (KNLTB, 2024).
However, the FIH rules do specify the prohibition
of metal in the stick; therefore, an adaptable stick
has to work fully mechanically, without any electri-
cal components.

2.2. Field hockey stick proper-
ties

2.2.1. Local and bending properties

The literature on the properties of field hockey
sticks is scarce; therefore, this research takes into
account comparable sports equipment, namely
golf clubs, tennis rackets, baseball bats and ice
hockey sticks. However, it is important to mention
that these sports and consequently the literature
focus on striking a ball, so only the power property
mentioned before is taken into account. The inter-
esting feature of field hockey sticks is the duality in
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Figure 2.1: Definition of local and bending properties of hand
held equipment - front and side view of a tennis racket, baseball
bat and field hockey stick

Influence on | Influence
power on control
Bending
Stiffness Positive Unknown
Damping Unknown Unknown
Total mass Positive - limited | Negative
Local
Stiffness Negative Unknown
Damping Unknown Unknown
Effective mass || Positive - limited | Negative
Shape and dimensions
Width Positive - limited | Unknown
Shaft curva- || Unknown Positive -
ture limited

Table 2.1: Stick properties and their influence on striking power
and stopping control - a summary of literature on hand-held
equipment (where the influence describes the effect of increas-
ing the parameter)

power and handling control, which is not reflected
in most of the literature. Therefore, an adjustment
in the properties of other hand-held sports equip-
ment may have a positive effect on the power per-
formance of a hockey stick, but the (possibly nega-
tive) effect on the handling control is not taken into
account.

In the description of the influential properties,
there is a distinction between the local and deflec-
tion properties. The local properties describe the
properties of the location of impact between the
ball and the stick / racket / club / bat, without tak-
ing into account the properties over the full length
of the equipment. The deflection properties take
into account the behaviour of the stick due to the
moment applied on the stick during the impact (see
Figure 2.1).

In the following sections, the properties and their

influence on hitting power and stopping control are
described, an overview is shown in Table 2.1.

2.2.2. Stiffness and damping

Literature concludes that the deflective stiffness
of hand-held equipment has a small positive in-
fluence on the velocity of the outgoing ball after
a hit (Betzler et al., 2012, Carlisle, 2011, Kawa-
zoe, 2002, Covill et al., 2009 & Wibbens, 2015).
This is mainly due to the decrease in energy loss
when using stiffer equipment, as less energy is put
into deformation (Miller, 2006) and unwanted vi-
brations (Allen et al., 2015) of the hand-held imple-
ment. However, this influence is small and almost
zero for impacts located at the node (Nicholls et
al., 2004 & Allen et al., 2015) (a perfect hit is when
the impact location is at the sweet spot, where the
output velocity is highest); and it has a greater in-
fluence for off-centre hits.

Most of the literature does not take into account
the effect of the deflective stiffness of the stick
on the handling control. However, it has become
clear that a higher stiffness decreases energy loss
and develops a higher ball velocity after an impact
between the ball and the stick. For stopping, this
is unwanted, as the energy has to be taken out
of the ball and the ball and the stick should clamp
to each other instead of bouncing off each other.
Therefore, bending stiffness has a negative effect
on stick handling control (Carlisle, 2011).

To compensate for this decrease in handling
control, a higher deflective damping may be used.
However, most literature does not include damp-
ing properties and no experimental research is
done on this property. Nevertheless, in his re-
search, Wibbens (Wibbens, 2015) suggests that
higher deflective damping would be beneficial for
handling control.

In addition to bending stiffness and damping
properties, local stiffness and damping properties
are also of interest. The local stiffness in a ten-
nis racket, which is the stiffness of the string bed,
has a negative impact on the ball velocity (Allen
et al., 2015 & Miller, 2006). With a lower stiffness,
more energy is transferred into the string bed, and
the strings are more energy efficient and there-
fore return more of their absorbed energy into ki-
netic energy of the ball (Allen et al., 2015). This is
also reflected in the core of a baseball bat, since
a hollow implement shows more elasticity which
gives a higher bounce to the outgoing ball (Cross,
2013). Although Miller (Miller, 2006) describes
that a higher local stiffness improves hitting con-
trol, the impact on handling control is unclear.

Local damping is assumed to be beneficial for
handling control; however, no literature is found on
the influence of this property.



2.3. Field hockey stick properties over the years

2.2.3. Mass and mass distribution

A higher mass creates a higher momentum, and
thereby can increase the outgoing ball speed
(Allen et al., 2015 & Miller, 2006). However, a
heavier stick is harder to accelerate and there-
fore the maximum stick speed is lower, which de-
creases the total momentum. To conclude, an in-
crease in the total mass of a stick has a positive
impact on the power of the stick; however, this only
applies to a certain limit, after which the addition of
mass will have a negative influence due to the de-
crease in maximum stick velocity (Nicholls et al.,
2004). And when relating mass to handling con-
trol, literature states that accuracy decreases with
increasing mass when hitting a ball (Allen et al.,
2015).

The mass distribution also plays an important
role, as a higher stick velocity can be achieved
when the centre of mass moves more toward the
handle (Miller, 2006). Moreover, mass distribution
also determines the effective mass at the location
of impact. The relation between the effective mass
and outgoing ball speed is similar to that described
for the total mass. Because with a constant total
mass, a higher effective mass increases the mo-
mentum of the stick, but it decreases the velocity of
the stick in a hit which decreases the momentum;
therefore, the effective mass has a limited positive
effect on power (Allen et al., 2015 & Nicholls et al.,
2005). A higher tip mass also makes it more dif-
ficult to control the stick when handling it (Miller,
2006). The effective mass is based on the total
mass of the implement and decreases as the dis-
tance between the centre of mass and the location
of impact increases. It can be defined by the fol-
lowing formula:

M. = M
e — daz R2
1+ M(—+ —
(ICOM Iy)

(2.1)

With M being the total mass of the implement, d
is the longitudinal distance between the centre of
mass and the location of impact, I, is the mo-
ment of inertia at the centre of mass, R is the ra-
dial distance between the centre of mass and the
location of impact and I, is the polar moment of

inertia.

2.2.4. Shape and dimensions

The curvature of the stick shaft, defined by the bow
of the stick, can influence the control of the stick
(Wibbens, 2015); this property will be described in
Section 2.3. Dimensions also play an important
role; an increase in width can have a positive rela-
tion to ball velocity for off-centre hits (Miller, 2006).
And a larger contact surface improves handling

control (Wibbens, 2015).

2.2.5. Coefficient of Restitution

All properties mentioned above influence the coef-
ficient of restitution (COR), which can be used to
describe the velocities of colliding masses. When
simplifying the ball and the stick to point masses
described by a collision model, the COR can be
used to describe the velocities after collision by the
following formula:

v, =V,
v+

(2.2)

Where the v describes the ball velocity and V the
stick velocity, before (1) and after (2) collision. And
the collision model is described by:

MeVl + mv, = MeV2 + mv, (23)

Where M, is the effective mass of the stick and m
is the mass of the ball. Sticks with a lower bending
stiffness cause many vibrations; thereby, energy is
lost and the COR is decreased. However, an elas-
tic and softer impact surface can decrease energy
loss and increase the COR. Additionally, a heav-
ier stick can increase the COR and the influence
is even larger with more mass close to the location
of impact (increasing M,).

An important factor for the value of the COR is
the location of impact, because the energy loss
due to vibration and twisting is minimised at the
sweet spot. In addition, the effective mass is
higher than for off-centre hits (Cross, 2013).

2.3. Field hockey stick proper-

ties over the years

Field hockey sticks were originally made of wood.
These sticks had a low stiffness and low power,
and therefore changes in material were made to
obtain higher ball velocities. Aluminium sticks
were used for a short period, but they provided
dangerous situations for other players and were
prohibited by the FIH. This development was fol-
lowed by a new material; carbon and glass rein-
forced polymers. The composite materials pro-
vided high power and the control and feel was bet-
ter than for the aluminium sticks (Carlisle, 2011 &
Wibbens, 2015). The composite stick is hollow,
with a support structure inside (see Figure 2.2).
Looking at the figure, it becomes clear that the mo-
ment of inertia of the stick changes when the back-
hand side is used for striking.

The shape of the stick also developed over the
years. The head shape has become smaller than
the original size (Figure 2.3), mainly due to de-
velopments of the field played on (Carlisle, 2011).
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Figure 2.2: Cross section of a field hockey stick (Carlisle, 2011)

Backhand

striking area
9 Smal

Long flat hooked head

head N

Figure 2.3: Development in head shape, from a long flat shape
to a small hooked shape (Carlisle, 2011)

Recent developments in stick shape are shown in
the bow of the stick, which can be located more
to the head of the stick (low bow) or more towards
the handle (high bow) (Wibbens, 2015), see Fig-
ure 2.4. The bow allows for more control and is
more powerful in a drag flick.

2.4. Conclusion

The goal of this report is to identify interesting
stick properties and design an adaptable field
hockey stick; not all parameters discussed above
are taken into account in the following chapters.
The scope is limited to an adaptation of the stick
while keeping the outer properties constant. So,
the properties discussed about shape and dimen-
sions are outside the scope of this project and the
next chapters will focus on stiffness, damping and
mass.

Bow shape

i

High

Figure 2.4: Range in bow shapes, where the maximum curva-
ture can be more towards the head or more towards handle of
the stick (Solo Hockey / ClubColors, n.d.)



Experimental Analysis

3.1. Introduction

This chapter experimentally analyses the influ-
ence of the stick properties on the stick behaviour,
the goal of this analysis is to define what stick
property has the greatest influence on the stick
behaviour. The first step in this analysis is a nu-
merical and comparable description of each stick,
which is done in the first experiment and defines
the mass, stiffness and damping properties of
each stick. In the second step, the influence of
these measured properties is tested by measur-
ing the travelled ball distance after a stick-ball col-
lision, this step concludes which property has the
greatest influence.

The experiments consist of measurements of a
set of hockey sticks, shown in Figure 3.1 and num-
bered 1 to 6 from top to bottom; Table 3.1 shows
the properties of each stick. Four field hockey
sticks and two indoor hockey sticks are included;
the indoor sticks are used to include a wider range
of stiffness and damping properties, allowing bet-
ter analysis. The set of sticks includes four car-
bon fibre sticks and two wooden sticks. The car-
bon percentage differs over the sticks and is un-
known for most sticks; besides, one of the wooden
sticks also contains some carbon, but at a very low
percentage and is therefore classified as wooden.
The sticks have all been used for several years
and therefore show wear.

Figure 3.1: Measured sticks - a set of used field (F) and indoor
(I) hockey sticks made of carbon (C) or wood (W)

Label| Type Mass Length COM
(kg) (m) (m)
1FC | F - carbon 0.558 0.930 0.542
2FC | F - carbon 0.566 0.930 0.545
3FC | F-carbon 0.497 0.925 0.532
4|1C | I - carbon 0.476 0.935 0.510
5IW | | - wood 0.566 0.930 0.500
6FW | F - wood 0.560 0.920 0.551
Table 3.1: Properties of the measured sticks (F = field, | = in-

door) (COM = centre of mass location measured from the han-
dle downwards)

3.2. Stick property measure-
ments (EXP1)

3.2.1. Introduction

The literature on field hockey sticks is scarce, and
the information provided by the manufacturers of
the sticks is incomplete and not comparable be-
tween different brands; therefore, an experimen-
tal analysis is needed to obtain knowledge of the
stick properties. Mainly numerical values of the lin-
ear stiffness and damping of field hockey sticks are
unknown; this experiment measures these values
by applying a force disturbance and measuring the
displacement of the stick.

3.2.2. Method
The Proprio is used for this experiment; this is a
linear hydraulic manipulator, originally used to per-
form measurements on the human shoulder (Van
Der Helm et al., 2002). The Proprio has a piston
that performs a force perturbation while measuring
the displacement. For this experiment, the Proprio
applies a force perturbation to the tip of the stick.
The measurement setup is shown in Figure 3.2.
The stick tip and the piston are fixed to each other
and remain clamped during the experiment; there-
fore, the measured stiffness and damping proper-
ties are bending properties and not local properties
of the stick. The piston applies a force perturba-
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Sticktip |

Clamps ¢~

Figure 3.2: Schematic overview and picture of the measure-
ment setup (EXP1)

Hcombined

Hmanipulator

H, stick

Figure 3.3: Block scheme of the total system from input (w)
to output (x), described by Hcompined Which can be split into
Hmanipulator @Nd Hgtick

tion to the stick and measures the displacement of
the tip; the disturbance is a multisine pushing on
the stick over a frequency of 0.5 to 100Hz for 30
seconds.

Each measurement is repeated eight times for
each stick. The values obtained by the Proprio
consist of the applied disturbance force w, the
measured displacement x, the measured reaction
force on the piston f and the difference between
the perturbation force and the measured force z.
The average values of the data over the eight tri-
als are used to obtain the stick properties.

The total system has a force disturbance as in-
put and a displacement as output, shown in Fig-
ure 3.3; however, this includes both the behaviour
of the manipulator and the stick. As the focus
is on stick behaviour only, Hg is identified as
shown in Figure 3.3; in which Hompined is split into
Hmanipulator @Nd Hgtick- This figure shows that Hgick
can be described as:

—Gws force

Hgick = G

wx  displacement (3.1)

Where G,s and G,y describe the force and dis-
placement, but the noise is minimized by normal-
ising it to the input signal w.

With the average data over the eight repetitions,
a gain and phase plot of Hg are created for each
stick.

By describing Hgiiex as a linear function, it can
be fit to the averaged data to obtain the properties
of the sticks; where the linear function is described
as:

Hgjick, fit(w) = mG@) + otk (3.2)
Where m is the mass, c is the bending damping
and k is the bending stiffness; and jw represents
the frequency. By fitting this linear system to the
measured data, the mass, stiffness and damping
properties of each stick are determined. The mass
in this formula describes the mass effecting the
bending of the stick, which is a part of the total
stick mass depending on the clamp position and
stick properties.

The fit of the linear function Hgex it to the mea-
sured Hg;ic is obtained by optimising an error func-
tion. Several error functions are used to find the
best fit for each stick; a manual visual fit is per-
formed for sticks two and three, where there was
a high noise that made it difficult to fit. The error
functions used are (e,, e, or e.):

Hesi
og( stlck)|

eq =11 3.3

o= llogFH) (33)
_ coherence H ik

= 17 +frequency|lo‘g( Hgit )l (3.4)
_ 1 H gtick

= |rremiansy 1O (35

Where e, is the standard error function, e, has a
higher weight for measurements with a high coher-
ence and low frequency and e, has a lower weight
for measurements with a high frequency.

3.2.3. Results

The results of the experiment are shown in Figures
3.4 to 3.9, which show the fit of the linear function
to the measured data and the error function used
to obtain the fit.

Figure 3.10 gives the numerical values for the
mass, damping and stiffness of each stick. A more
extensive explanation of the code used to obtain
the results can be found in Appendix A.

3.2.4. Discussion

The measurements show expected results, as the
indoor and wooden sticks (sticks 4 - 6) have a
lower stiffness than the carbon field sticks (sticks
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Figure 3.4: Gain plot of measured data (blue) and identified fit
(red) stick 1FC (ep)
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Figure 3.5: Gain plot of measured data (blue) and identified fit
(red) stick 2FC (e, + manual fitting)
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Figure 3.6: Gain plot of measured data (blue) and identified fit
(red) stick 3FC (e, + manual fitting)
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Figure 3.7: Gain plot of measured data (blue) and identified fit
(red) stick 4IC (e,)
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Figure 3.8: Gain plot of measured data (blue) and identified fit
(red) stick 5IW (e.)
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Figure 3.9: Gain plot of measured data (blue) and identified fit
(red) stick 6FW (e.)
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3. Experimental Analysis

1 - 3). The damping values were more diffi-
cult to have a numerical expectation of, as avail-
able knowledge is scarce; nevertheless, it was ex-
pected that beginner sticks, with a low stiffness,
would have a high bending. However, the ratio
between stiffness and damping seems to be quite
constant over the set of measured sticks and does
not seem to be influenced by the stiffness of the
stick. Sticks 3 and 4 were expected to have a lower
mass than the other sticks, because they have a
lower total mass than the other four sticks and a
high centre of mass.

The signal-to-noise ratio was low for high-
frequency measurements, especially for the stiffer
sticks; therefore, the results would improve if a
logarithmic disturbance was used, with more mea-
surement points at the higher frequencies. How-
ever, a more thorough understanding of the Pro-
prio is needed to adjust the input signal, which is
beyond the scope of this project.

3.3. Stick - ball collision mea-
surements (EXP2)

3.3.1. Introduction

From the background knowledge, it became clear
that the mass, stiffness and damping of a stick
have an influence on stick performance; however,
the size of their effect is unclear. This experiment
determines which property has the greatest influ-
ence on the stick performance and would therefore
be most effective to be adjusted in the stick design.

3.3.2. Method

For this experiment, the distance travelled by the
ball after a stick-ball collision is measured for sticks
with different mass, centre of mass, damping and
stiffness. The setup shown in Figure 3.11 is used
to perform these experiments.

For each measurement, the stick is clamped into
the setup and itis rotated to a vertical upward posi-
tion up to the upper bar. From this position, it is re-
leased and it falls towards the ball. The ball travels
forward and the travelled distance is measured.
Each measurement is repeated three times.

Three types of experiments are performed for
the different variables to be measured.

The first experiment (EXP2.1) uses the six sticks
introduced earlier; however, weights are added to
give all sticks an equal mass. Therefore, the sticks
only differ in their stiffness and damping properties
in this experiment; and the influence of the stiff-
ness and damping properties is measured. The
influence of the location of the centre of mass is
minimised, since the distance between the end of

Figure 3.11: Picture and schematic overview of the measure-
ment setup (EXP2)

the handle and the centre of mass of each stick
does not show large differences between all sticks
after the weights were added (Table 3.2 - left col-
umn).

For the second experiment (EXP2.2), only sticks
4 - 6 are used, since they show only small differ-
ences in their stiffness and damping properties.
These sticks are measured without added mass,
with an addition of 69g and with an addition of
159g. This mass is added to the centre of mass
location of the stick, and therefore the centre of
mass does not change over the measurements.
These experiments show the influence of the total
mass on stick performance. The stick properties
of this experiment are shown in Table 3.2 - middle
column.

The last experiment (EXP2.3) uses the same
sticks as in the previous experiment and measures
the influence of the centre of mass location of the
sticks. The influence of lowering the centre of
mass is measured by adding the weight (159g)
from the previous experiment to the stick head in-
stead of the stick centre of mass. The difference
between the high and low centre of mass is evalu-
ated (Table 3.2 - right column). Figure 3.12 shows
the location of the added mass; it is taped onto the
stick, and therefore added just above the location
of ball impact to not change the contact surface
between ball and stick.

The values of the moment of inertia of the tested
sticks in Table 3.2 are calculated by the parallel
axis theorem with the following formula (Vallery
and Schwab, 2021):

I = iML2 + Mb? (3.6)

12
Where M is the total stick mass, L is the total stick
length and b is the distance from the end of handle
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EXP2.1 EXP2.2 EXP2.3

m 1 my L m, I ms L my, I m; I

(kg) (kgm?) (kg) (kgm?) (kg) (kgm?) (kg) (kgm?) (kg) (kgm?) (kg) (kgm?)
1FC | 0.566 0.21
2FC | 0.566 0.21
3FC | 0.566 0.20
4|C | 0.566 0.19 0.476 0.16 0.566 0.19 0.635 0.21 0.635 0.21 0.635 0.28
5w | 0.566 0.18 0.566 0.18 0.635 0.20 0.725 0.23 0.725 0.23 0.725 0.30
6FW | 0.566 0.21 0.560 0.21 0.629 0.24 0.719 0.27 0.719 0.27 0.719 0.33

Table 3.2: Stick properties EXP2. For EXP2.1 all sticks have an equal mass and the influence of stiffness and damping is
measured. For EXP2.2 only sticks 4-6 are measured, mass is added from measurement 1 to 3. For EXP2.3 only sticks 4-6 are

measured, with a high (h) COM and low (1) COM.

Figure 3.12: Weight is added at the location highlighted in
dark blue, just above the hit location highlighted in light blue
(EXP2.3)

of the stick (rotation point) to the centre of mass
location.

3.3.3. Results

Figure 3.13 shows the results of the experiments
performed. For the measurements of EXP2.1,
the figure does not show a logical relationship be-
tween stiffness or damping and the ball distance
travelled.

The results of EXP2.2 show an increase in ball
distance as the mass increases. The measure-
ments of EXP2.3 show a small increase in ball dis-
tance for sticks four and six when the centre of
mass is lowered, stick five shows a smaller dis-
tance.

3.3.4. Discussion

The experiments were carried out outside in Jan-
uary; therefore, the temperature was very low and
increased slightly during the experiments, which
could have influenced the results. The low temper-
ature influenced the stiffness and damping proper-
ties of the sticks and the low temperature of the
field influenced the ball velocity. It would have

been better to perform the experiments in an en-
vironment with a constant temperature of 20 de-
grees Celsius.

An unexpected result is shown in the first exper-
iment (EXP2.1). The stiffer sticks do not show an
increase in ball displacement; however, this can
also be due to the stiffness of the measurement
setup. If the stiff sticks had a higher stiffness than
the setup, it could be that the setup deformed and
therefore a lower ball displacement was achieved.
Another explanation can be the location of the
sweet spot; the background information described
that the location of the hit influences the stick be-
haviour, and the best behaviour is obtained for a
hit at the sweet spot. It could be that the stiffer
sticks are designed for more experienced players
and therefore have a smaller sweet spot location
than the less stiff sticks. With a smaller sweet
spot, it is possible that the measurements did not
perform an optimal hit, and therefore the ball dis-
placement was lower than expected. Similar re-
search described this as a difficulty in obtaining a
"clean” impact (Allen et al., 2012). However, de-
spite the uncertainty in the description of the unex-
pected result, it can be concluded that the stiffness
and damping do not have a large influence on the
ball displacement and/or are more difficult to con-
trol and need a more experienced player to show
good stick performance.

An increase in mass shows an increase in ball
displacement (EXP2.2), which was expected by
reviewing the collision model. However, the influ-
ence of lowering the centre of mass (EXP2.3) is
not as expected. A collision with a higher effec-
tive mass should give a higher ball velocity, but
stick five does not show an increase and stick four
and six only show a small increase. A reason for
this could be that the mass distribution over the
stick changed and thereby influenced the deforma-
tion properties of the stick. The weight was added
as a point mass, and it may be better to have a
smoother mass distribution over the stick.
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Figure 3.13: Measured ball distance in meters for EXP2. The
upper measurements show the influence of stiffness (in red)
and damping (in green) on the ball distance (EXP2.1). The
middle measurements show the influence of an increasing
mass over measurements 1 to 3 (in blue) for stick 4, 5 and
6 (EXP2.2). The lowest measurements show the influence of
lowering the centre of mass of sticks 4, 5 and 6 on the ball dis-
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tance (EXP2.3).



4.1. Introduction

In addition to the previous chapter, this chapter
answers the same question - which property has
the greatest influence on stick performance ?; how-
ever, it is done theoretically. By developing a
mathematical model of the stick and the ball, the
dynamics of the collision can be described and
their influence is analysed.

Several models are discussed in the following
sections, from which one model is used to describe
the influence of the stick properties on the stick
performance. The codes used to obtain the mod-
elled results can be found in Appendices B.3 - B.5.

4.2. Triple mass-spring-damper
model

4.2.1. Model setup

To model the stiffness and damping properties, a
mass-spring-damper model is used to simplify the
dynamics. The model consists of the human, the
stick and the ball, all modelled as point masses
connected by springs and dampers, see Figure
4.1.

The model is simplified by the following assump-
tions: it is a linear motion, gravity is neglected,
the initial position of all masses is zero, the hu-
man mass is the effective mass of the human body
when playing hockey - assumed to be 50% of the
total body mass, the stick part also includes the
arm mass as this mass is fixed to the stick.

4.2.2. Formulas

The free-body diagrams of the human, stick and
ball are shown in Figure 4.2. This leads to the fol-

Theoretical Analysis

Fuman = Stick T} Ball
body _/\M —~ © _/mh —
Human Wrist Stick deformation
m}
§ M} i i

Figure 4.1: Setup of the triple mass-spring-damper system, in-
cluding the human, stick and ball connected by springs and
dampers representing the human, wrist and stick

lowing equations of motion:

mpXn = —Fch—Fkn+ Feow+ Fow 4.1)
1
¥ = —(—cpxn — knx
h mh( hXh — knXn 4.2)
+ Cw(xs - xh) + kw(xs - xh))
Mmegks = — Fow—Fiw+ Fe s+ Fis (4.3)
T
Xs = ms( cw(Xs — xn) — kw(xs — xn) (4.4)
+ s (A — Xs) + ks (xp — x5))
MpXp = — Fc s — Fi s (4.5)
. 1 ; .
Xp = m_b(_CS(xb —xs) — ks(xp —x5)) (4.6)

Where subscript h describes the human, subscript
s the stick and subscript b the ball; and subscript
w describes the wrist joint. All equations contain a
damper force, defined by subscript ¢ and a spring
force, defined by subscript k. The damper con-
stant is defined as c, in Ns/m; and the spring con-
stant is defined as k, in N/m.

These equations are used to simulate the ball
displacement after a hit and when stopping the
ball.

4.2.3. Simulations
Since the combination of the player and the stick is
important for the overall performance, the human

13
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4. The

oretical Analysis
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Figure 4.2: Free-body diagram of the human, stick and ball, where spring and damper forces are applied
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Figure 4.3: The combinations of players and sticks. The ex-
perienced player can adapt its properties during the game, the
beginners is not able to adapt to different actions - striking ver-
sus stopping

is included in this model. Performance is modelled
by stopping the ball and striking the ball for several
combinations of players and sticks.

Players are modelled as an advanced player,
having adaptive properties between striking and
stopping a ball, or as a beginner, not being able to
adapt their properties between stopping and strik-
ing a ball. The sticks are modelled as advanced
sticks, with high stiffness and low damping, or be-
ginner sticks, with high damping and low stiffness.

It is assumed that an experienced player with
an advanced stick shows the best performance;
a beginner with an advanced stick is not able to
control the ball when stopping, but develops a high
ball velocity when striking; and a beginner with a
beginner stick can properly control the ball when
stopping, but has a low power when hitting a ball.
This assumption can be tested by the model. The
player and stick combinations are shown in Figure
4.3. These combinations are simulated for striking
and stopping, using the parameters in Table 4.1.

4.2.4. Results

The results of the simulations are shown in Figures
4.4 and 4.5. It can be seen that the properties of
the player do not influence the performance, as
the lines of different players with the same stick
overlap.

4.2.5. Discussion

It was assumed that a beginner with an advanced
stick would not be able to control the ball when
stopping the ball and that a beginner with a begin-
ner stick would not be able to produce high ball

Faamper] Faamper Fdamper Faamper  Fdamper
] i_sE;mg Fs:rins 4M Fspring Fsp;;
I Value | Sources
Constants
my, (kg) 37.00 Krishnan et al.,
mg (kg) 0.537 +4.71 | 2016 & Chapter 3
my, (kg) 0.16 & FIH, 2023
Initial velocities - stopping
Xho (m/s) 0
Xs0 (M/s) 0 FIH, 2023
J'Cb’o (m/s) -22.22
Initial velocities - striking
J.Ch,o (m/s) 22.22
Xs0 (M/5) 22.22 FIH, 2023
Xp,0 (M/s) 0
Variables - human
kh, high (N/m) 1 083.09 De Vlugt et al.,
kn 1ow (N/m) 495.77 2003 & De Vlugt
Ch, high (Ns/m) 54.15 et al., 2006 &
ch, low (Ns/m) 24.79 Diefenbach and
Lipps, 2019
Variables - wrist
w,high (N/m) 116.12 De Vlugt et al.,
kw 1ow (N/m) 13.93
Cor hign (NS/m) 230 2006 & Peaden
CW: o (Ns/m) 014 and Charles, 2014
Variables - stick
ks, high (N/m) ‘:’ 288
ks, jow (N/m)
o rign (Ns/m) 27 Chapter 3 - EXP1
Cs, low (Ns/m) 0.5

Table 4.1: Values of the parameters used for the simulations of
the triple mass-spring-damper model
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Figure 4.4: Displacement of the ball when stopping a ball -
modelled as a triple mass-spring-damper system (for different
combinations of beginner versus experienced player; and be-
ginner versus advanced stick)

Displacement of the ball when striking the ball
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Figure 4.5: Displacement of the ball when striking a ball - mod-
elled as a triple mass-spring-damper system (for different com-
binations of beginner versus experienced player; and beginner
versus advanced stick)

velocity when striking the ball. However, the re-
sults do not show any difference between the ex-
perienced player and the beginner, the stick prop-
erties are dominant for the performance shown by
these results. Since it is clear that player proper-
ties do have an influence on overall performance,
this model does not show correct results and these
results will not be used.

4.3. Double

damper model

4.3.1. Model setup

The previous model did not show the correct out-
put, as the human behaviour did not influence the
performance. Therefore, in this model the human
behaviour is simplified to only one spring-damper

mass-spring-

system instead of two, assuming that the wrist joint
is fully stiff during the motion. Also, it is assumed
that during the stick-ball contact, the ball and stick
always touch each other. Therefore, this model
contains two parts: the human and the stick han-
dle, defined by humanx; and the stick tip and the
ball, defined by ball*x. The model setup is shown
in Figure 4.6.

The following assumptions are made: it is a lin-
ear motion, gravity is neglected, the initial position
of all masses is zero, the human mass is the effec-
tive mass of the human body when playing hockey
- assumed to be 50% of the total body mass, the
stick part also includes the arm mass as this mass
is fixed to the stick. These are the same as in the
previous model.

4.3.2. Formulas

The free-body diagram of this model is shown in
Figure 4.7. Which leads to the following equations
of motion:

mh*jéh*=—Fc,h_Fk,h+Fc,s+Fk,s (4-7)
. 1 ;
Xpe = m—h*(—chxh* - thh* (4 8)
+ s (Xpr — Ap) + ks (Xpr — X))
MpXpr = — F¢ s — Fi s (4.9)

; 1 . .
Hpr = m_b*(_cs(xb* — Xp) — ks (Xpr — X))

(4.10)

Where subscript h* describes the human plus
the handle of the stick and subscript b* the ball
plus the stick tip; and subscript h describes the
human properties and subscript s the stick prop-
erties. All equations contain a damper force, de-
fined by subscript ¢ and a spring force, defined by
subscript k. The damper constant is defined as c,
in Ns/m; and the spring constant is defined as k,
in N/m.
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4. Theoretical Analysis

3 Fclamper Fdamper Fdamper Fdamper T Fdamper Fdamper
Fs ring Fspring Fsgring Fsgring /\M Fspring Fspring
——

Xhumanx Xpallx — Xhumanx

Figure 4.7: Free-body diagram of the humanx and ball*, consisting of the human plus the stick handle and the ball plus the

stick tip, respectively

| Value | Sources
Constants
my+ (kg) 37.00 + | Krishnan et al.,
0.269 + | 2016 & Chapter 3
4.71 & FIH, 2023
my+ (kg) 0.16 +
0.269
Initial velocities - stopping
Xhro (M/s) 0
Xpr o (M/s) -22.22 FIH, 2023
Initial velocities - striking
J.Ch*10 (m/s) 22.22
S0 (m/5) 0 FIH, 2023
Variables - human
kn, high (N/m) 1 083.09 | De Vlugt et al.,
kn 1ow (N/m) 495.77 2003 & De Vlugt
Ch, high (Ns/m) 54.15 et al., 2006 &
Ch, low (Ns/m) 24.79 Diefenbach and
Lipps, 2019
Variables - stick
ks, high ((N/m) ? 288
ks, low (N/m)
o rign (Ns/m) || 2.7 Chapter 3 - EXP1
Cs, low (Ns/m) 0.5

Table 4.2: Values of the parameters used for the simulations of
the double mass-spring-damper model

4.3.3. Simulations

The same conditions as in the previous model
are simulated. The player can be an experienced
player (adapting its properties between stopping
and striking a ball) or a beginner (not able to adapt
its properties). And the stick can be an advanced
stick (high stiffness, low damping) or a beginner
stick (low stiffness, high damping). The combina-
tions of players and sticks are described in Figure
4.3. The model simulates striking and stopping a
ball, using the parameters in Table 4.2.

4.3.4. Results

The results of the simulations are shown in Fig-
ures 4.8 and 4.9. The results do not shown any
differences between the players, only differences
between the sticks are shown.

Displacement of the ball when stopping the ball

0.05 A ——- Experienced + adv stick /
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0.00 1 Beginner + beginner stick /
/
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g —0.20 1 \\ Y,
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T T T T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
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Figure 4.8: Displacement of the ball when stopping a ball -
modelled as a double mass-spring-damper system (for differ-
ent combinations of beginner versus experienced player; and
beginner versus advanced stick)

Displacement of the ball when striking the ball
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Figure 4.9: Displacement of the ball when striking a ball - mod-
elled as a double mass-spring-damper system (for different
combinations of beginner versus experienced player; and be-
ginner versus advanced stick)

4.3.5. Discussion

The results of the simulations do not show any dif-
ferences between beginner and experienced play-
ers, therefore the model is not valid. It can be
concluded that the simplifications of the human be-
haviour compared to the previous model, did not
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influence the quality of the results. These mod-
els show that the stiffness and damping proper-
ties of a stick should improve the performance of
all players; however, real observations of stick-ball
interaction of different players show that this is not
the case for inexperienced players. Therefore, it
is interesting to identify which stick property does
help inexperienced players to improve their per-
formance. To identify the next step in the devel-
opment of a mathematical model, several sticks
were tested on the hockey field. This helped iden-
tify influential properties of the stick; the focus in
the previous models was mainly on the stiffness
and damping properties of the stick. The tests
opened up a broader perspective and showed that
the mass and coefficient of restitution could also
be used in the development of the model. This
was used as the basis for the development of the
next model.

4.4. Collision model

4.4.1. Model setup

This model describes the stick-ball interaction as a
simple collision, without taking into account the hu-
man. Figure 4.10 shows the situation of the stick-
ball interaction to be described in a model. The
stick moves towards a ball, the two objects col-
lide and they both move forward in the same direc-
tion. To describe this situation, the collision model
shown in Figure 4.11 is used. The stick and ball
are both simplified to be a point mass with a linear
velocity. The collision model helps simplifying the
complex interaction between the ball and the stick
(Cross, 2013), by only taking into account the ve-
locities before and after collision; this is sufficient
for this application, since the main focus is on the
stick performance which is reflected by the outgo-
ing ball velocity.

4.4.2. Formulas
The collision dynamics can be described by the
following formula (Cross, 2013):
MV + mvy = MV, + mv, (4.11)
The stick is described by the capital M and V; the
ball is described by lower case m and v. Subscript
1 describes the dynamics before the collision and
subscript 2 describes the behaviour after collision.
When simplifying the stick-ball collision to a colli-
sion of two point masses, only the effective mass
of the stick should be taken into account, which
is denoted by M, (Cross, 2013). Since the model
describes the situation of hitting a ball, the ball has
no initial velocity and the formula can be simplified

Before collision After collision

A v, vy
O SMEC

Figure 4.10: Stick hitting a ball - before and after collision

Before collision After collision

Stick Ball Stick Ball

Vi 1% v,

Figure 4.11: Collision model of a stick hitting a ball

to:

MV, = MV, + mu, (4.12)
So far, only the mass and the velocity have an in-
fluence on the behaviour; however, also the de-
flective stiffness and damping properties of the
stick need to be taken into account. These prop-
erties influence the stick behaviour during the col-
lision. When the stick and ball collide, the stick de-
forms and energy is dissipated; a higher stiffness
decreases the deformation and a higher damp-
ing increases the energy dissipation. The energy
needed for stick deformation is stored as potential
energy, and this elastic deformation can be trans-
ferred into kinetic energy again; however, a part
is also lost in deformation and vibrations in the
stick. The exact energy transfer during collision is
hard to describe, as it depends on many factors.
Therefore, it can be simplified into one factor, the
coefficient of restitution (COR), e. This coefficient
describes the ratio of relative energy between the
masses before and after collision:
v, =V,

e = P (4.13)

For this situation it holds that:

v, =V,

7 (4.14)

e =
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4. Theoretical Analysis

The COR describes the efficiency of the energy
transfer from the stick to the ball; a higher COR de-
scribes a higher transfer of energy (Cross, 2013).
The stick stiffness positively influences the COR
and the damping has a negative influence.

By implementing the COR into the collision for-
mula, the final ball velocity can be described as:

1+eV
Uy = V1
1+M_e

(4.15)

4.4.3. Simulations

The situations to be simulated are similar to the ex-
periments done in the Chapter 3; the focus is on
the influence of damping, stiffness, mass and cen-
tre of mass of the stick. Therefore, the first simu-
lation (SIM1) shows the influence of an increas-
ing COR on the outgoing ball velocity, which de-
scribes the influence of stick stiffness and damp-
ing. The second simulation (SIM2) determines the
influence of an increasing total mass on the outgo-
ing ball velocity. And the third simulation (SIM3)
evaluates the increase in effective mass, by low-
ering the centre of mass, on the outgoing ball ve-
locity.

The parameters used in the simulation are de-
scribed in Table 4.3. The mass and centre of mass
of the stick are determined by taking the average
values and the range of the total stick mass and
the centre of mass of the six sticks used in the ex-
periments.

The COR of the sticks is unknown, so a realis-
tic value and range for the COR need to be de-
termined. A realistic range of COR over different
sticks is determined by Allen et al. (Allen et al.,
2012), where other research is analysed and tests
are performed. For the second and third simula-
tions, the average COR of this range is used.

As stated by Cross (Cross, 2013), not the total
mass, but the effective mass of the stick should be
used to calculate the outgoing ball velocity. The
effective mass is calculated as follows (which is a
simplification of equation 2.1):

I
M = 2 (4.16)
with
1
[ = —MIL? + Mb? (4.17)

12

Where I is the moment of inertia about an axis
through the end of the handle and S is the distance
from the impact location to the end of the handle
(rotation point); M is the total stick mass, L is the
total length of the stick and b is the distance from

Value Source

Vi(m/s) | 22.2 FIH, 2023
m(kg) 0.16 FIH, 2023
L(m) 0.928 Table 3.1

First simulation
M(kg) 0.537 Table 3.1
e 0.26 — 0.35 Allen et al., 2012
b(m) 0.530 Table 3.1

Second simulation

M(kg) | 0.476—0.566 | Table 3.1
e 0.31 Allen et al., 2012
b(m) 0.530 Table 3.1

Third simulation
M(kg) 0.566 Table 3.1
e 0.31 Allen et al., 2012
b(m) 0.530—0.585 | Table 3.1

Table 4.3: Parameters used in the simulations of the collision
model

the end of the handle to the centre of mass location
of the stick.

For the three simulations, the outgoing ball ve-
locity is calculated using Formula 4.15 with the pa-
rameters listed in Table 4.3, where the effective
mass is calculated by Formula 4.16. The results
plot the relative increase of the parameter (M, e
and b) to the relative increase in the outgoing ball
velocity (v,). Hence, all simulations show the in-
fluence of a realistic increase of the parameter on
the outgoing ball velocity, since all ranges in pa-
rameters are taken from real stick measurements.

4.4.4. Results

The results of the simulations are shown in Figure
4.12. All properties show a positive relationship
with the outgoing ball velocity. The increase in ball
velocity is greatest for the increase in total mass;
but the differences between the three variables are
small.

4.4.5. Discussion
The results of the simulations show the biggest in-
crease in outgoing ball velocity by an increase in
total stick mass, which was expected from the ex-
periments (Chapter 3).

The effect of the stiffness and damping proper-
ties, represented by the COR, is bigger than ex-
pected by the experiments. However, the range
of COR over different sticks cannot only be as-
cribed to changes in stick stiffness and damping.
Furthermore, research shows that for a hit at the
centre of the stick, at the sweet spot, the stick stiff-
ness has almost no effect on the COR (Allen et al.,
2015 & Miller, 2006). Therefore, the effect shown
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Figure 4.12: Simulation of the collision model showing the in-
fluence of the stick COR (SIM1), total stick mass (SIM2) and
centre of mass location (SIM3) on outgoing ball velocity

in the simulations is too large to describe changes
in stiffness and damping only.

The effect of lowering the centre of mass is
greater than what was expected from the mea-
surements. However, when comparing it to liter-
ature (Allen et al., 2012 & Cross, 2013), it can be
assumed that the centre of mass has a large influ-
ence on the outgoing ball velocity. Because low-
ering the centre of mass increases the moment of
inertia (Taraborrelli et al., 2019), which positively
influences the outgoing ball velocity. Thereby, it
can be concluded that the model output is valid.

4.5. Conclusion

Three models are developed, two mass-spring-
damper models and a collision model. Only the
collision model shows valid results and is there-
fore used to evaluate the stick properties.

The analysis of the stick properties takes into ac-
count the results of the collision model, combined
with the experimental results of Chapter 3. In this
analysis, the influence of total stick mass, effective
stick mass and bending stiffness and damping on
stick performance was measured and modelled.
To perform these measurements, the first step was
a numerical quantification of the stick stiffness and
damping (EXP1). For the simulations, a realistic
range of the COR was found in literature (Allen et
al.,, 2012) to represent changes in stick stiffness
and damping. Stick performance was measured
and simulated by a stick hitting a ball, measuring
the output distance and velocity of the ball.

Combining the results of the measurements and
the simulations, and comparing this with the avail-
able literature, it can be concluded that the mass
has the greatest influence on the stick perfor-
mance for centre hits; where the centre of mass

has a crucial role in determining the effective mass
of the collision between the stick and the ball. The
influence of the stiffness and damping properties
can be reflected by the COR; however, this influ-
ence is almost zero for centre hits and only be-
comes influential for off-centre hits (Allen et al.,
2015 & Miller, 2006). Although the influence of
lowering the centre of mass of the stick seems to
have a very small impact concluding from the ex-
periments (EXP2.3), it is assumed to be influen-
tial concluding from the simulations (SIM3) and lit-
erature (Cross, 2013). However, the experiment
shows that changes in the centre of mass location
are small when adding little weight; which is impor-
tant to take into account when reflecting the impact
of this stick property.

The performance is only reflected by striking a
ball in this analysis; however, in the introduction
(Chapter 1), performance is defined as the combi-
nation of striking power and stopping control. The
results of these experiments are also useful when
taking into account stopping control, because the
reverse action takes place. Instead of zero ball
velocity and a non-zero stick velocity, the ball has
a non-zero velocity and the stick has zero veloc-
ity for stopping a ball. For striking, a high energy
transfer and high velocities post collision are de-
sired; whereas for stopping a low energy transfer
and near-zero velocities are desired. Therefore,
the desired values of the analysed stick proper-
ties are opposite for stopping and striking. More-
over, it should be taken into account that a low to-
tal mass is desired for good control. So, it can be
concluded that for overall stick performance, stick
mass, mainly its effective mass, has the greatest
impact, followed by stiffness and damping.



Adaptive Stick Design

5.1. Introduction

The previous section concluded that the desired
mass, stiffness and damping values of a field
hockey stick are opposite for striking a ball and
stopping a ball. To optimise stick performance, it
would be interesting to develop a stick that can
change its properties between striking and stop-
ping a ball. Since the focus so far has been on the
internal properties of the stick (mass, stiffness and
damping), the outer properties (e.g., bow shape,
length, head shape, etc.) are not taken into ac-
count and the focus will be on a mechanism that
fits inside a regular field hockey stick. Therefore,
the following design goal is formulated: design
a mechanism that can adapt properties of a field
hockey stick.

5.2. Design requirements

Since the performance of the stick is perceived
by the human playing with the stick, the design
requirements originate from user requirements.
These user requirements are translated into prod-
uct aspects, which can be seen as the design re-
quirements with a specified value, see Table 5.1.

5.3. Concepts

5.3.1. Introduction

From the defined design requirements, several
concepts are developed. The first design deci-
sion to be made is the type of trigger to which
the mechanism will react to adapt its properties.
Since it has to adapt between hitting and stopping
a ball, the differences between these actions are
reviewed and an overview is shown in Figure 5.1.
The mechanism has to work fully mechanically
and it is therefore desirable if the trigger shows a
change in force or moment. Moreover, following
from the requirements, it is not preferred that the
player is involved in controlling the adaptive stick
behaviour. Therefore, angular acceleration is cho-
sen as the trigger for the adaptive behaviour. The

STRIKING
Hand position Top
Relative hand position Small
Angular acceleration >0
Hand grip Relaxed grip

Figure 5.1: Overview of differences between stopping and
striking a ball to identify triggers for the mechanism to adapt
its properties. The difference in angular acceleration will be
used in the design.

angular acceleration of the stick creates a centrifu-
gal force, a reaction to this centrifugal force should
activate the stick to adapt between stopping and
striking.

5.3.2. Concepts: adapting mass

It is not desirable or possible to adapt the total
stick mass during the game; however, it is pos-
sible to adapt the effective stick mass by chang-
ing the centre of mass of the stick (Formula 4.16).
In the hollow stick frame, a movable mass can be
installed. The centrifugal force, when hitting, will
project the mass to the head of the stick; when
the centrifugal force decreases to zero again, the
spring force will return the mass to its original po-
sition. A simple overview of this mechanism is
shown in Figure 5.2. Another similar concept is
shown in Figure 5.3, where two masses are used.
These masses are placed away from the centre
line; hereby, not only the effective mass is ad-
justed, but the addition of mass also changes the
rotational moment of inertia of the stick head.

5.3.3. Concepts: adapting stiffness

Stiffness adaptation can be done in several ways
(Overweel, 2024), some interesting mechanisms
are applied in this hockey stick design. All con-
cepts need a force to initiate the adaptation, which
has to be the centrifugal force when hitting a ball.
The concept shown in Figure 5.4 applies laminar
jamming with mechanical interference (Caro and

20
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User req. Product aspect Value Type
High power a) Adaptive properties between striking and f
when striking stopping
the ball and b) Striking: high mass / high stiffness / low s
high control damping - Stopping: low mass / low stiffness
when stopping | / high damping
the ball ¢) Immediate response during the game s

d) No active control of the player is needed c
E a) Dimensions and weight should stay within | 0.470 — 0.570kg mass, | C

eelas a

normal stick regular range . o 0.930r_n length

b) The mechanism should fit inside a regular | Max diameter 51mm c

stick

c) No maintenance needed, robust design s
It should be a) The stick cannot contain any metal c
allowed to b) Dimensions and weight should comply with | Max 0.737kg, 1050mm | c
play with the the FIH rules length, 51mm diameter
stick ¢) The maximum outgoing ball velocity after c

striking is 98% of the initial stick velocity

Table 5.1: Design requirements: product aspects follow from user requirements (f = functional, s = specification, ¢ = constraint)

Figure 5.2: Concept 1a - Single mass adaptation (L: stopping,
R: striking)

V

Figure 5.3: Concept 1b - Double mass adaptation (L: stopping,
R: striking)

Figure 5.4: Concept 2a - Laminar jamming with mechanical
interference (L: stopping, R: striking)

Carmichael, 2024). The rubber core facilitates
good control when stopping a ball; the stiff inter-
fering structure blocks the flexibility of the rubber
core and thereby increases the stiffness. The sec-
ond concept in Figure 5.5 uses sliding-layer lam-
inates (Caro and Carmichael, 2024). The green
parts consist of a rigid material and the blue parts
of a soft material. When the layers of the same
material overlap, the mechanism is flexible; when
they do not overlap, it is stiff. The last concept,
shown in Figure 5.6, changes the bending stiffness
by increasing the moment of inertia of the internal
structure. The structure supports the head when
striking the ball and it returns upward when there
is no angular acceleration.

5.3.4. Concepts: adapting damping

By adding a core to the stick, the damping in-
creases. This is applied in the concept shown in
Figure 5.7, the core will remain in the head of the
stick and will be lifted upward when a centrifugal
force acts on the counter weights.
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Figure 5.5: Concept 2b - Laminar jamming with sliding lami-
nates (L: stopping, R: striking)

Figure 5.6: Concept 2¢ - Increasing moment of inertia (L: stop-
ping, R: striking)

Figure 5.7: Concept 3a - Solid vs hollow (L: stopping, R: strik-
ing)

Mass Stiffness Damping

la | 1b | 2a | 2b | 2¢ 3a
PA1a || ++ | ++ | + + + +
PAMb || 0 | 0| 0| O0]O 0
PA1c || ++ | ++ | ++ | ++ | ++ ++
PA1d || ++ | ++ | ++ | ++ | ++ ++
PA2a + + + + + +
PA2b || ++ | ++ | + + | ++ ++
PA2c || ++ | ++ - - ++ ++
PA3a || ++ | ++ | ++ | ++ | ++ ++
PA3b || ++ | ++ | + + | ++ ++
PA3Sc|| 0| 0| O0|O0O]O 0

Table 5.2: Comparison of the concepts based on the product
aspects (PA) listed in Table 5.1 - with scores from very bad (-
-), bad (-), neutral (0), good (+) to very good (++)

5.3.5. Evaluation

The designs are compared to the requirements
listed in Table 5.1, the overview of the evaluation is
shown in Table 5.2. Where the biggest differences
are shown for product aspect 1a, 2b, 2c and 3b.
Concerning product aspect 2a, the designs that
adapt the effective mass were shown to be most
effective based on the analysis in Chapters 3 and
4. For product aspects 2b and 2c, the concepts
applying laminar jamming require multiple parti-
cles that should interact correctly with each other
and the applied mechanisms are not developed
especially for small scale, therefore maintenance
and dimensions can become a problem or these
designs. Therefore, these two designs also score
less for product aspect 3b. Based on this analy-
sis, the concepts adapting the effective mass will
be further developed and combined with the other
promising concepts; the next section describes the
final design.

5.4. Final design

5.4.1. Overall design
The final design combines several of the mecha-
nisms described in the previous section. The main
purpose of the mechanism is to increase the ef-
fective mass when striking the ball by lowering the
centre of mass, since this property was shown to
be most influential from the analysis performed.
An overview of the design is shown in Figure 5.8.
Two weights are added in the stick, these
weights can move over the length of the stick. The
movement is controlled by the centrifugal force
when striking a ball and the equilibrium is re-
mained by a spring-damper system. The move-
ment of the two weights towards the head of the
stick lowers the centre of mass location of the stick
and thereby increases the effective mass of the
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stick when striking a ball. Taking into account the
mass range of the measured sticks in Chapter 3,
the weights both have a mass of 50 grams, so the
total increase in stick head mass is 100 grams for
striking.

In addition to a change in effective mass, the
shape of the weights also improves the stick per-
formance. The shape supports the internal struc-
ture of the stick and thereby decreases bending of
the lower part of the stick. Moreover, the shape
still allows the stick to be partly hollow, improving
the local stiffness properties when striking a ball.

The regular internal structure of a field hockey
stick is taken into account. The stick is hollow
with one support structure at the centre line; which
makes it impossible to place the weights at the
centre of the stick. Therefore, two weights are
needed to maintain the regular internal structure
of the stick.

The movement of the weights is directed by
grooves inside the stick (Figure 5.8). The weights
are fixed inside these grooves and can only move
over the length of the stick. The movement of the
weights has to comply with the stick motion; there-
fore, the dynamics of the striking motion are taken
into account when determining the parameters of
the spring damper system. This is described in the
next section.

The dimensions of the weights are limited to the
stick dimensions. The maximum diameter of the
stick is defined by the International Hockey Feder-
ation and is limited to 51mm; therefore, the maxi-
mum height of the weights is assumed to be 18mm
mm, taking into account the thickness of the stick
and the circular properties of the stick.

The weights have to be small, heavy and adapt-
able to a specific shape. Concrete can be used
in this application, due to its high density and ad-
justability to specific shapes. It has to be covered
by a plastic to make it resistant to high impacts
and to increase its lifetime. With the specified
height of 18mm, a width of 10mm and a density
of 2400kg/m? (Dorf, 2018), the concrete weights
have a length of 117mm.

5.4.2. Spring-damper system specifi-
cations

The adaptation mechanism is initiated by the cen-
trifugal force (Hibbeler, 2017). The free-body di-
agram of the weight is shown in Figure 5.9. The

Internal structure

Spring-damper
systems

Weights

Figure 5.8: Final Design: two internal weights can move over
the length of the stick. The motion is guided by the grooves
and a spring-damper system.

:l_

Fdamper Fspring

Weight = — — — — — Xo
|

Fgra"itational

Fcentrifugal

Figure 5.9: Free-body diagram of the weight

forces acting on the weight are:

Fcentrifugal = mw?x (5.1)
Fgravitational = Mg (5.2)
Fepring = k(x — x0) (5-3)
Fgamper = cx (5.4)

By which the motion of the weight can be de-
scribed as follows:

mik = mw?x + mg — k(x — xy) — cx (5.5)
Where m is the mass of the weight, x is the dis-
tance from the centre of rotation to the position of
the weight, w is the rotational velocity at the loca-
tion of the weight, and k and c are, respectively,
the spring and damper constants of the spring-
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Weight displacement when striking the ball

| Equilibrium
position

Position (m)

Max stick length

0.0 01 o2 03 04 05
Moment of impact t(s)

Figure 5.10: Movement of the weight during a hit: the weight
moves from the centre of mass location to the head of the stick.
The centre of mass location is the equilibrium position of the
weight. The end of the handle of the stick is defined as 0.

damper system. When the object’s neutral posi-
tion is at the stick’s centre of mass, it can be as-
sumed that x, = 0.53m (average of the centre of
mass locations of the sticks in Table 3.1). The an-
gular velocity of the stick head is the linear velocity
divided by the total stick length (w = V /L), where
the linear stick head velocity for a hit is approxi-
mately 45.6m/s (Rai et al., 2002) and the average
stick length is 0.93m (Table 3.1).

The average stick hit has a duration of 0.20 sec-
onds (Rai et al., 2002) and it is desired that the
weights are at their maximum displacement at the
moment of impact. The weights should return to
their original position when the angular accelera-
tion decreases to zero; this should be a smooth
movement without oscillatory behaviour around
the equilibrium. Therefore, the values of the spring
damper systems should be tuned to obtain the de-
sired behaviour. The tuning is done by solving the
following differential equation:

t= (g x) -k (56)
x—Lxgmxxo)mx .
Where the stick velocity V increases to 45.6m/s
in the first 0.20 seconds and then becomes zero
again. The desired behaviour of the weights is
a movement to the head of the stick in 0.20 sec-
onds and a smooth return to the equilibrium posi-
tion. The desired output as shown in Figure 5.10 is
obtained using the parameters shown in Table 5.3,
the entire code used can be found in Appendix B.6.
The calculations show that the desired spring
and damper properties are constants of 200N /m
and 4Ns/m, respectively, with a spring displace-
ment of 0.4m when the maximum gravitational
force is exerted. Moreover, the spring-damper
system cannot contain any metal, should fit in-
side a hockey stick and should not require main-

Symbol Description Value
V<025 (m/s) | Linear stick head veloc- ;’;ﬁ
ity first 0.20 seconds '
V025 (m/s) | Linear stick head veloc- | 0
ity after 0.20 seconds
Vinax (m/s) | Maximum linear stick | 45.6
head velocity
L (m) Total stick length 0.93
k (N/m) Spring stiffness 200
¢ (Ns/m) Damping coefficient 4
m (kg) Mass of the weight 0.050
Xo (M) Initial position of the | Lcom
weight
Lcom (M) Distance from top to | 0.53
COM

Table 5.3: Parameters to obtain desired behaviour of the mov-
ing weights

tenance; these requirements are quite specific,
and therefore it is not possible to use a general
off-the-shelve spring-damper system. The pro-
posed spring-damper system is shown in Figure
5.11, which contains a plastic composite spring
and a shock-absorbing foam that functions as a
damper. The damper is placed inside the spiral
spring; the spring is active over the full length of
the system, while the damper is activated when
the weight moves into the material. The proper-
ties of the plastic material of the spring should be
chosen to fit the spring requirements; an exam-
ple of a plastic composite spring is shown by the
Lee plastic spring, which is a lightweight and low-
maintenance spring (Lee Spring, n.d.); another
example is shown by a slinky, made of plastic
and providing a large spring elongation (Owls Hol-
low, n.d.). When the weight returns to its equilib-
rium position, by the pulling force of the spring,
the shock-absorber dampens the movement and
thereby minimises vibrations of the weight around
its equilibrium position; an example of a shock
absorbing material is the Sorbothane viscoelastic
polymer, build out of several layers and with ro-
bust properties (Sorbothane, Inc, n.d.). Another
optional spring-damper configuration is by using a
cord spring (Kalsi Cords, 2020) instead of a spi-
ral spring. For this setup, the damping foam will
be cylindrically shaped and the spring cord fits in-
side the foam cylinder, as shown in Figure 5.12.
The exact dimensions of the spring-damper sys-
tem should still be determined; however, these
calculations and the drawing show the feasibility of
the system. The spring-damper system is located
above the weights and, therefore, the system can
span over the full length of the handle if needed,
maximising the available space for the system.
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Neutral  Extended Damped B
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foam
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Lee Plastic Slinky Sorbothane
Spring spring viscoelastic polymer

Figure 5.11: The spring-damper system of the moving weights
inside the stick, consisting of a spiral plastic composite spring
with a core of a shock-absorbing foam. Examples of the spring
and damper materials are shown in the bottom figures (Lee
Spring - Lee Spring, n.d., Slinky - Owls Hollow, n.d. & Sorboth-

ane - Sorbothane, Inc, n.d.)

Neutral
position
Shock-absorbing

Spring
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Figure 5.12: The spring-damper system of the moving weights
inside the stick, consisting of a rubber/plastic cord spring inside
a shock-absorbing foam. Examples of the spring and damper
materials are shown in the bottom figures (Cord spring - Kalsi

Cords, 2020 & Sorbothane -

Sorbothane, Inc, n.d.)
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The design will need a quite specific spring-
damper system, as it should provide a large elon-
gation over the stick length, it should be robust
and low in maintenance, and it cannot contain
any metal parts. The spring-damper designs de-
scribed above show several possibilities for this
system; where the plastic composite spring is very
robust and the slinky and elastic cord provide large
elongation. However, tests and a more extensive
material analysis are needed to decide which sys-
tem would be best for this application.

5.4.3. Expected improvements

The mechanism is expected to improve overall
stick performance by facilitating a duality in stick
behaviour. When stopping the ball and handling
the stick, the stick has a high centre of mass, which
allows for easy handling control. Moreover, the
stick bends slightly when receiving a ball, making
it easier to reduce the kinetic energy of the stick
and the ball.

When the stick is accelerated to hit a ball, the
two weights move towards the head of the stick
and thereby lower the centre of mass of the stick.
This creates a higher effective mass and thereby
increases the outgoing ball velocity.

The effect of lowering the centre of mass loca-
tion on the effective mass and thereby the outgo-
ing ball velocity is shown in Figure 5.13. This fig-
ure shows the effect of the position of the weights
on the outgoing ball velocity, where the outgoing
ball velocity is calculated by the collision model
described in Chapter 4 by Formula 4.15 with the
ball displacement described in Figure 5.10 (for the
used code see Appendix B.6). An increase of ap-
proximately 7% of the outgoing ball velocity is ex-
pected when the weights are maximally displaced.
The figure shows that the design also increases
the outgoing ball velocity when the weights are not
maximally displaced, so also for other hits than
the optimal, regular hit (for example a fast hit),
the mechanism will improve performance. Since
the centrifugal force is dominant in the movement
of the stick and the gravitational force is negligi-
ble, the improvements are valid not only for hitting
(where the stick is lifted from the ground) but for all
striking movements by which the stick is angularly
accelerated.

However; when the centre of mass is lowered
due to the displacement of the weights, the re-
quired moment delivered by the muscles also in-
creases. When assuming an average acceleration
from zero to 45.6 m/s in 0.20 seconds and neglect-
ing the gravity, the required moment can be calcu-

Influence of location of the weights on
outgoing ball velocity when hitting a ball
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Figure 5.13: The effect of the position of the weights on the
outgoing ball velocity, when the weights move from the equilib-
rium position (stick’s centre of mass) to the head of the stick

Figure 5.14: The required muscle moment increases as the
centre of mass of the sticks moves towards the head of the
stick. A regular stick has a constant centre of mass position
(illustrated by the solid lines), the adaptive stick design lowers
the centre of mass position during the swing (illustrated by the
dotted lines)

lated as follows:

Moment = mstick, totalaaveragexcom (5-7)

Where the total stick mass mgjjck total IS Multiplied
by the average stick acceleration ayerage and the
moment arm between the top end of the stick and
the centre of mass of the stick. For a normal stick,
the centre of mass location is constant; for a stick
with the adaptive design the centre of mass moves
and thereby the moment arm increases. This influ-
ence is explained in Figure 5.14. When the adap-
tive stick is compared to a normal stick, the in-
crease in the average moment needed to accel-
erate the stick is 2% (for the Python calculations
see Appendix B.6); which is small compared to the
increase in ball velocity.

Moreover, in addition to the increase in outgo-
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ing ball velocity due to the increase in effective
mass, the design also decreases the deflection of
the stick by the supporting shape of the weights.
This will minimise the energy loss due to deforma-
tion of the stick and thereby increases the outgoing
ball velocity.



6.1. Limits

For this project, the behaviour of the stick is sim-
plified to stopping and striking a ball. However,
as described in the background section (Chap-
ter 2), hockey includes many more actions for
which the stick is used. Since this is a first step
in the development of an adaptive field hockey
stick, stopping and striking are used to simplify the
the stick performance as these two actions show
the largest contradiction in desired stick behaviour.
Moreover, for the measuring and modelling parts
(Chapter 3 & 4), only striking is taken into account
for the analysis of the stick performance. For the
modelling section, the two models consisting of a
mass-spring-damper system modelled both strik-
ing and stopping, but these systems were found
to be invalid. For the final model, based on the
collision model, only striking is simulated. How-
ever, it would also be interesting to model the
stopping dynamics, to identify the stick and ball
behaviour when stopping a ball. In contrast, the
measurement setup used for the measurements
with the Proprio simulates stopping a ball, as the
clamps simulate a wide grip used when stopping
a ball. This setup is used to be able to clamp the
stick correctly to obtain values of the stick prop-
erties; however, it would be interesting to create
a measurement setup that simulates the stick be-
haviour when striking a ball, where the clamps
simulate a small grip of two hands at the end of
the grip. Moreover, for the identification measure-
ments with the Proprio, only the bending proper-
ties are measured since the stick and piston were
clamped during the experiment. Therefore, in the
distance measurements (EXP2.1) only the influ-
ence of bending stiffness and damping could be
measured, and local properties are not taken into
account.

Another simplification of the stick behaviour is
that only the stick properties are taken into ac-
count, and the human is not implemented in the
measurements and mathematical model. The

Discussion

combination of the player and the stick determines
the overall performance, and therefore the human
has an important role. However, the scope is lim-
ited to the stick properties; this limit is valid for this
project because the motivation of this project, as
described in the introduction, is to make it easier
for inexperienced adults to start playing hockey.
For this target group, it can be assumed that the
human properties have a limited effect on the over-
all performance and the stick properties are most
important. However, when further developing this
design, it would be interesting to measure and
model the human influence on the stick behaviour,
as this will show interesting information to take into
account for the design. The human stiffness and
damping properties could be measured with the
Proprio; for example, the participant can hold the
stick with a wide grip (simulating stopping) and a
small grip (simulating striking) and try to minimise
the displacement when the stick tip is connected
to the piston. These values could be applied
in a model in which human stiffness and damp-
ing properties are also taken into account. Also
for the stick performance measurements, it would
be interesting to see how the stiffness, damping
and mass influence the stick performance when a
player strikes and stops a ball.

The analysis and design process only take into
account the stiffness, damping and mass proper-
ties of the stick. However, there are several other
interesting properties identified in the background
section; but these were beyond the scope of this
project. An interesting stick property to be fur-
ther analysed is the sweet-spot; this location has
a large impact on the stick behaviour. And since
this project aims to facilitate easier participation of
inexperienced adults, the sweet spot plays an im-
portant role in the overall performance of inexpe-
rienced players. It would be interesting to identify
possibilities to increase this sweet spot area.

Some small improvements could improve the
performed measurements. Firstly, the stick mea-
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surements were performed on a set of six used
sticks; however, it would be interesting to extend
this set by including some new high-performance
sticks. These sticks can broaden the range of
measured properties, which improves the identifi-
cation of the stick properties. Secondly, for future
measurements with the Proprio, it is advised to
use a logarithmic disturbance, since the signal-to-
noise ratio is low for stiff sticks at high frequency.

Lastly, the design has some limits to take into
account. The design thus far has only been devel-
oped based on drawings and calculations. For the
next steps, it is important to develop prototypes
and test the design. Another important develop-
ment of the design is the manufacturability of the
mechanism inside the stick. Since available infor-
mation on the manufacturing process is scarce, it
may be interesting to get in contact with manufac-
turers and discuss possibilities.

6.2. Limitations

This project includes some limitations, which
should be taken into account when interpreting the
conclusions drawn from this research.

First of all, due to the timing of the project, the
stick performance experiments measuring striking
distance (Chapter 3 - EXP2), were performed in
January. Therefore, the temperature was very low
and the field was frozen when the experiments
were performed. The temperature could have in-
fluenced the stick properties and the ball distance
after the hit; and the temperature slightly increased
over the measurements. It is advised to redo the
measurements when the temperature is more con-
stant and around 20 degrees Celsius. Addition-
ally, it is advised to do more trials per stick, to ob-
tain better measurement results. Moreover, the
measurement setup can be improved by making
it stiffer to reduce noise in the measurements.

In addition, limitations are shown in the analy-
sis of the stiffness and damping properties of the
stick. Firstly, for the measurements performed on
the influence of the stiffness and damping prop-
erties on stick performance (Chapter 3 - EXP2.1),
only the influence of the combination of stiffness
and damping could be measured. It would be in-
teresting to do measurements where only the stiff-
ness is increased and where only the damping is
increased. However, since these are predefined
stick properties, is was not possible to perform
these measurements. Therefore, the influence of
these properties was simulated by mathematical
models; however, the mass-spring-damper sys-
tems did not show valid results and the influence of
the stiffness and damping is modelled by the coef-

ficient of restitution. Consequently, the influence
of the separate stiffness and damping properties
could not be properly analysed. Moreover, the
COR only shows a rough estimation of the influ-
ence of stiffness and damping; however, the real
dynamics of the stick stiffness and damping are
not included in the model. It would be interesting
to further develop the model, where the stiffness
and damping properties are represented more ac-
curately.

The proposed design is still very simplified and
should be developed further. First of all, it should
become more detailed by defining materials, di-
mensions and masses of the parts. As all parts
need to be lightweight, robust, small and no metal
can be used, a more extensive material research
is needed in order to find the optimal materials for
the weights and the spring-damper system. More-
over, the mass of the added weights is based on
the masses of the set of measured sticks, but a fur-
ther analysis by testing and modelling is needed
to find the optimal mass of the weights. Lastly,
simplifications should be taken out of the design;
for example, friction between the weights and the
stick shell are not taken into account, which will
have an important role in the movement of the
weights and thereby the improvement on stick per-
formance.



The objective of this project was fo identify the
properties that influence stick performance and to
design a field hockey stick with adaptable proper-
ties to improve stick performance, where perfor-
mance is defined as the ability of the stick to de-
velop a high ball velocity when hitting a ball, and
to provide proper control when stopping the ball.

Literature on field hockey sticks is scarce; there-
fore, a literature research into similar hand-held
sports equipment is performed. Hereby, stiffness,
damping and mass were identified as interesting
properties; these properties are present locally, at
the impact location, and over the full stick length,
as bending properties originating from the moment
due to the force at impact location. To be able to
classify the sticks based on these properties, mea-
surements were required to obtain numerical val-
ues of the bending stiffness and damping proper-
ties of a set of six sticks. These measurements
were performed using the Proprio, which applies
a disturbance force and measures the displace-
ment.

Measurements with the six sticks and simula-
tions with a mathematical model showed the influ-
ence of the total mass, effective mass and bending
stiffness and damping properties on the stick per-
formance. It could be concluded that the mass,
mainly the centre of mass location, has the biggest
influence; and that the desired properties are op-
posite for striking power and stopping control.

This showed the opportunity for an adaptive
stick design, for which the stick properties change
between striking and stopping a ball. Concluding
from a design process, a stick with an adaptive
effective mass is proposed. This stick contains
a mechanism that reacts to angular acceleration
when the striking a ball; the resulting centrifugal
force acts on two weights inside the stick. These
weights can move over the length of the stick and
will move toward the stick head when striking. This
increases the effective stick mass by lowering the
centre of mass location. When the angular accel-
eration decreases to zero again, the weights re-

Conclusion

turn to their original position by a spring-damper
system. An increase of 7% in ball velocity after
hitting the ball is expected, compared to the origi-
nal effective mass.

The design requires further development, the
next steps should include a prototyping phase in
which the design develops and becomes more
specified. It is also important to take into account
the player, as this report only focusses on the
stick. In addition, a broader research into other
stick properties may result in interesting insights.

To conclude, this report shows interesting infor-
mation on the stiffness, damping and mass prop-
erties of field hockey sticks, obtained by several
measurements and a mathematical model. This
research is used to develop an adaptive stick de-
sign improving stick performance; this is proven
theoretically, and now needs to be further devel-
oped and tested to show measurable improve-
ments. Such an adaptive stick could encourage
inexperienced adults to start playing hockey; par-
ticipating in a team sport is beneficial for their men-
tal health and overall well-being.
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Proprio data processing

MatLab is used to process the raw data of the
measurements, the entire code can be found in
Appendix B.2, this code is based on the available
codes of the Proprio. The code first averages the
data of the eight trials; this data is used to obtain
the transfer functions of the combined system, the
manipulator and the stick. The first step is taking
the Fourier transform of the data as follows:

W = fft(w)
W=W(2:N/2+1)

(A1)
(A.2)

The same is done for F, X, and Z. Where w, f,
x and z are the disturbance force, reaction force,
displacement and difference between the distur-
bance and reaction force signals, respectively. N
equals 216, which is equal to one repetition of a
full multisine signal. W takes the Fourier trans-
form of the signal and thereby translates the sig-
nal to the frequency domain. Only the frequencies
within the Nyquist frequency are taken to be further
analysed. The signals are multiplied by the conju-
gate of the input signal W, this is done to minimise
errors by normalising it around the errorless input
signal.

Guw = conj(W)W (A.3)
Gyi = conj(W)F (A.4)
Gy = conj(W)X (A.5)
Gz = conj(W)Z (A.6)

Gy = conj(X)X (A.7)

These signals are averaged over a number of
bands to minimise noise, which gives mG,,,, mG,
mGyy, MGy, and mGy,. The number of bands in-
creases from four for the low frequencies to 64 for
the high frequencies; because the transfer func-
tions are plotted over a logarithmic scale, and
therefore the high frequencies have more mea-
surement points than the low frequencies. These
averaged signals are taken to calculate the final

transfer functions and coherence.

—MGyy.
Hgtick = mGV::X (A-8)
mGyy.
Hmanipulator = WWX (A.9)
wz
MmGyy.
Hobined = W\x; (A.10)
|mG\%vx|
Coh = — A.11
oherence T ( )

The gain, phase and coherence plot of each stick
are shown in Figures A.1 to A.6.

To determine the numerical values for the stiff-
ness, damping and mass of the hockey sticks, a
linear-mass-spring-damper model is fit to the mea-
sured data. This is done by minimizing an error
function as described in Chapter 3.
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Figure A.2: Gain, phase and coherence plot of stick 2FC
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Figure A.3: Gain, phase and coherence plot of stick 3FC
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Figure A.5: Gain, phase and coherence plot of stick 5IW
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MatLab and Python codes

B.1. Introduction

This appendix includes the codes used to process
measurement data (B.2 - measurements of the
stiffness and damping properties by using the Pro-
prio) and to obtain modelling results (B.3 - calcula-
tions of the triple mass-spring-damper model, B.4
- calculations of the double mass-spring-damper
model, B.5 - calculations of the collision model and
B.6 - calculations of the design results). Both Mat-
Lab (B.2) and Python (B.3 - B.6) are used.

B.2. Proprio measurements
(EXP1)

This code is based on the available codes of the

Proprio.
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18-2-25 11:47 C:\Users\mover\Documen...\ProcessData.m 1 of 6

clear all;

clc;

TestNumber = 'Test2'; %$Test, Test2

StickNumber = 'Stickl'; %Stickl, Stick2, Stick3, Stick4, Stick5, Sticko6
$%%%SMEASURED DATAS$%%%

%$Analyses the data and plots the results
set (0, 'DefaultlLinelLineWidth', 2)
N=2716; % 1 repitition of the full MS signal

FileA = sprintf('C:¥

\\Users\\mover\\Documents\\Master\\Y3\\MasterThesis\\2 Measuring\\Analysis\\Data An¥
alysis\\%s\\%s\\b0kOa', TestNumber, StickNumber);

FileB = sprintf('C:«

\\Users\\mover\\Documents\\Master\\Y3\\MasterThesis\\2 Measuring\\Analysis\\Data An ¥
alysis\\%s\\%s\\bOkOb', TestNumber, StickNumber);

FileC = sprintf('C:¥

\\Users\\mover\\Documents\\Master\\Y3\\MasterThesis\\2 Measuring\\Analysis\\Data An¥
alysis\\%s\\%s\\b0kOc', TestNumber, StickNumber);

FileD = sprintf('C:¥

\\Users\\mover\\Documents\\Master\\Y3\\MasterThesis\\2 Measuring\\Analysis\\Data An ¥
alysis\\%s\\%s\\b0k0d', TestNumber, StickNumber);

FileE = sprintf('C:¥

\\Users\\mover\\Documents\\Master\\Y3\\MasterThesis\\2 Measuring\\Analysis\\Data An¥
alysis\\%s\\%s\\b0kOe', TestNumber, StickNumber);

FileF = sprintf('C:¥

\\Users\\mover\\Documents\\Master\\Y3\\MasterThesis\\2 Measuring\\Analysis\\Data An ¥
alysis\\%s\\%s\\bOkOf', TestNumber, StickNumber);

FileG = sprintf('C:«

\\Users\\mover\\Documents\\Master\\Y3\\MasterThesis\\2 Measuring\\Analysis\\Data An¥
alysis\\%s\\%s\\b0OkOg', TestNumber, StickNumber);

FileH = sprintf('C:¥

\\Users\\mover\\Documents\\Master\\Y3\\MasterThesis\\2 Measuring\\Analysis\\Data An¥
alysis\\%s\\%s\\b0k0Oh', TestNumber, StickNumber) ;

data a = load(FileA);
data b = load(FileB);
data ¢ = load(FileC
data d = load(FileD
data e = load(FileE
data f = load(FileF
data g = load(FileG
data h load (FileH

’

’

’

’

’

’

’

)
)
)
)
)
)
)
)

data = load('C: ¥
\Users\mover\Documents\Master\Y3\MasterThesis\2 Measuring\Analysis\Data Analysis\te ¥
st freq negabs');
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time = data.t;

% Gemiddelde over de 4 trials
mean w = mean([data a.w, data b.w, data c.w, data d.w, data e.w, data f.w, data g. ¥

w, data h.w], 2); % Averaging rows
mean fc = mean([data_a.fc, data b.fc, data c.fc, data d.fc, data e.fc, data f.fc, ¥
data g.fc, data h.fc], 2); % Averaging rows

mean x = mean([data a.x, data b.x, data c.x, data d.x, data e.x, data f.x, data g. ¥
x, data h.x], 2); % Averaging rows

Taking 1 full MS period
Created signal is: w=[zeros (20,1);xtmp;xtmp (l: (Ntot-N-40));zeros(20,1)];
--> we only want the xtmp part, so 20*8 to 20*8 + N
mean w = mean w(160:160+N);
mean fc = mean fc(160:160+N);
mean x = mean x(160:160+N);

o0 o o°

matrix = [mean w, mean fc, mean x];

$t=matrix(1l,:)"';
w=matrix(:,

Il

1)
fc=matrix(:,2);
Xx=matrix(:,3)
z=w+fc;
clear matrix

% The signal looks like a white noise, so a window is added
% When the signal behaves like a proper multisine, this is not needed anymore
N window = length(w);

Q

window = hann(N window); % ones(1l,N window)'

Q

% Optionally: normalise around 0, to avoid a power at OHz (currently the fitw¥
becomes worse by doing this)

$ w = w - mean(w);

% fc = fc - mean(fc);

$ X = x — mean (x);

% z = z - mean(z);

W=fft (w.*window) ; W=W(2:N/2+1);
F=fft (fc.*window); F=F(2:N/2+1);
X=fft (x.*window) ; X=X (2:N/2+1) ;
Zz=fft (z.*window) ; 7=7(2:N/2+1) ;
Gww=conj (W) . *W;

Gwf=conj (W) . *F;

(W)

(W)
Gwx=con7j (W) . *X;

(W)

(X)

Gwz=conj (W) .*Z;

Gxx=conj (X) . *X;

clear W X F Z
fr=(1:(N/2))/(N/2)*2500;

% NrBands=16;
% tem=zeros (NrBands,N/2/NrBands) ;
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tem
tem

tem
tem

d° o O P o o° o° o°

%$Increasing the number of bands for higher frequencies

Groupl
Group?2
Group3

Group4
Groupb

(
(
tem(:
(
(

tem(:

=GxXxX;

1:12;
13:108;

109:1004;

mfr=mean (tem)."';

mGww=mean (tem
mGwf=mean (te

’

)

( )
mGwx=mean (tem) .

mGwz=mean (tem)

)

mGxx=mean (tem

$clear fr Gww Gwf Gwx Gwz Gxx
mn=find (mGww (1:800)>0.05*mean (mGww (1:800))) ;

1005:10028;
10029:32684;

NrBandsl=4;
NrBands2=8;
NrBands3=16;
NrBands4=32;
NrBands5=64;

N1l= 2*length(fr (Groupl));

tem=zeros (NrBandsl,N1/2/NrBandsl) ;
=fr
=Gw

)
)
1)
)
)

2)

=Gw

=Gw
=Gw
=Gx

(Groupl) ;

w (Groupl

f (Groupl
x (Groupl
z (Groupl
x (Groupl

)
)
) .
)
)

’
’
’
’

’

mfrl=mean (tem) .

mGwwl=mean (tem

mGwfl=mean (te

(
mGwxl=mean (t
mGwzl=mean (te
(

mGxxl=mean

N2= 2*length (fr (Group2));
tem=zeros (NrBands2,N2/2/NrBands2) ;
=fr

tem
tem
tem
tem
tem

(
(
(:
(
(
(

tem

)

)

)
)=
)

)

(Group2) ;

mfr2=mean (tem) .

m

m

tem

mGww2=mean (tem

mGwf2=mean (te

mGwx2=mean

mGwz2=mean (te

(
(
(
(

mGxx2=mean

N3= 2*length (fr (Group3));

tem=zeros (NrBands3,N3/2/NrBands3) ;
=fr
=Gw

tem
tem

tem
tem

(
(
tem (:
(
(

tem (

)
)
:)
)
)

)

Gw
Gw
Gw
Gx

(Group3) ;

w (Group3
Group3
Group3
Group3

f
X
z
X (Group3

(
(
(
(

)
)
) .
)
)

’
’
’
’

’

mfr3=mean (tem) .

m

m

)
) .
tem) .
)
)

tem

mGww3=mean (tem

mGwf3=mean (te

mGwx3=mean

mGwz3=mean (te

mGxx3=mean

(
(
(
(

N4= 2*length (fr (Group4));

tem=zeros (NrBands4,N4/2/NrBands4) ;
=fr
=Gww (Group4) ;

tem(:
tem (:

)
)

(Group4) ;

mfrd=mean (tem) .

m

m

tem

)

) .
tem) .

)

)

)

) .
em) .

)

)

LI

L

mGwwd=mean (tem) .
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tem(:)=Gwf (Group4d) ; mGwf4d=mean (tem) ."';
tem(:)=Gwx (Group4) ; mGwx4=mean (tem) ."';
tem(:)=Gwz (Group4) ; mGwz4=mean (tem) ."';
tem(:)=Gxx (Group4d) ; mGxx4=mean (tem) ."';
N5= 2*length (fr (Groupb))

tem=zeros (NrBands5,N5/2/NrBandsb5) ;
tem(:)=fr (Groupd) ; mfr5=mean (tem) ."';
tem(:)=Gww (Groupb) ; mGwwb=mean (tem) ."';
tem(:)=Gwf (Groupbd) ; mGwf5=mean (tem) ."';
tem(:)=Gwx (Groupb) ; mGwx5b=mean (tem) ."';
tem(:)=Gwz (Groupbd) ; mGwz5=mean (tem) ."';
tem(:)=Gxx (Groupbd) ; mGxx5=mean (tem) ."';

clear fr Gww Gwf Gwx Gwz GxXx

clear Groupl Group2 Group3 Group4 Groupb

clear N1 N2 N3 N4 N5

clear NrBandsl NrBands2 NrBands3 NrBands4 NrBandsb

mfr = [mfrl; mfr2; mfr3; mfr4; mfr5];

mGww = [mGwwl; mGww2; mGww3; mGwwd; mGwwb];
mGwf = [mGwfl; mGwf2; mGwf3; mGwfd; mGwf5];
mGwx = [mGwxl; mGwx2; mGwx3; mGwx4; mGwx5];
mGwz = [mGwzl; mGwz2; mGwz3; mGwz4; mGwz5];
mGxx = [mGxx1l; mGxx2; mGxx3; mGxx4; mGxx5];

clear mfrl mfr2 mfr3 mfr4d mfr5

clear mGwwl mGww2 mGww3 mGwwd mGwwb
clear mGwfl mGwf2 mGwf3 mGwfd mGwf5
clear mGwxl mGwx2 mGwx3 mGwx4d mGwx5
clear mGwzl mGwz2 mGwz3 mGwz4d mGwz5
clear mGxxl mGxx2 mGxx3 mGxx4d mGxx5

clear Gww Gwf Gwx Gwz GxX
mn=find (mGww (1:355)>0.05*mean (mGww (1:355)));

Hstick=-mGwx./mGwf;
Hmanip=mGwx./mGwz;
Htot=mGwx./mGww;
Cohwx=abs (mGwx."2) ./ (mGww.*mGxx) ;

%$Save figures and values in general folder

foldername = fullfile('Processed Data', TestNumber) ;
filename 1 = 'Bode 1°';

filename 2 = 'Bode 2';

filename 3 = 'Fit';

filename 4 = 'p sol';

figure (1)

set (1, '"Position', [20 60 1450 300]);

subplot (131),loglog (mfr (mn),abs (Hstick(mn))), hold on

axis([0.5 100 1le-5 1le-2]), ylabel('Gain [m/N]','FontSize',13)

title('Stick', 'FontSize',13)

subplot (132),semilogx (mfr (mn) ,unwrap (angle (Hstick (mn)))*180/pi), hold on %unwrap¥
(angle (Hstick(mn))) can give a strange output
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axis([0.5 100 -200 200]), set(gca, 'YTick',[-180 -90 0]), ylabel('Phasev
[\circ]', 'FontSize',13)

xlabel ('Frequency [Hz]', 'FontSize',13)

subplot (133),semilogx (mfr (mn),Cohwx (mn)), hold on

axis([0.5 100 0 1]), ylabel('Coherence [-]','FontSize',b13)

xlabel ('Frequency [Hz]', 'FontSize',13)

orient landscape

$saveas (figure (1), fullfile(foldername, [StickNumber, ' ', filename 1, '.Jpg'])):;

figure (2)

set (2, 'Position', [20 60 1200 7001]);

subplot (331),loglog (mfr (mn) ,abs (Hstick(mn))), hold on

axis([0.5 100 1le-5 1le-2]), ylabel('Gain [m/N]','FontSize',13)
title('Stick', '"FontSize',13)

subplot (334),semilogx (mfr (mn) ,unwrap (angle (Hstick (mn)))*180/pi), hold on %unwrap¥
(angle (Hstick (mn)))

axis([0.5 100 -200 200]), set(gca, 'YTick',[-180 -90 0]), ylabel('Phasev
[\circ]', 'FontSize',13)

xlabel ('Frequency [Hz]', 'FontSize',13)

subplot (332),1loglog (mfr (mn) , abs (Hmanip (mn))), hold on

axis ([0.5 100 le-5 1le-2])

title('Manipulator', 'FontSize', 13)

subplot (335),semilogx (mfr (mn), (angle (Hmanip (mn)))*180/pi), hold on

axis ([0.5 100 -200 200]), set(gca, 'YTick',[-180 -90 01)

xlabel ('Frequency [Hz]', 'FontSize',13)

subplot (333),loglog (mfr (mn),abs (Htot (mn))), hold on

axis ([0.5 100 le-5 1le-2])

title('Combined', '"FontSize',13)

subplot (336),semilogx (mfr (mn) ,unwrap (angle (Htot (mn))) *180/p1i)

hold on, axis([0.5 100 -200 200]), set(gca, 'YTick', [-180 -90 0])

subplot (339),semilogx (mfr (mn) ,Cohwx (mn)), hold on

axis ([0.5 100 0 1]), ylabel('Coherence [-]','FontSize',13)

xlabel ('Frequency [Hz]', 'FontSize',13)

orient landscape

$saveas (figure (2), fullfile(foldername, [StickNumber, ' ', filename 2, '.Jpg'])):;

p = [mbk].";

m, mass [N*s"2/m]
b, damping [N*s/m]
k, stiffness [N/m]

o0 o° o° o

Hstick mn= Hstick (mn);
mfr mn = mfr (mn);
Cohwx mn = Cohwx (mn) ;

% Initial values for the optimisation
p_start = [1,10,1500];
p min = [0,0,500];
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p max = [5,50,6000];

Soptimize

options=optimset ('Display', "iter', '"MaxIter',1000, 'TolFun',1le-10, 'DiffMinChange', le-¥
15, 'TolX', 1le-10, 'maxfuneval', 10000); %Extra specifications for¥
lsgnonlin

[psol, ~, e, ~, ~, ~, Jl=lsgnonlin('Error mod MCK',p start,p min,p max,options, ¥
Hstick mn,mfr mn,Cohwx mn); $Performs the data fir

[error, H fit] = Error mod MCK(psol, Hstick mn, mfr mn, Cohwx mn);

Manual fitting

$m= 0.0268;

% c = 2.6383;

$ k = 2378.9;

% s=2*pi*lj*mfr mn;

% s2=-(4*pi”~2*mfr mn."2); $ = s.72 !
% H manfit = 1./ (m*s2+c.*s+k);

% psol manfit = [m, c, k];

figure (3)

set (3, '"Position', [20 60 1200 7001]);

loglog (mfr mn, abs(Hstick mn)); hold on;

loglog (mfr mn, abs(H fit));

$loglog (mfr mn, abs(H manfit));

axis([0.5 100 1le-5 1le-2]), ylabel('Gain [m/N]','FontSize',13), xlabel ('Frequency¥
[Hz]', '"FontSize',13)

title('Stick', 'FontSize',13)

orient landscape

%$saveas (figure(3), fullfile(foldername, [StickNumber, ' ', filename 3, '.Jjpg']));
$saveas (figure (3), fullfile(foldername, [StickNumber, ' ', filename 3, ' manfit',6 ¥
'.Jpg'l))

display (psol)

$mean (error)

%$save (fullfile (foldername, [StickNumber, ' ', filename 4]), 'psol');
$save (fullfile (foldername, [StickNumber, ' ', filename 4, ' manfit']), ¢
'psol manfit');
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function [e, Hest] = Error mod MCK(p, frf, fvec, coh)
M = p(l);
C=p(2);
K =p(@3);

s=2*pi*lj*fvec;

s2=-(4*pin2*fvec."2); $ = s."2
Hest= 1./ (M*s2+C.*s+K) ;
e = abs(log(frf./Hest)); %%a

o° o\

e = sqgrt(coh./ (1+fvec)) .*abs (log(frf./Hest)); %%b
e = sqrt(l./fvec).*abs (log(frf./Hest)); %%c

end
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Setup
The motion of the human-stick-ball model is simulated as a triple mass spring damper model with 3 DOF, and is described by 3 equations of motion.

from scipy.integrate import odeint

from pylab import figure, plot, xlabel, ylabel, grid, legend, title
from matplotlib.font_manager import FontProperties

import numpy as np

import matplotlib.pyplot as plt

Parameters and initial conditions

Defined for 6 conditions, being combinatations of one of the following two actions:

= stopping the ball

~

= striking the ball

And one of the following three player + stick combinations:
_a = experienced player + advanced stick

_b = inexperienced player + advanced stick

_c = inexperienced player + beginner stick

###Defining values
## Parameter values
# Masses:
mass_human = 74
mass_stick = ©.537
mass_ball = 0.16

m_human = ©.5*mass_human
m_stick = mass_stick + 2*(0.03+6.0018)*mass_human
m_ball = mass_ball

## Initial conditions

# Positions

X_human_0 = 0

x_stick_0 = @

x_ball @ = 0@

# Velocities - condition 1 = stopping
dx_human_0_1 = 0.0

dx_stick_0_1 = 0.0

dx_ball 0_1 = -22.22

# Velocities - condition 2 = striking
dx_human_@_2 = 22.22

dx_stick_0_2 = 22.22

dx_ball 0 2 = 0.0

#Constants - condition 1 = stopping
# Spring constants

k_human_1a = 1083.09

k_human_1b = 495.77

k_human_1c = 495.77

k_wrist_la = 116.12
k_wrist_1b = 13.93
k_wrist_1c = 13.93

k_stick_la = 3000
k_stick_1b = 3600
k_stick_1c = 1400

# Damper constants
c_human_1a = 54.15
c_human_1b = 24.79
c_human_1c = 24.79

c_wrist_la = 2.32
c_wrist_1b = 0.14
c_wrist_lc = 0.14

c_stick_la = 0.5
c_stick_1b = 0.5
c_stick_1c

#Constants - condition 2 = striking
# Spring constants
k_human_2a = 495.77
k_human_2b = 495.77
k_human_2c = 495.77

k_wrist_2a
k_wrist_2b = 13.93
k_wrist_2c = 13.93

k_stick_2a = 3000
k_stick_2b = 3600
k_stick_2c = 1400

# Damper constants
c_human_2a = 24.79
c_human_2b = 24.79
c_human_2c = 24.79

c_wrist_2a = 0.14
c_wrist_2b = 0.14
c_wrist_2c = 0.14

c_stick_2a = 0.5
c_stick_2b = 0.5
c_stick_2c =

|
~
~

#Defining the equations of motion
def eom(q, t, p):

q : generalised coordinates + derivatives:
q = [x_human, x_stick, x_ball, dx_human, dx_stick, dx_ball]



t : time
p : parameters:
p = [m_huamn, m_stick, m_ball, c_human, c_wrist, c_stick, k_human, k_wrist, k_stick]"""
x_human, x_stick, x_ball, dx_human, dx_stick, dx_ball = q
m_human, m_stick, m_ball, c_human, c_wrist, c_stick, k_human, k_wrist, k_stick = p

# Define f = (x_human', x_stick’, x_ball', dx_human', dx_stick', dx_ball'):

f = [dx_human,

dx_stick,

dx_ball,

(- c_human * dx_human - k_human * x_human + c_wrist * (dx_stick - dx_human) + k_wrist * (x_stick - x_human)) / m_human,

(- c_wrist * (dx_stick - dx_human) - k_wrist * (x_stick - x_human) + c_stick * (dx_ball - dx_stick) + k_stick * (x_ball - x_stick)) / m_stick,
(- c_stick * (dx_ball - dx_stick) - k_stick * (x_ball - x_stick)) / m_ball]

return f

Motion in time

Defined for the 6 defined conditions
By using odeint

#Solve the ODE / EOM

# ODE solver parameters
abserr = 1.0e-8

relerr = 1.0e-6
stoptime = 0.03
numpoints = 250

# Time samples for the output of the ODE solver
t = [stoptime * float(i) / (numpoints - 1) for i in range(numpoints)]

# Parameters and initial conditions:

# Stopping

params_1 = [
[m_human, m_stick, m_ball, c_human_1la, c_wrist_la, c_stick_la, k_human_la, k_wrist_la, k_stick_1a]
[m_human, m_stick, m_ball, c_human_1b, c_wrist_1b, c_stick_1b, k_human_1b, k_wrist_1b, k_stick_1b],
[m_human, m_stick, m_ball, c_human_1c, c_wrist_1c, c_stick_1c, k_human_1c, k_wrist_1c, k_stick_1c]

]
q@_1 = [x_human_8, x_stick_8, x_ball_@, dx_human_@_1, dx_stick_6_1, dx_ball 0_1]

#Striking

params_2 = [
[m_human, m_stick, m_ball, c_human_2a, c_wrist_2a, c_stick_2a, k_human_2a, k_wrist_2a, k_stick_2a],
[m_human, m_stick, m_ball, c_human_2b, c_wrist_2b, c_stick_2b, k_human_2b, k_wrist_2b, k_stick_2b],
[m_human, m_stick, m_ball, c_human_2c, c_wrist_2c, c_stick_2c, k_human_2c, k_wrist_2c, k_stick_2c],

1
q0_2 = [x_human_0, x_stick_@, x_ball_@, dx_human_0_2, dx_stick_©_2, dx_ball @_2

#Results from solving the EOM
#Stopping

X_human_1 = []

x_stick_1
x_ball 1 =[]

for p_1 in params_1:
result = odeint(eom, q0_1, t, args=(p_1,), atol=abserr, rtol=relerr)
x_human_1.append(result[:, 0])
x_stick_1.append(result[:, 1])
x_ball_1.append(result[:, 2])

#Striking

x_human_2 = []
x_stick_2 = []
x_ball 2 = []

for p_2 in params_2:
result = odeint(eom, q0_2, t, args=(p_2,), atol=abserr, rtol=relerr)
x_human_2.append(result[:, 0])
x_stick_2.append(result[:, 1])
x_ball_2.append(result[:, 2])

Plotting the displacement over time

#Plot

#Stopping the ball, for the 3 defined conditions

figure(1, figsize=(6, 4.5))

xlabel('t (s)')

ylabel('Displacement (m)')

plot(t, x_human_1[@], 'b', linestyle='--', label = 'Experienced + adv stick')
plot(t, x_human_1[1], 'g', linestyle: , label = 'Beginner + adv stick')
plot(t, x_human_1[2], 'gold', linestyle=':', label = 'Beginner + beginner stick")
title('Displacement of the human when stopping the ball')

legend()

figure(2, figsize=(6, 4.5))
xlabel('t (s)')
ylabel('Displacement (m)')
plot(t, x_stick_1[e], 'b',
plot(t, x_stick_1[1], 'g', = 'Beginner + adv stick')
plot(t, x_stick_1[2], 'gold', linestyle=':', label = 'Beginner + beginner stick")
title('Displacement of the stick when stopping the ball')

legend()

= '"Experienced + adv stick')

figure(3, figsize=(6, 4.5))
xlabel('t (s)')

ylabel('Displacement (m)')

plot(t, x_ball_1[@], 'b', linestyle=
plot(t, x_ball_1[1], 'g', linestyle='-.', label = 'Beginner + adv stick')
plot(t, x_ball_1[2], 'gold’, linestyle=':', label = 'Beginner + beginner stick')
title('Displacement of the ball when stopping the ball')

legend()

, label = 'Experienced + adv stick')

#Striking the ball, for the 3 defined conditions

figure(4, figsize=(6, 4.5))

xlabel('t (s)')

ylabel('Displacement (m)')

plot(t, x_human_2[@], 'b', linestyle='--', label = 'Experienced + adv stick')
plot(t, x_human_2[1], 'g', linestyle: , label = 'Beginner + adv stick')
plot(t, x_human_2[2], 'gold', linestyle=":', label = 'Beginner + beginner stick')
title("Displacement of the human when striking the ball")

legend()

figure(5, figsize=(6, 4.5))



xlabel('t (s)')

ylabel('Displacement (m)')

plot(t, x_stick_2[@], 'b', linestyle: ', label = 'Experienced + adv stick')
plot(t, x_stick_2[1], 'g', linestyle='-.', label = 'Beginner + adv stick')
plot(t, x_stick_2[2], 'gold', linestyle=':', label = 'Beginner + beginner stick")
title("Displacement of the stick when striking the ball")

legend()

figure(6, figsize=(6, 4.5))

xlabel('t (s)')

ylabel('Displacement (m)')

plot(t, x_ball_2[@], 'b', linestyle='--', label = 'Experienced + adv stick®
plot(t, x_ball_2[1], 'g', linestyle='-.', label = 'Beginner + adv stick')
plot(t, x_ball_2[2], 'gold', linestyle=':', label = 'Beginner + beginner stick')
title("Displacement of the ball when striking the ball")

legend()

<matplotlib.legend.Legend at @x1b386ed3c20>
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B.4. Double mass-spring-damper model



Setup

The motion of the human-stick-ball model is simulated as a double mass spring damper model with 2 DOF, and is described by 2 equations of motion.

from scipy.integrate import odeint

from pylab import figure, plot, xlabel, ylabel, grid, legend, title
from matplotlib.font_manager import FontProperties

import numpy as np

import matplotlib.pyplot as plt

Parameters and initial conditions

Defined for 6 conditions, being combinatations of one of the following two actions:
1 = stopping the ball

2 = striking the ball

And one of the following three player + stick combinations:

_a = experienced player + advanced stick

_b = inexperienced player + advanced stick

_c = inexperienced player + beginner stick

#Defining values
# Parameter values
# Masses:
mass_human = 74
mass_stick = 0.537
mass_ball = 0.16

m_human = ©.5*mass_human + ©.5*mass_stick + 2*(0.03+0.0018)*mass_human
m_ball = mass_ball + 0.5*mass_stick

## Initial conditions

# Positions

x_human_0 = @

x_ball @ = 0

# Velocities - condition 1 = stopping
dx_human_6_1 = 0.0

dx_ball_@_1 = -22.22

# Velocities - condition 2 = striking
dx_human_0_2 = 22.22

dx_ball ©_2 = 0.0

### Constants - condition 1 = stopping

## Spring constants

# Human stiffness (higher stiffness: higher frequency of displacement)
k_human_la = 1083.09

k_human_1b = 495.77

k_human_1c = 495.77

# Stick stiffness (higher stiffness: smaller amplitude of oscillations)
k_stick_la = 3000
k_stick_1b = 3000
k_stick_lc = 1400

## Damper constants
# Human damping (Higher damping: smaller amplitude of displacement)
c_human_1la = 54.15
c_human_1b = 24.79
c_human_1c = 24.79

# Stick damping (higher damping: faster reduction of oscillations)
c_stick_1a = 0.
c_stick_1b = 0.
c_stick_lc = 2.

N v own

### Constants - condition 2 = striking

# Spring constants

# Human stiffness (higher stiffness: higher frequency of displacement)
k_human_2a = 495.77

k_human_2b = 495.77

k_human_2c = 495.77

# Stick stiffness (higher stiffness: smaller amplitude of oscillations)
k_stick_2a = 3000
k_stick_2b = 3000
k_stick_2c = 1400

# Damper constants
# Human damping (Higher damping: smaller amplitude of displacement)
c_human_2a = 24.79
c_human_2b = 24.79
c_human_2c = 24.79

# Stick damping (higher damping: faster reduction of oscillations)
c_stick_2a = 0.5



c_stick_2b = 0.5
c_stick_2c = 2.7

#Defining the equations of motion

def eom(q, t, p):

q : generalised coordinates + derivatives:
q = [x_human, x_ball, dx_human, dx_ball]

t : time

p : parameters:

p = [m_human, m_ball, c_human, c_stick, k_human, k_stick]
X_human, x_ball, dx_human, dx_ball = q
m_human, m_ball, c_human, c_stick, k_human, k_stick = p

# Define f = (x_human', x_ball', dx_human', dx_ball"):
f = [dx_human,

dx_ball,
(- c_human * dx_human - k_human * x_human + c_stick * (dx_ball - dx_human) + k_stick * (x_ball - x_human)) / m_human,
(- c_stick * (dx_ball - dx_human) - k_stick * (x_ball - x_human)) / m_ball]

return f

Motion in time

Defined for the 6 defined conditions
By using odeint

#Solve the ODE / EOM

# ODE solver parameters
abserr = 1.0e-8

relerr = 1.0e-6
stoptime = 0.04
numpoints = 250

# Time samples for the output of the ODE solver.
t = [stoptime * float(i) / (numpoints - 1) for i in range(numpoints)]

# Parameters and initial conditions:

#Stopping

params_1 = [
[m_human, m_ball, c_human_la, c_stick_1a, k_human_1la, k_stick_1la],
[m_human, m_ball, c_human_1b, c_stick_1b, k_human_1b, k_stick_1b],
[m_human, m_ball, c_human_1c, c_stick_1c, k_human_1c, k_stick_1c],

]

q0_1 = [x_human_0, x_ball_0, dx_human_0_1, dx_ball _0_1]

#Striking

params_2 = [
[m_human, m_ball, c_human_2a, c_stick_2a, k_human_2a, k_stick_2a],
[m_human, m_ball, c_human_2b, c_stick_2b, k_human_2b, k_stick_2b],
[m_human, m_ball, c_human_2c, c_stick_2c, k_human_2c, k_stick_2c],

]
q0_2 = [x_human_0, x_ball_©, dx_human_0_2, dx_ball_0_2]

#Results from solving the EOM

#Stopping
x_human_1 = []
x_ball_ 1 = []

for p_1 in params_1:
result = odeint(eom, q@_1, t, args=(p_1,), atol=abserr, rtol=relerr)
X_human_1.append(result[:, @])
x_ball_1.append(result[:, 1])

#striking
x_human_2 = []
x_ball_2 = []

for p_2 in params_2:
result = odeint(eom, q@_2, t, args=(p_2,), atol=abserr, rtol=relerr)
X_human_2.append(result[:, @])
x_ball_2.append(result[:, 1])

Plotting the displacement over time

#Plot

#Stopping the ball, for the 3 defined conditions

figure(1, figsize=(6, 4.5))

xlabel('t (s)')

ylabel('Displacement (m)"')

plot(t, x_human_1[@], 'b', linestyle='--', label = 'Experienced + adv stick')
plot(t, x_human_1[1], 'g', linestyle='-.', label = 'Beginner + adv stick')
plot(t, x_human_1[2], 'gold', linestyle=':', label = 'Beginner + beginner stick')
title('Displacement of the human when stopping the ball')

legend()

figure(2, figsize=(6, 4.5))

xlabel('t (s)')

ylabel('Displacement (m)")

plot(t, x_ball_1[@], 'b', linestyle: ', label = 'Experienced + adv stick')
plot(t, x_ball_1[1], 'g', linestyle: ', label = 'Beginner + adv stick')
plot(t, x_ball_1[2], 'gold', linestyle=':', label = 'Beginner + beginner stick"')
title('Displacement of the ball when stopping the ball')




legend()

#Striking the ball, for the 3 defined conditions
figure(3, figsize=(6, 4.5))

xlabel('t (s)')

ylabel('Displacement (m)"')

plot(t, x_human_2[0], 'b', linestyle="'

--', label = 'Experienced + adv stick')

plot(t, x_human_2[1], 'g', linestyle='-.', label = 'Beginner + adv stick')

plot(t, x_human_2[2], 'gold', linestyle=':', label = 'Beginner + beginner stick')

title("Displacement of the human when striking the ball")
legend()

figure(4, figsize=(6, 4.5))

xlabel('t (s)")

ylabel('Displacement (m)")

plot(t, x_ball_2[@], 'b', linestyle='--', label = 'Experienced + adv stick"')
plot(t, x_ball_2[1], 'g', linestyle='-.', label = 'Beginner + adv stick')

plot(t, x_ball_2[2], 'gold', linestyle=':', label = 'Beginner + beginner stick')

title("Displacement of the ball when striking the ball")
legend()

<matplotlib.legend.Legend at ©x2c9c79b6b10>

Displacement (m)

Displacement (m)

Displacement (m)

Displacement of the human when stopping the ball

0.0004 - --r--u~_.__“k
~
\
~
—0.002 ~
N
N
N
—0.004 1
N
AN
\
—0.006 N
AN
\
N
—0.008 7 —=-=- Experienced + adv stick N\
—-= Beginner + adv stick \\
Beginner + beginner stick "
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
t(s)
Displacement of the ball when stopping the ball
0.05 1 —-—- Experienced + adv stick /
—-=- Beginner + adv stick /
0.00 4 - . .
N Beginner + beginner stick /
/
—0.05 W /
N\ /
—0.10 \ /
\ /
\
-0.15 - N /
\ //
—0.20 | N\
\\ //
-0.25 - ~e__
—0.30 ¢
—0.35 A
T T T T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
t(s)
Displacement of the human when striking the ball
——- Experienced + adv stick e
0.8 1 —-- Beginner + adv stick //
Beginner + beginner stick ~
e
rd
~
0.6 e
L
--/'
e
0.4 7
v'f/
.ir'.‘
.v"
0.2 e
e
P
no{ *

T
0.0

T T T T T T T T
00 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
t(s)



Displacement of the ball when striking the ball

Displacement (m)

——- Experienced + adv stick /’
—-- Beginner + adv stick /
Beginner + beginner stick /

s, e =

T T T T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
t(s)



B.5. Collision model

53

B.5. Collision model



Setup

from pylab import figure, plot, xlabel, ylabel, grid, legend, title
from matplotlib.font_manager import FontProperties

import numpy as np

import matplotlib.pyplot as plt

#Parameters

##Stick mass

M list = [0.558, 0.566, 0.497, 0.476, 0.566, 0.560]
M_added_min = ©

M_added_max = max(M_list)-min(M_list)

M_avg = (sum(M_list) / len(M_list))

##Ball mass
m = 0.16

#Initial stick velocity
V1l = 80/3.6

#Average values

X_com_avg = (0.542 + 0.545 + 0.532 + 0.510 + 0.500 + 0.551)/6
L_stick_avg = (0.930 + 0.930 + 0.925 + 0.935 + 0.930 + 0.920)/6
X_added_avg = X_com_avg

#COR

e_max = 0.35

e_min = e_max-0.09

e_list = [e_min, e_max]

e_avg = sum(e_list) / len(e_list)

def eq(M_tot, M_added, e, X_added):
M_original = M_tot - M_added

X_com = (M_original * X_com_avg + M_added * X_added)/M_tot
I = (1/12)*M_tot*(L_stick_avg**2) + M_tot*(X_com**2)
M e = I/(L_stick_avg**2)

v2 = ((1+e)/(1+(m/M_e)))*vV1
return v2

Analysing COR

HHAHHHTEST 1
e_range = np.linspace(e_min, e_max, 100)

# Berekenen van v2 voor elke waarde van M
v2_1 = eq(M_avg, M_added_min, e_range, X_added_avg)

figure(1l, figsize=(6, 4.5))

xlabel('Increase stick COR (%)')

ylabel('Increase outgoing ball velocity (%)")
plot(((e_range/min(e_range))*100-100), ((v2_1/min(v2_1))*100-100))
title("Influence of COR on outgoing ball velocity")

grid(True)
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Analysing mass

HAHHAHTEST 2
M_tot_range = np.linspace(min(M_list), max(M_list), 100)

# Berekenen van v2 voor elke waarde van M
v2_2 = eq(M_tot_range, M_added_min, e_avg, X_com_avg)

figure(2, figsize=(6, 4.5))

xlabel('Increase total stick mass (%)')

ylabel('Increase outgoing ball velocity (%)")
plot((((M_tot_range)/(min(M_tot_range)))*100-100), ((v2_2/min(v2_2))*100-100))
title("Influence of stick mass on outgoing ball velocity")

grid(True)
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Analysing effective mass by lowering COM



HHHAHAHHBTEST 3
X_com_range = np.linspace(X_com_avg, (L_stick_avg-0.05), 100)

# Berekenen van v2 voor elke waarde van M_e
v2_3 = eq(max(M_list), M_added_max, e_avg, X_com_range)

figure(3, figsize=(6, 4.5))

xlabel('Increase effective stick mass (%)')

ylabel('Increase outgoing ball velocity (%)")
plot(((X_com_range/min(X_com_range))*100-100), ((v2_3/min(v2_3))*100-100))
title("Influence of effective stick mass on outgoing ball velocity")
grid(True)

X_com_res = ((max(M_list)-M_added_max) * X_com_avg + M_added_max * (L_stick_avg-0.05))/(max(M_list))
display(X_com_res)
0.5853886925795054

Influence of effective stick mass on outgoing ball velocity
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Comparison

figure(4, figsize=(6, 4.5))

xlabel('Increase parameter (%)')

ylabel('Increase outgoing ball velocity (%)')

plot(((e_range/min(e_range))*100-100), ((v2_1/min(v2_1))*100-100), label = 'COR (e)')
plot((((M_tot_range)/(min(M_tot_range)))*100-100), ((v2_2/min(v2_2))*100-100), label = 'Total mass (M)')
plot(((X_com_range/min(X_com_range))*100-100), ((v2_3/min(v2_3))*100-100), label = 'Centre of mass (b)")
title("Ball velocity increase due to COR, total mass and centre of mass")

grid(True)

legend()

<matplotlib.legend.Legend at Ox26fff59c290>
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B.6. Design calculations



Movement of the weights

from scipy.integrate import odeint

from pylab import figure, plot, xlabel, ylabel, grid, legend, title
from matplotlib.font_manager import FontProperties

import numpy as np

import math

def eom(q, t):

g : generalised coordinate + derivative:
a = [x, dx]

t : time"""

x, dx = q

if t > @ and t <= hit_time:

V_stick = (V_stick_max / hit_time) * t
else:

V_stick = 0

f = [dx,
((V_stick/L_stick)**2) * x + g - (k/m_weight) * (x-L_com) - (c/m_weight) * dx]

return f

#Solve the ODE / EOM

# ODE solver parameters
abserr = 1.0e-8

relerr = 1.0e-6
stoptime = 0.5
numpoints = 2500

# Time samples for the output of the ODE solver.
t = [stoptime * float(i) / (numpoints - 1) for i in range(numpoints)]

#Parameters
hit_time = 0.20
V_stick_max = 45.6
L_stick = 0.93
L_com = 0.53

g = 9.81

m_weight = ©.100/2

#To be tuned: stiffness and damping

k = 200
c = 250 * math.sqrt(m_weight/k)
display(c)

#Initial conditions
X_0 = L_com

dx_0 = 0

g0 = [x_0, dx_0]

#PLlot the displacement and the velocity of the weights during the hit
result = odeint(eom, g0, t, atol=abserr, rtol=relerr)

x_weight = result[:, 0]
v_weight = result[:, 1]

V_stick_values = [(V_stick_max / hit_time) * t_i if t_i <= hit_time else © for t_i in t]

import matplotlib.pyplot as plt
fig, ax = plt.subplots(figsize=(6, 4.5))

figure(1l, figsize=(6, 4.5))

ax.invert_yaxis()

xlabel('t (s)")

ylabel('Position (m)")

plot(t, x_weight)

title("Weight displacement when striking the ball")



figure(2, figsize=(6, 4.5))

xlabel('t")

ylabel('Velocity (m/s)')

plot(t, V_stick_values)

title("Stick velocity when striking the ball")

3.952847075210474
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Dimensions of the weights

def dimensions(mass, width, thickness):

height = mass / (density * width * thickness)

return height

density = 2400

m
d
P

m_weight
0.051 - 0.01
d/2

0.4

0.5




w = (1/2)*math.sqrt(3)*r
th = 0.01

h = dimensions(m, w, th)
display(h)
display(w)

0.11734761568894836
0.017753520777580988

Expected effects

##Expected increased ball velocity

#Parameters
##Stick mass
M_list = [0.558, 0.566, 0.497, 0.476, 0.566, 0.560]

##Ball mass
m = 0.16

#Initial stick velocity
V1 = V_stick_max

#Average values

X_com_avg = (0.542 + 0.545 + 0.532 + 0.510 + 0.500 + 0.551)/6
L_stick_avg = (0.930 + 0.930 + 0.925 + 0.935 + 0.930 + 0.920)/6
X_added_avg = X_com_avg

#COR

e_max = 0.35

e_min = e_max-0.09

e_list = [e_min, e_max]

e_avg = sum(e_list) / len(e_list)

#Formula outgoing ball velocity

def eq(M_tot, M_added, e, X_added):
M_original = M_tot - M_added
X_com = (M_original * X_com_avg + M_added * X_added)/M_tot
I = (1/12)*M_tot*(L_stick_avg**2) + M_tot*(X_com**2)

M e = I/(L_stick_avg**2)

v2 = ((1+e)/(1+(m/M_e)))*vV1
return v2, X_com

X_com_range = np.linspace(X_com_avg, (L_stick_avg-0.05), 100)
M_added_design = 0.100

# Berekenen van v2 voor elke waarde van M_e

result = eq(max(M_list), M_added_design, e_avg, X_com_range)
v2_design = result[0]

X_com_design = result[1]

figure(3, figsize=(6, 4.5))

xlabel('Weigth position (m)")

ylabel('Increase outgoing ball velocity (%)")

plot(X_com_range, ((v2_design/min(v2_design))*100-100))

title("Influence of location of the weights on\noutgoing ball velocity when hitting a ball")
grid(True)

max(v2_design)

np.float64(37.71933361387106)
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##Expected increased required muscle torque
result_2 = eq(max(M_list), M_added_design, e_avg, x_weight)
X_com_design_2 = result_2[1]

a_avg = V_stick_max/hit_time
Moment_added = a_avg*max(M_list)*X_com_design_2
Moment_original = [(a_avg*max(M_list)*X_com_avg)]*len(t)

figure(4, figsize=(6, 4.5))

xlabel('t (s)")

ylabel( 'Moment (N/m)")

plot(t, Moment_added)

plot(t, Moment_original)

title("Moment required to accelerate the stick")

Increase_torque_max = (max(Moment_added) - max(Moment_original))/max(Moment_original)
display(Increase_torque_max)

Moment_added_avg = sum(Moment_added)/len(Moment_added)

Moment_original_avg = sum(Moment_original)/len(Moment_original)
Increase_torque_avg = (Moment_added_avg - Moment_original_avg)/Moment_original_avg
display(Increase_torque_avg)

Impulse_added = Moment_added_avg * hit_time

Impulse_original = Moment_original_avg * hit_time

Increase_impulse = (Impulse_added - Impulse_original)/Impulse_original
display(Increase_impulse)

np.float64(0.13635489445721255)
np.float64(0.020192282257333348)
np.float64(0.020192282257333372)
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