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Force experienced by the head during heading is influenced more
by speed than the mechanical properties of the football
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heading to guide player protection strategies to reduce the severity of the impact.
The aim of this study was to assess the effect of football speed, mass, and stiffness

on the forces experienced during football heading using mathematical and human
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header can be modeled as a lumped mass mathematical model with elastic contact.
Football headers were then reconstructed using a human body modeling approach.
Simulations were run by independently varying the football mass, speed, and stiff-
ness. Peak contact force experienced by the head was extracted from each simula-
tion. The mathematical and human body computational model simulations indicate
that the force experienced by the head was directly proportional to the speed of the
ball and directly proportional to the square root of the ball stiffness and mass. Over
the practical range of ball speed, mass, and stiffness, the force experienced by the
head during football heading is mainly influenced by the speed of the ball rather than
its mass or stiffness. The findings suggest that it would be more beneficial to develop
player protection strategies that aim to reduce the speed at which the ball is traveling
when headed by a player. Law changes reducing high ball speeds could be trialed at
certain age grades or as a phased introduction to football heading.
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1 | INTRODUCTION

disease among professional soccer players with that among
matched controls from the general population.3 The study

There are growing concerns about the risk of several neuro-
degenerative diseases associated with heading in football.'
The bulk of research on the effects of football heading
has resulted in contradictory and inconclusive findings.”
However, a recent retrospective cohort study was un-
dertaken comparing mortality from neurodegenerative

identified that although professional football players lived
longer than the general population and were at less risk of
death from ischemic heart disease and lung cancer, they
were roughly 3.5 times more likely to die from neurode-
generative disease, including 5.1 times more likely to die
from Alzheimer's disease and 4.3 times more likely to die
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from motor neuron disease.® The former findings agree
with the strong evidence base that participation in sport
has lifelong mental and physical health benefits as well as
the general consensus that exercise is preventative med-
icine and crucial to public health.* However, the fear of
short- and long-term health consequences from football
heading could prevent children and the young adult pop-
ulation participating in football.! Therefore, not only are
there concerns that football heading can lead to long-term
neurodegeneration, there is a possible wider effect that it
can reduce overall football participation among the gen-
eral population and thus have an adverse effect on public
health. As a result of the study,3 the Football Association
issued new guidance on heading in youth football training.5
The guidance advised no heading in primary school age pu-
pils and a graduated approach to heading in children aged
between 12 and 16 during training. Additionally, footballs
should be age appropriate sized and at the lowest pressure
authorized in the Laws of the Game.’

A proactive approach to football heading would be to
identify player protection strategies that reduce the severity
of a header impact without considerable changes to the dy-
namics of the game. An essential first step is to further un-
derstand the biomechanics of football heading. Nuanheim
et al® found that available headgear for football heading
illustrated poor ability to attenuate impact during typical
football header reconstructions with a dummy headform.
Nuanheim et al® explained that the difference in stiffness
between the compliant football and head leaves the head
nearly undeformed during a header (no headgear), while
the football deforms considerably. For a header with head-
gear, since the football is already compliant relative to the
head, the relatively small deformation of the headgear is
ineffective at attenuating the impact.

Most footballs can be broken down into four main lay-
ers or components: bladder, fabric, foam, and skin.” A
football experiences thousands of impacts of varying se-
verity in a single football match and is expected to have
a lifetime of several years.” The football must be within
established ranges for circumference, weight, and internal
pressure while meeting FIFA standards for shape deviation,
water absorbency, rebound and internal pressure, shape,
and size retention.” Manufacturers also place considerable
importance on aerodynamic stability for long shots.” The
football may provide an opportunity to reduce the forces
experienced during heading through design manipulation.
However, this is a delicate balance and it is important to
not disrupt the dynamics and skills of the game and a theo-
retical assessment of the potential gains from this approach
is missing.

Head kinematic magnitudes (linear accelerations, rota-
tional velocities, and rotational accelerations) are frequently
used in brain injury metrics, and these kinematics are largely
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driven by the location and magnitude of the contact forces
experienced by the head during an impact event.® One study
using instrumented mouthpieces found that median head peak
linear accelerations, rotational velocities, and rotational ac-
celerations in female youth football were 9.4 g, 4.1 rad/s, and
689 rad/s’, respectively.9 The study also found that the head
kinematics ranged up to 40.6 g, 15.3 rad/s, and 3078 rad/s’.
By comparison, the average values reported in the literature
for concussions in adult males are roughly 100 g, 33 rad/s,
and 5000 rad/s>.* Shewchenko et al'’ utilized MADYMO
human body model simulations and human subject trials to
assess the effect of football mechanical properties on head re-
sponse. Human body model simulations based on Newtonian
mechanics allow sport impacts to be reconstructed in a highly
controlled environment.'' The approach can enable research-
ers to assess the influence of mechanical, structural, and con-
tact properties (eg, mass, stiffness, and friction) and initial
conditions (eg, velocity) on simulation outputs. The human
subject trials indicated that head linear and angular acceler-
ations measured using an instrumented mouthpiece ranged
from 11.9-22.0 g and 1020-2580 rad/s’, respectively, for con-
trolled headers at football speeds of 7.2-8.0 m/s. Shewchenko
et al'’ found that football mass reductions up to 35% resulted
in decreased head responses up to 23%-35% for the model
and subject trials. Football pressure reductions of 50% re-
sulted in head response reductions up to 10%-31% for the
model and subject trials.

To reduce the impact severity of a given header, we would
want to reduce the contact force experienced by the head
during the impact. However, the relationship between peak
force and football mass, stiffness, and speed has not been
adequately assessed. The aim of this study was to develop
a predictive lumped mass mathematical model (hereafter
“mathematical model”) that assessed the effect of football
speed, mass, and stiffness (influenced by football pressure
and material properties)'”'? on the forces experienced during
football heading. Football headers were then reconstructed
using human body model simulations to assess the predic-
tions of the mathematical model.

2 | METHODS

2.1 | Mathematical model

Previous research has illustrated that the difference in stiff-
ness between the compliant football and head leaves the head
nearly undeformed during a header.® Additionally, compres-
sion and drop-testing found footballs to be primarily elastic
in nature at a range of football pressures.lo’12 This indicates
that a football header can be modeled as a predictive lumped
mass model with elastic contact (Equation 1; see Appendix
A for derivation).
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where F,,, 1s the peak force experience by the head. v is the
velocity of the football at impact. m and k are the mass and stiff-
ness of the football, respectively.

2.2 | Human body model

The MADYMO ellipsoid human body model was used for
simulating contact forces during the football header recon-
structions. The model comprises of 52 rigid bodies connected
by kinematic joints with ellipsoids for surface representation
and contact evaluation.'' The model was originally devel-
oped for vehicle-pedestrian impact modeling and validated
for numerous blunt impact locations.'*'® The model provides
reasonable predictions for head translations, rotations, head
impact time, and head impact velocity in pedestrian colli-
sions.'® The model has been used to assess head accelerations
and neck forces in automotive research.’’?? Additionally,
MADYMO multibody human body models have been used
as a tool for investigating head kinematics during headers in
football'® and impacts in rugby and Australian rules foot-
ball*!""#25 A recent analysis identified that the MADYMO
pedestrian model is considered suitable for preliminary im-
pact analysis in sport, with a focus more on trends than abso-

lute values of kinematic and dynamic predictions..26

2.3 | Football header reconstructions

The average player head-neck orientation and football ve-
locity angle identified by Shewchenko et al'® were simu-
lated for the football header reconstruction (Figure 1).
Using a customized Matlab script together with the
MADYSCALE function, the model mass, moments of
inertia, and height were scaled based on the average UK
male (175.3 cm and 83.6 kg, res.pectively).27 The coef-
ficient of friction for head-to-football contact was set at
0.5.”8 Head-to-football contact evaluations were applied
using the average football stiffness (35.4 kN/m) reported
for a dry football at 0.8 bar'® and the built-in MADYMO
contact stiffness function for the head. The football mass
was set at 0.403 kg and radius at 0.11 m to represent a dry
football at 0.8 bar.'” The moment of inertia was calculated
based on a hollow sphere.29 All simulations were run with
a maximum level of muscle activation represented by lock-
ing all of the human body model joints. The locked joint
condition results in the joints remaining rigid representing
maximum bracing. The simulations were run for 35 ms to
provide sufficient time for peak force values to be reached.
An integration time step of le-5 s was used.

FIGURE 1 MADYMO human body model football header
reconstruction
2.3.1 | Speed analysis

The highest speed football a player would voluntarily head
is believed to be 85 km/h (23.6 m/s) and from a goal kick.*
However, most headers occur at football speeds less than
65 km/h (18.1 m/s).30 Therefore, the speed of the football was
varied from 2 to 24 m/s in increments of 2 m/s. The football mass
and stiffness remained constant at 0.403 kg and 35.4 kN/m.

2.3.2 | Mass analysis

The football mass tested by Shewchenko et al'” ranged from
0.299 to 0.604 kg. Therefore, the mass of the football was
varied from 0.25 to 0.65 kg in increments of 0.05 kg. The
football speed and stiffness remained constant at 10 m/s and
35.4 kN/m.

2.3.3 | Stiffness analysis

The football stiffness tested by Shewchenko et al'” at 0.8 bar
ranged from 25.9 to 43.7 kN/m. Therefore, the stiffness of
the football was varied from 25 to 45 kN/m in increments of
2 kN/m. The football speed and mass remained constant at
10 m/s and 0.403 kg.
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2.4 | Data analysis

The peak elastic contact force experienced by the head was
extracted from each simulation. Based on Equation 1, a one-
term power series model given by y = ax” where a and b
are constants was fitted to the mathematical and simulation
results using the MATLAB “fit” function for the speed, mass,
and stiffness analysis.

2.5 | Sensitivity analysis

A sensitivity analysis was conducted to assess the influence
of the human body model and football properties on the
predicted peak force based predominantly on a protocol de-
veloped by Fréchede and Mecintosh.?® The simulations were
run with a low- and high-level parameter value for each pa-
rameter (Table 1). For the human body model head contact
stiffness, the simulations were run at a low level of -20%
contact stiffness and a high level of +20% contact stiffness.
Low- and high-level stiffness conditions were established
by decreasing/increasing the slope of the force vs displace-
ment relationship for the head in the human body model.""
To gain a generalized understanding of the influence of neck
strength, simulations were run using an unlocked neck joint
condition. The condition results in the joints of the neck
being free to articulate within the physiological range of
motion with minimal resistance and thus represent minimal
neck strength.'' To assess the influence of head velocity, the
simulations were run with the unlocked neck joint condition
with an initial head velocity of 2.84 m/s at contact.'”

3 | RESULTS
3.1 | Speed analysis

The mathematical model illustrates that the force experi-
enced by the head is directly proportional to the speed of the

TABLE 1 Parameters for the sensitivity analysis with the low
and high levels
Parameter Original Low level High level
Ball velocity angle ~ 33° 28° 38°
Friction 0.50 0.35 0.65
Head stiffness +0% —20% +20%
Head angle -20° —-15° -25°
Human body 83.6 kg 73.6 kg 93.6 kg
model mass
Head velocity 0 m/s N/A 2.84 m/s
Neck strength Maximum Minimum N/A

football, indicated by coefficientb =1 (y = ax") in Fi gure 2A.
Coefficient b differs by 3% in the MADYMO simulation re-
sults (b = 1.03). However, separately b = 1 between 2-20 m/s
and 20-24 m/s though the gradients of the lines are differ-
ent for these two intervals (Figure 2A). For the mathematical
model, the coefficient a = 119.4 is based on the square root
of the product of the football mass and stiffness (M) which
is higher than the MADYMO simulation results (a = 102.4).
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FIGURE 2 The effect of football (A) speed, (B) mass and (C)
stiffness on the peak force experienced by the head during the football
header reconstructions with coefficients a and b from the power series
model (y = axh)
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3.2 | Mass analysis

The mathematical and MADYMO simulation model il-
lustrates that the force experienced by the head is directly
proportional to the square root of the mass of the football, in-
dicated by coefficient b = 0.5 (y = ax’) in Figure 2B. For the
mathematical model, the coefficient a = 1882 is based on the
football speed multiplied by the square root of the football
stiffness (v \/%) which is higher than the MADYMO simula-
tion results (a = 1735).

3.3 | Stiffness analysis

Similarly, the mathematical and MADYMO simulation model
illustrates that the force experienced by the head is directly
proportional to the square root of the stiffness of the football,
indicated by coefficient b = 0.5 (y = ax”) in Figure 2C. For
the mathematical model, the coefficient a = 200.6 is based on
the football speed multiplied by the square root of the foot-
ball mass (v \/r;) which is higher than the MADYMO simula-
tion results (a = 188.1).
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3.4 | Sensitivity analysis

The sensitivity analysis indicates that the human body model
and football parameters influence the predicted peak force
experienced by the head (Figure 3). For the speed and mass
analysis, the head velocity parameter plays the most signifi-
cant role. For the stiffness analysis, the head velocity param-
eter plays the most significant role for coefficient a, while
neck strength (unlocked neck) and football velocity angle are
the only two parameters that influence coefficient b (b = 0.49
for both).

4 | DISCUSSION

Mathematical and human body computational model simu-
lations indicate that the force experienced by the head dur-
ing football heading is influenced more by the speed of the
ball than its mass or stiffness. The findings provide initial
guidance for the development of player protection strategies
on the basis that reducing the force experienced by the head
could reduce the potential adverse effects of heading on brain
health."* However, there is clearly a need for prospective
longitudinal studies taking into account concussion history
and overall head impact exposure to draw this conclusion.’!
Additionally, there is a need for more research on the head
impact exposure from heading in football at youth, amateur
and elite level.

The offset for coefficient b in the speed analysis and
a for all analyses between the mathematical model and
human body computational model simulation results is be-
lieved to be due to the human body model head not being
a rigid flat surface as depicted in the mathematical model
(Appendix A). Minor deformation of the head was repre-
sented in the simulations. Additionally, the curvature of
the head combined with a non-zero incidence angle of the
football reduced the elastic contact force and caused con-
tact friction resulting in some kinetic energy of the football
being converted into rotational kinetic energy. The above-
mentioned factors reduced the elastic contact force on the
head and thus coefficient a and b.

At 85 km/h (23.6 m/s), the goal kick appears to cause the
highest speed football a player would voluntarily head in a
match scenario.’® Goal kick law changes could provide an
opportunity to reduce the maximum football speeds at which
players head the ball at. For example, this could include
replacing goal kicks with throws/roll-outs or head-height
rules at certain age grades as part of a phased introduction
to heading. However, rule changes can lead to unintended
consequences and increased injury rates, and thus, head im-
pact exposure and injury monitoring would be essential. >
Additionally, more research is needed to understand phase
of play-specific football speeds at which headers occur. A
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new goal kick law trial where the ball is in play once kicked
and can be played before leaving the penalty area was intro-
duced in 2019/20.* This increases the options available to
the goalkeeper encouraging short passes along the ground,
rather than longer, higher speed kick-outs. The International
Football Association Board increased the sanction for illegal
play involving contact with an opponents’ head to a red card
which appeared to reduce head injury risk.**

Football mass and stiffness are influenced by football
pressure and material properties. Previous research found that
reducing a football pressure from 0.8 to 0.4 bar reduced the
contact stiffness by 50% but had negligible influence on the
mass. This provides an opportunity to reduce the force expe-
rienced by the head during football heading through football
redesign, though much greater relative reductions are needed.
For example, to reduce the force experienced by the head by
50%, we would need to reduce the football stiffness or mass
or the product of the two (mass multiplied by stiffness) by
75%. A reduction of football speed of only 50% is needed
for the same effect. However, reductions to the football stiff-
ness and mass may reduce the speed at which the ball can
be kicked and influence the aerodynamics which could have
the added benefit of reducing header speeds. Aerodynamic
stability and effects on player kicking and control technique
would need to be considered.

The main limitation of this study is that a stationary
head with maximal neck strength was simulated which is
unrealistic in football. Though the principal findings were
not influenced by a sensitivity analysis that assessed min-
imal neck strength and head speed, the interpretation of
the results of this study should focus more on the trends
identified than the absolute values of force prediction.26
Future work should focus on human trials and field-based
research using instrumented mouthpieces and footballs
to gain accurate values of kinematic and dynamic predic-
tions.*® Human body models could be further validated for
sports impacts using motion capture laboratory trials and/
or real-world impact modeling using multiple camera view
video footage.%‘38 The model used in this study is a pas-
sive model, and hence, active neck muscles could not be
simulated or assessed. The development of active human
body models has become a promising prospect in sport im-
pact analysis.39 These models enable active muscle behav-
ior to be exhibited by the model during an impact scenario.
However, the models require muscle activation param-
eters as initial conditions which are not yet fully known
but could be measured through motion capture laboratory
trials with electromyography (EMG).* For future work,
motion capture laboratory trials and field-based research
could be explored to assess the influence of neck strength
as well as neck strengthening programmes in combat-
ing the severity of football headers. Additionally, instru-
mented mouthpieces combined with wither 2D/3D video
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calibration techniques or instrumented footballs could be
used to assess the effect of ball speed on head response in

.40
real match scenarios.

5 | PERSPECTIVE
The mathematical and human body computational model
simulations indicate that the force experienced by the head
was directly proportional to the speed of the ball (3% dif-
ference between mathematical and human body model re-
sults) and directly proportional to the square root of the ball
stiffness and mass. The force experienced by the head dur-
ing football heading appears to be mainly influenced by the
speed of the ball rather than its mechanical properties. The
findings suggest that it would be more beneficial to develop
player protection strategies that aim to reduce the speed at
which players head the ball at. These strategies could be
introduced and trialed at certain age grades or as a phased
introduction to football heading. For example, this could
include replacing goal kicks which result in the highest
heading ball speeds with throws or head-height rules at cer-
tain age grades as part of a phased introduction to heading.

CONFLICT OF INTEREST
The authors have no conflict of interest to declare.

ORCID
Gregory J. Tierney "= https://orcid.
org/0000-0002-4666-4473

REFERENCES

1. Rutherford A, Stewart W, Bruno D. Heading for trouble: is dementia
a game changer for football? Br J Sports Med. 2019;53(6):321-322.

2. Kontos AP, Braithwaite R, Chrisman SP, et al. Systematic review
and meta-analysis of the effects of football heading. Br J Sports
Med.2017;51(15):1118-1124.

3. Mackay DF, Russell ER, Stewart K, MacLean JA, Pell JP, Stewart
W. Neurodegenerative disease mortality among former profes-
sional soccer players. N Engl J Med. 2019;381:1801-1808.

4. Lobelo F, Stoutenberg M, Hutber A. The exercise is medi-
cine global health initiative: a 2014 update. Br J Sports Med.
2014;48(22):1627-1633.

5. Football Association. Updated heading guidance announced for
youth training sessions. 2020; http://www.thefa.com/news/2020/
feb/24/updated-heading-guidance-announcement-240220.
Accessed May 1, 2020.

6. Naunheim RS, Ryden A, Standeven J, et al. Does soccer headgear
attenuate the impact when heading a soccer ball? Acad Emerg Med.
2003;10(1):85-90.

7. Hanson H. Material and construction influences on football impact
behaviour. Loughborough University 2014. PhD Thesis.

8. Mclntosh AS, Patton DA, Fréchede B, Pierré P-A, Ferry E, Barthels
T. The biomechanics of concussion in unhelmeted football players
in Australia: a case—control study. BMJ Open. 2014;4(5):e005078.

10.

11.

12.

14.

15.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Miller LE, Pinkerton EK, Fabian KC, et al. Characterizing head
impact exposure in youth female soccer with a custom-instru-
mented mouthpiece. Res Sports Med. 2020;28(1):55-71.
Shewchenko N, Withnall C, Keown M, Gittens R, Dvorak J.
Heading in football. Part 3: effect of ball properties on head re-
sponse. Br J Sports Med. 2005;39(suppl 1):133-i39.

Tierney GJ, Simms CK. The effects of tackle height on inertial
loading of the head and neck in Rugby union: a multibody model
analysis. Brain Inj. 2017;31(13-14):1925-1931.

Queen RM, Weinhold PS, Kirkendall DT, Yu B. Theoretical study
of the effect of ball properties on impact force in soccer heading.
Med Sci Sports Exerc. 2003;35(12):2069-2076.

. Kajzer J, Cavallero C, Bonnoit J, Morjane A, Ghanouchi S.

Response of the knee joint in lateral impact: effect of bending mo-
ment. Proceedings of the International Research Council on the
Biomechanics of Injury conference. 1993:105-116.

Yang J, Kajzer J, Cavallero C, Bonnoit J. Computer simulation of
shearing and bending response of the knee joint to a lateral impact.
SAE Tech Pap. 1995;148-7191.

Bouquet R, Ramet M, Bermond F, Cesari D. Thoracic and pelvis
human response to impact.Proceedings of the Conference on the
Enhanced Safety of Vehicles. 1994:100-109.

Viano DC. Biomechanical responses and injuries in blunt lateral
impact. SAE Tech Pap. 1989;148-7191.

. Talantikite Y, Bouquet R, Ramet M, Guillemot H, Robin S, Voiglio

E. Human thorax behaviour for side impact: influence of im-
pact mass and velocities. Proceedings of the Conference on the
Enhanced Safety of Vehicles. 1998.

Meyer E, Bonnoit J. Le choc latéral sur I’épaule: Mise en place
d’un protocole expérimental en sollicitation dynamique. Mémoire
de DEA: Université Paris Val de Marne; 1994.

Elliott J, Lyons M, Kerrigan J, Wood D, Simms C. Predictive
capabilities of the MADYMO multibody pedestrian model:
three-dimensional head translation and rotation, head im-
pact time and head impact velocity. P I Mech Eng K-J Mul.
2012;226(3):266-2717.

Yin S, Li J, Xu J. Exploring the mechanisms of vehicle front-end
shape on pedestrian head injuries caused by ground impact. Accid
Anal Prev. 2017;106:285-296.

Van Rooij L, Bhalla K, Meissner M, et al. Pedestrian crash recon-
struction using multi-body modeling with geometrically detailed,
validated vehicle models and advanced pedestrian injury criteria.
Proceedings of the Conference on the Enhanced Safety of Vehicles.
2003.

Sankarasubramanian H, Mukherjee S, Chawla A. Optimization
of vehicle front for safety of pedestrians. Proceedings of the
Conference on the Enhanced Safety of Vehicles. 2011.

Fréchede B, Mclntosh A. Use of MADYMO's human facet model
to evaluate the risk of head injury in impact. Proceedings of the
Conference on the Enhanced Safety of Vehicles. 2007.

Frechede B, Mclntosh AS. Numerical reconstruction of re-
al-life concussive football impacts. Med Sci Sports Exerc.
2009;41(2):390-398.

Tierney GJ, Richter C, Denvir K, Simms CK. Could lowering the
tackle height in rugby union reduce ball carrier inertial head kine-
matics? J Biomech. 2018;72:29-36.

Tierney G. A biomechanical assessment of direct and inertial
head loading in Rugby Union, Trinity College Dublin: 2018. PhD
Thesis.

85UB017 SUOLUWIOD aA11e81D) 3ol jdde ay) Aq peuenob aJe sooiLe VO 85N JO Son. 1oy Aleld1T8UIIUQ AB]1A UO (SUO N IPUCO-PUR-SWS)ALIOD™A8 | 1M Afe.djBul [Uo//SdY) SUOTPUOD pue sWie 1 8y} 88S *[£202/T0/S0] Uo AkeiqiTauljuo AB|IM N ae'spes|@ equisl-<Uie(0qaius> Aq 9TSET SWS/TTTT 0T/I0p/W00 A8 M Alelq 1 uljuo//Scny wouy pspeojumod ‘T ‘TZ0Z ‘880009T


https://orcid.org/0000-0002-4666-4473
https://orcid.org/0000-0002-4666-4473
https://orcid.org/0000-0002-4666-4473
http://www.thefa.com/news/2020/feb/24/updated-heading-guidance-announcement-240220
http://www.thefa.com/news/2020/feb/24/updated-heading-guidance-announcement-240220

TIERNEY ET AL.

WiILEY- L2

217.

28.

29.

30.

31

32.

33.

34.

35.

BBC. Statistics reveal Britain's 'Mr and Mrs Average'. 2010; https://
www.bbc.co.uk/news/uk-11534042. Accessed May 1, 2020.
Hassan MHA, Taha Z, Hasanuddin I, Mokhtarudin MIM. Mechanics
of soccer heading and protective headgear. SingaporeSpringer; 2018.
Serway RA, Jewett JW. Physics for scientists and engineers with
modern physics. Boston, MACengage learning; 2018.

Levendusky T, Armstrong C, Eck J, Jeziorowski J, Kugler L.
Impact characteristics of two types of soccer balls. Proceedings of
the World Congress of Science and Football. 1988.

Cunningham J, Broglio S, Wilson F. Influence of playing rugby on
long-term brain health following retirement: a systematic review and
narrative synthesis. BMJ Open Sport Exerc Med. 2018;4(1):e000356.
Stokes KA, Locke D, Roberts S, et al. Does reducing the height
of the tackle through law change in elite men’s rugby union (The
Championship, England) reduce the incidence of concussion? A
controlled study in 126 games. Br J Sports Med. 2019. https://dpo.
org/10.1136/bjsports-2019-101557[Epub ahead of print].

Football Association. Law 16: the goal kick. 2020; http://www.thefa.
com/football-rules-governance/lawsandrules/laws/football-11-11/
law-16—the-goal-kick#:~:text=A%20goal %20may %20be %20sco
red,ball%20left%20the %20penalty %20area. Accessed May 1, 2020.
Beaudouin F, Aus der Fiinten K, Trof T, Reinsberger C, Meyer
T. Head injuries in professional male football (soccer) over 13
years: 29% lower incidence rates after a rule change (red card). Br
J Sports Med. 2019;53(15):948-952.

Tierney GJ, Simms C. Predictive capacity of the MADYMO multi-
body human body model applied to head kinematics during rugby
union tackles. Appl Sci. 2019;9(4):726.

APPENDIX A
Derivation of the football header lumped mass model with
elastic contact.

m %
Football
k
Head =

36.

37.

38.

39.

40.

Tierney GJ, Gildea K, Krosshaug T, Simms CK. Analysis of ball
carrier head motion during a rugby union tackle without direct head
contact: a case study. Int J Sports Sci Coach. 2019;14(2):190-196.
Tierney GJ, Joodaki H, Krosshaug T, Forman JL, Crandall JR,
Simms CK. The kinematics of head impacts in contact sport: an
initial assessment of the potential of model based image matching.
ISBS-Conference Proceedings Archive. 2016.

Tierney GJ, Joodaki H, Krosshaug T, Forman JL, Crandall JR,
Simms CK. Assessment of model-based image-matching for future
reconstruction of unhelmeted sport head impact kinematics. Sports
Biomech. 2018;17(1):33-47.

Cazzola D, Holsgrove TP, Preatoni E, Gill HS, Trewartha G.
Cervical spine injuries: a whole-body musculoskeletal model
for the analysis of spinal loading. PLoS One. 2017;12(1):
e0169329.

Tierney GJ, Kuo C, Wu L, Weaving D, Camarillo D. Analysis of
head acceleration events in collegiate-level American football: a
combination of qualitative video analysis and in-vivo head kine-
matic measurement. J Biomech. 2020;110:109969.

How to cite this article: Tierney GJ, Power J, Simms
C. Force experienced by the head during heading is
influenced more by speed than the mechanical
properties of the football. Scand J Med Sci Sports.
2021;31:124—131. https://doi.org/10.1111/sms.13816

Spring mass system to represent head impact:

x(t) =

v
x(t) = —sin wut
© =—sina,

m = Football Mass n
k = Football Stiffness

wy= Football Natural Frequency

x = Football Displacement

v = Football Velocity

a = Football Acceleration

Fyeaaq= Peak Force Experienced by Football/Head

Fyeaa = vVmk

mi(t) + kx(t) = 0;

x(t) = v(t) = vcos wyt

F(t) = —vVmk sin w,t

k

wp= |—

x(0) cos(w,t) +

m

) sin(w,t)

n

for known x(0) = 0 and x(0) = v;

X() = a(t) = —v wysin w,t = —v\/%sin wpt
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