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Abstract: 

The basic aim of the project was to find the values of force/pressure felt when someone 

heads a football. This was to be done through either practical, field tests or experiments 

recreating the conditions needed. The motivation behind this is the rising number of former 

professional players coming forward with dementia and other brain related diseases. 

A review of previous work done surrounding the topic of head impacts and impact 

measurement in general was carried out. After it was found that field tests wouldn’t be 

possible, it was decided to carry out experiments which could replicate the conditions 

involved. Three tests were decided on, with the use of; a high speed camera, a force plate 

and an accelerometer. The camera was used to find the speed before impact and time of 

impact, with the use equation (4) to find the force, the force plate was simply a case of 

kicking the footballs at it at different effort levels, while the accelerometer was fixed into a 

head model and read the g-force from the impacts. Four footballs were used as constants 

during each experiment and were kicked in each test by a UCD AFC professional footballer.  

The results saw the force when heading a ball to be between 110 to 1100 N and 9.30 

to 42.75 g, with the position of impact being a factor in these results, (direct hits resulting in 

higher values). The conclusion from these results was that constant head impacts at these 

values could cause damage to the brain, especially when considering some concussions 

occur at 2100 N and 50-60 g. It is reasonable to assume that if the footballs used here were 

kicked at higher speeds they could reach these dangerous values. A possible safety 

precaution recommended from this project is the use of the foam footballs (which produced 

lower force values across all testing) in training at least, and the teaching of players the 

proper technique in heading a football, as the impact position on the head also had an 

effect on force felt.  
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Nomenclature:  

Units: 

MPa - Megapascals m/s - Metre per second 

s - Second ms - Millisecond 

μs - Microsecond N - Newton 

kN - Kilonewton kg - Kilogram 

cm - Centimetre m - Metre 

kg/m3 - Kilogram per cubic metre        m3 - Cubic metre 

k - Spring constant c - Damper constant 

Hz - Hertz pC/g - Accelerometer sensitivity  

oC - Degrees (temperature) K - Kelvin (temperature) 

g - Force acting on a body as a result of acceleration/gravity 

Symbols: 

F - Force (Unit: N or kN)  

m - Mass (Unit: kg) 

ρ - Density (Unit: kg/m3) 

V - Volume (Unit: m3) 

v1 - Velocity travelling towards object. (Unit: m/s) 

v2 - Velocity travelling away from object. (Unit: m/s) 

to - Duration of impact. (Unit: s, ms or μs) 

d - Distance between ball entering and hitting object. (Unit: m or cm) 

f1 - Frame number when ball enters picture. 

f2 - Frame number when ball makes first contact with object. 

f3 - Frame number when ball completely loses contact with object.  
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Chapter 1: Introduction 

1.1 Background/Motivation: 

Traumatic brain injuries (TBI) are a serious consideration in today’s world, with them 

contributing to 30% of all injury deaths in the US alone. (Centre for Diseas Control 

and Prevention, 2017). A TBI can be caused by a bump, blow or jolt to the head. 

The brain essentially controls the human body and so any harm that comes to 

it is an issue. When the head is hit, the brain is violently wobbled around and hits 

the skull repeatedly. A good way to imagine this is to think of jelly in a bowl. When 

the bowl is shook, the ease at which the jelly moves around is the same as that of 

the brain in the skull. The image below illustrates this point; 

  Fig. 1.1: The Brain after a hit to the Head. (Andaluz, 2016). 

 

Many sports can cause head injuries. The most obvious and well documented 

being boxing. It is a reasonably dangerous endeavour, with statistics showing there 

have been, on average, ten boxing related deaths a year since 1900, with 80% of 

them being head injury related. (Hartline, 2017).  

While these injuries are expected with boxing (and other fighting sports such 

as Mixed Martial Arts) the revelation that the tackles in American football were 

causing CTE (Chronic Traumatic Encephalopathy) was a huge shock. It was brought 

to the attention of the public by the work of Dr. Bennett Omalu, a Nigerian 

American neuropathologist, (Laskas, 2009).  

CTE causes behaviour and mood problems along with difficulty in thinking 

properly, (Gavett, et al., 2011). It is a result from the many hits to the head someone 

would experience in lifetime, like that of an American footballer. It can lead to 

dementia and has also been seen to increase the likelihood of suicide. There is 

currently no specific treatment for CTE. 
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While initially the idea that the sport had a huge risk to player’s brains was 

rejected by the NFL (National Football League), it is now widely accepted given the 

evidence and just the shear force with which some head collisions occur in the 

game. This leads us to another sport that has almost always been thought of as 

relatively safe in regards to head injuries, football (soccer). 

Relatively new findings and research have suggested that the constant 

heading of footballs that professional, and even non-professional players, endure in 

football matches and training can lead to brain problems. This can vary from minor 

difficulties such as small concussions to life ending problems like dementia and 

Alzheimer’s disease. A concussion can result in symptoms like; confusion, vomiting, 

dizziness and temporary loss in consciousness. While dementia and Alzheimer’s can 

result in; memory loss, confusion with time/place, problems with speaking and 

decreased or poor judgement. It does this through reduced brain size, as illustrated 

in the image below; 

Fig. 1.2: The Brain before and after Alzheimers (Alzheimers 

Association, 2011). 

 

These problems were first linked to football in 2003 with the death of former 

West Brom and England striker Jeff Astle. His death was ruled to have been down to 

dementia, which was caused by the constant heading of footballs, (Britten, 2002) 

which were particularly heavy during his football career in the nineteen sixties and 

seventies due to being made of leather and soaking up water during play/training. 

Since this revelation, the Jeff Astle Foundation was set up by his daughter to raise 

awareness to this problem and to offer support for anyone going through what she 

had to go through with her father. The foundation claims to know of up to 300 

ex-footballers with degenerative brain diseases, (Manger, 2016). 
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 Although it can be noted that these players played years ago with the 

aforementioned leather ball and today’s players use a lighter ball (consisting of 

polyester or cotton) that doesn’t absorb the water, adding to its weight, the 

problem still exists in the modern game. A recent example of this is the retirement 

of Republic of Ireland striker, Kevin Doyle. The former Reading player quit his 

football career due to the recurring concussions obtained from heading footballs 

and the doctors warning that continuing could have potentially horrendous effects 

later on in life, (Taylor, 2017).  

This is a problem that has plagued retired footballers and will continue to 

harm modern day footballers unless action is taken. A study carried as recently as 

2014 in the League of Ireland found 15.7% out of 149 players interviewed reported 

having a concussion during the season, (Coffey, et al., 2017).  

Awareness of the problem has been raised through the Jeff Astle Foundation 

and more recently by a documentary with Alan Shearer, former Newcastle and 

England striker. (Alan Shearer: Dementia, Football & Me, 2017). However, to this 

date there hasn’t been much done to control the problem and protect the players 

from the constant heading of the ball. Besides a law passed in America which bans 

children under eleven from heading a football, (Barker, 2017).  

 

1.2 Project Aim: 

There has been work done here in Ireland on reducing the amount of harmful head impacts 

during matches and training. HeadRite Sports, an indigenous start-up company from 

Galway, has been working since 2016 in tackling this problem.  

They have developed an apparatus that hangs footballs from a chosen height 

for players to use in practicing heading in training. It eliminates the constant 

heading from crosses and passes etc. that players would suffer from during a 

training session. It is thought that the repetitive hits in training are what cause 

dementia and not the six or seven headers the average player would suffer once (or 

twice) a week in a match. 
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This project involves collaborating with HeadRite as they look to develop 

another sports training device for football heading. The overall goal of the project 

can be summarised as; 

“Develop an experimental procedure or apparatus that can be used to quantify the 

pressure or force applied to a person when heading a football.” 

Having developed a procedure or apparatus, tests would then be carried out 

and results taken for various different conditions. This data will be presented to 

HeadRite to help in giving levels of safety for heading a football.  

 

1.3 Methodology: 

With the project aim in mind it was important to have a plan of how to approach it. It was 

decided to tackle the problem using a method consisting of five different steps; 

1. Literature Review; Carry out a review of any papers, articles etc. on the problem and 

finding out everything that is known and not known about it.  

2. Measurement Concepts; Finding different ways of measuring the pressure/force on 

impact situations.  

3. Proof of Concepts; Finding evidence that the ideas from step two will actually work for 

this project. For example, if a similar experiment was carried out previously and was 

successful.  

4. Experiments; Carrying out the tests. 

5. Results/Analysis; Recording and evaluating the results from the experiment.  

 

1.4 Report Layout: 

This report begins by providing a background to the problem, sufficient motivation to 

undertake the project and the overall aim of the project.  

It will then detail a literature review of the studies/articles done about the 

topic or on something similar to the topic as well as experiments previously carried 

out that are somewhat related to the issue. 

Chapter 3 will discuss the chosen experiments for the project and the 

procedure behind them. Chapter 4 and 5 will list and analysis the results from the 

experiments. 
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Chapter 6 and 7 will discuss the results and findings from this project and give 

recommendations for the future of this topic, with references and the appendix 

finishing the report.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2: Literature Review 
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This is a relatively new topic of study and with many people still not regarding it as a serious 

issue (or acting oblivious to it for some reason or another), there hasn’t been much work 

done on it. When researching the previous efforts, the focus was on the studies determining 

whether it was indeed a problem, as well the research on pressure and force on impact. 

 

2.1 Severity of the Problem: 
There has been work done of late on determining how serious a problem heading a football 

actually is. Although the many footballers coming forward with dementia and other 

brain diseases is enough evidence for some people, others have gone about 

conducting scientific experiments to get hard and factual evidence.  

A study carried out in 2001 (Kirkendall & Garrett Jr, 2001) looked at old reports on the effect 

of heading footballs on cognitive dysfunction in the players. It initially found that 

early research actually did point to constant heading as the culprit for brain diseases 

in players, but suggests that other factors may be the cause of these diseases. It did 

find that up to 20% of injuries in football are head injuries, a relatively high 

percentage considering the size of the head in comparison to the entire body and a 

worrying statistic considering how important the head and brain are. It was noted 

that at the higher and more competitive levels, the frequency of head injuries 

(concussions etc.) was more common. Suggesting that this is a problem primarily for 

professional players. The report concludes without blaming heading as the exposure 

to heading and details of the impact between head and ball were unknown.  

Constant concussions can be a causing factor in leading to dementia, so 

looking into how likely they are is also important for this topic. A study carried out in 

2015 (University of Colorado, 2015) looked at the relationship between heading and 

concussions in high school soccer. The study set out to follow this relationship while 

also looking at which soccer-specific activity resulted in the most concussions. They 

found that in girl’s football there were 4.5 concussions for every 10,000 athletic 

exposures. While in the boys football there were 2.78 concussions for every 10,000 

athletic exposures. The biggest revelation from the report was that it was actually 

contact with other players that resulted in the most concussions for both the boys 

and girls. It concluded that removing heading from the game or finding a safe 
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solution to it would reduce concussions. Although, the main source of the problem 

of concussions, from youth soccer anyway, was from player on player collisions. 

However the head on collisions between players likely stems from two people going 

to head the same ball. They collide together with their heads instead, so taking this 

into account, it seems that the action of heading is still the primary problem. 

Earlier, it was explained how the build-up of constantly heading a football is 

what seems to slowly lead to brain diseases in players, so it is paramount to consider 

heading in children’s football training and matches. Starting these hits to the head at 

an age when the brain is still developing could be a real factor in these brain 

diseases. A research study carried out by the Medicine department in the University 

of Washington looked at this specifically. It found that children are more inclined to 

get concussions due to less developed technique and a child’s brain being more 

susceptible to injury. The report concludes by saying that there is no evidence that 

heading causes permanent brain damage. However, it did not account for a 

prolonged period of time, which is what professional player (and many amateurs) 

would go through as they start as a child and continue until about their mid-thirties. 

It does suggest banning heading in football training until children are 10 and over 

due to the underdeveloped brains and heading in matches shouldn’t be allowed until 

proper skills and techniques are acquired and the physical maturity of the children. 

(University of Washington, 2016). The ban on heading for children under the age of 

ten has subsequently been implemented in the US. (Barker, 2017).  

The journal, RSNA (Radiology Society of North America), published a study 

which looked at the association between football heading and memory scores and 

white matter microstructure. The white matter structure is the way in which nerve 

cells bodies are connected to each other and nerve impulses are carried between 

neurons. The report looked at amateur footballers and found they were heading the 

ball with a median number of 432 times per year. It was concluded that this resulted 

in abnormal white matter structure, leading to slower reaction times, and a 

reduction in memory test scores. These symptoms are associated with brain diseases 

(e.g dementia) and so it is reasonable to assume that over time these brain diseases 

would be the result of constant heading. (Lipton & al, 2013).  
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The University of Stirling carried out a similar experiment, looking at the 

evidence for cognitive changes after heading. The study took nineteen amateur 

players and got them to head machine powered footballs at standardized speeds. (A 

similar procedure was performed during the aforementioned Alan Shearer 

documentary (Alan Shearer: Dementia, Football & Me, 2017)). The players 

performed cognitive tests before and after the heading procedures, as well as the 

next day, two days later and two weeks later. The results found that immediately 

after the heading the cognitive tests scores decreased but seemed to normalise, on 

average, after twenty-four hours. (Di Virgilio & al, 2016). This study showed again 

that heading does have an effect but failed to prove the long-term effects, with the 

cognitive ability normalised after only a day. However this test only accounted one 

day of heading for the players and not for a careers worth of heading in training and 

in matches.  

 

2.2 Pressure on Impact: 
While the pressure on impact in football heading hasn’t been widely covered, there has 

been work done on impact pressure in general, in terms of pressure mapping.  

Pressure indicating film, or pressure mapping technology, has been used in 

some cases. Pressure mapping is often used in seating, looking at the pressure 

distribution when something/someone is put on/sits on a chair. This helps in the 

making of wheelchairs for the disabled etc. There have been studies carried out that 

look at pressure mapping systems. (Eitzen, 2004) & (Takechi & Tokuhiro, 1998). 

These experiments looked at pressure mapping in seating and in wheelchairs to look 

at the dissemination of pressure on impact, however not reporting on the actual 

values of pressure found.  

In another study, pressure indicating film was used to help determine design 

loads on structures such as plating and framing, (Hyunwook & al, 2014). The film 

allowed the researchers to predict what design load were needed based off of the 

amount of pressure designated across the area by the film. The film was used again 

in a material testing experiment in 2016 when it measured the teat load caused by a 

collapsing liner, (Demba, et al., 2016). The determination of this load helps in the 

prevention of damage to the teat and mastitis. The resulting data found that the 
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load was in the range of 0.07 to 0.64 MPa, showing the film to be suitable in high 

impact testing. 

As often is the case with advanced technology, such as these pressure 

measuring apparatuses, it leads to innovation. An example of this is presented in a 

report sponsored by the IEEE Engineering in Medicine and Biology Society. (Razian & 

Pepper, 2003). The study looked at the application of a single element piezoelectric 

copolymer in a shoe, measuring the impact forces when someone is walking/running 

etc.  This in turn will make it easier in measuring shear and vertical forces for the 

diagnosis, treatment and assessment of pathological foot disorders.  

While these experiments prove that this pressure technology can measure 

pressure on impact, all had a relatively long time of impact compared to that of 

heading a football. This suggests that perhaps the system/film wouldn’t be suitable 

for a measuring pressure felt when heading a football. It is primarily used to find 

pressure points when sitting on a chair or when walking, so as to help design these 

products.  

 

2.3 Modelling and Simulation of Head Impacts: 

Modelling software (such as Abaqus) has been used in the past when looking at a Finite 

Element (FE) analysis of head models during impact. It can show the distribution of 

pressure across a skull when hit. This was the case in a 2014 study on head injuries. 

(Yang, et al., 2014). At an angle of 45o and at speeds between 4.36 to 12.95 m/s, the 

intracranial pressure was found throughout the skull, (Fig.2.1). It is noted that some 

parts of the skull are subjected to 920 MPa, with that occurring at an impact time 

between 4.05 to 6 ms. 
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Fig. 2.1: Pressure distribution in the skull during impact. (Yang, et al., 2014). 

Abaqus was also used in a report carried out by US Naval research, (Young, et 

al., 2015). The study aimed to develop a head model (Fig.2.2) that could be used in 

studying blunt impacts that are often seen in the military, such as explosive 

weaponry. They were successful in this regard, with the use of novel image-based 

segmentation and meshing techniques for simulation in Abaqus showing great 

similarities with expected results for blunt impact. 

Fig. 2.2: Schematic of padded impactor hitting the 

head model. (Young, et al., 2015). 

 Computational models were also used in looking at brain damage in vehicle 

accidents, (Yang, 2011). The model was compared to previous practical experiments. 

(Nahum, et al., 1977) to see if it would be suitable for realistic simulations. Fig.2.3 

shows the comparison between the model and practical testing. In terms of time and 

force of impact they are almost identical, with peak forces of approximately 8 kN 

(and an impact time of 3-4 ms). This implies that the model could be used in the 

study of collision injuries.  
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Fig. 2.3: Contact Force-Time (Yang, 2011). 

FE models and LS-DYNA (for simulation) were utilised in the modelling of 

head injuries from golf ball impacts, (Li & Gao, 2018). In this test, the frontal impact 

of the golf ball to a human head (at a velocity of 35 m/s) was taken as the standard 

case. The simulation showed that while no skull fracture occurred, mild traumatic 

brain injuries did in some cases. The study then went on to determine what effects 

the changes in impact location, velocity and angle would have on the skull and brain. 

The impact locations considered were; frontal, lateral and crown. The velocity was 

varied between 15 to 76 m/s, with the impact angle adjusted from 90o to 45o. The 

results showed that a lateral impact had the highest risk of skull fracture and brain 

injury out of the three locations. They also showed that increasing the velocity or the 

impact angle would lead to increases in the impact force, the von Mises stress in the 

skull and the pressure induced on the skull.  

The modelling of impact situations may be able to give very accurate results 

but are still not exactly the results found from practical experiments, although there 

are constant efforts being made to account for all variables in the human skull and 

brain, such as modifications to consider the viscoelasticity of the meninges, (Yan & 

Pangestu, 2011). 

 

2.4 Force on Impact: 

There has also been work done in practical innovative ways to measure forces on impact for 

different scenarios.  
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In 1997 a study was conducted looking at a new method to measure impact 

forces, called the ‘Sensing Block Method’. It was created in response to the problem 

of collisions between machine parts or structures as well as collisions of flying 

objects, in high speed machining and transport services. Due to this, it is imperative 

to know what values of impact forces a machine part or structure has to deal with, 

when it is being designed. The engineering faculty from Miyazaki University went 

about testing this measurement method, (Chuman & al, 1997). 

The method is based off of a simple structure, made of a steel cylindrical 

block with a small cylindrical projection. The top of the projection acts as the contact 

point during impact. The force when contact is made is measured by the use of small 

strain gauges mounted on the side surface of the projection.  It was found to be very 

effective for direct measurement of impact forces, showing relatively high sensitivity 

for both normal and oblique impacts. The disturbances that can be caused by 

reflected wave interference were non-existent here.  

The test was carried out on impacts to pure aluminium bars with different 

lengths and spherical ends. It was found that the impact forces could range from 1 or 

2 kN or even as high as 20 kN. The report concludes with its findings that maximum 

force increased proportionally with the square root of potential energy.  

The impact force felt while running can be difficult to model. A study done by 

The University of Calgary, Canada in 1999 aimed to achieve this, (Liu & Nigg, 2000). 

Simulating human motion has been widely done using simple spring-damper-mass 

models, however these don’t account for the effect of non-rigid masses (wobbling 

masses) on impact force. In this study, the upper and lower bodies were each 

represented by a rigid and a wobbling mass. The image shows the model used in the 

experiments. 
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Fig. 2.4: Spring-Damper-Mass Model. (Liu & Nigg, 2000). 

The model consists of four masses. The upper body was made up of two, its rigid mass (m3), 

and its wobbling mass (m4). The entire supporting leg was represented using two 

masses also, its rigid mass (m1) and its wobbling mass (m2). A body mass of 75 kg was 

assumed.  

The study found the highest impact force to be 1353 N, with a contact time of 

about 23 ms. It also showed that an increase in lower rigid and/or wobbling mass 

would result in an increase in impact force. While an increase to the upper rigid mass 

had little effect on the impact force (small increase) and an increase to the upper 

wobbling mass had no effect.  

 

2.5 Use of Force Plates: 

Force plates are a big tool used in force measurement, from there use in measuring forces in 

different sports to the common use of them in gait analysis. 

A report from the Journal of Biomechanics used a force plate when looking at 

Taekwondo, and the impact force of a roundhouse kick to the body, (Falco & al, 

2009). 

Thirty-one players took part in the test. The group was split between experts 

(fifteen players) and novices (sixteen players). After a warm up, each athlete used 
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the instep of their foot to kick a freestanding boxing mannequin a number of times 

so averages results could be taken.  (The base was filled with water for stability). A 

force platform was attached to the trunk of the mannequin. The platform was made 

up of two circular wooden plates with a 25 cm diameter. The platform had five 

piezoresistant pressure sensors (A201 model by FLEXIFORCE Company) attached in a 

pentagonal shape. The study found expert Taekwondo players to have a kick force 

on average of between 1990 to 2100 N. While the novice players exerted a kick force 

of on average between 1470 to 1600 N.  

Also found was the difference in impact force depending on the distance 

from the mannequin. The study showed expert players to produce more force in the 

longer distances than the novices produced in the shorter distances. Overall the 

different distances did not have a significant effect on the expert’s kick force, but 

they did have an effect on the kicking force of the novices. The assumption here is 

that the distance between the kicker and the body doesn’t change the magnitude of 

the force as expertise in the sport increases. It is reasonable to assume this is not the 

case for football heading, due to the distance between kicker and header playing a 

factor in changing the balls impact force.  

There has also been work done on the impact force of a punch to the head 

from Taekwondo athletes, (Svoboda, et al., 2016). The punch and its force were 

measured and studied using a high speed camera (Redlake HG 100) and a 

dynamometric plate (Kistler 9281). Only direct punches were tested during this 

study. The results showed the maximum impact force produced from a punch by a 

Taekwondo competitor ranged from 1900 to 2200 N. Based on these results and 

previous work on head trauma and injuries, the report concludes stating that these 

punches can result in facial bone fractures, other head injuries and even fractures to 

the cervical vertebrae. The severity of the injury can depend on a number of 

different factors, such as tissue stiffness. 

Experiments carried out by the University of Tsukuba looked at the impulse 

forces at the time of impact. (That is the force the ball feels from the kick). The 

overall purpose of the experiment looked at the different forces felt by the 

contrasting materials used to make footballs, as well as to study the effect of the 
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impact on the ball shape, (Koizumi & al, 2014). (Four separate balls were tested; the 

Cafusa, Jabulani, TeamGeist2 and the Pelias). 

The analysis was conducted by attaching a force plate to a kick-robot. (A high 

speed camera was used when looking at the effect on ball shape). The kick-robot 

allowed repeated tests at the same velocity, considering it would be near impossible 

to have a human tester reproduced the same velocities repetitively. The robot was 

set to perform kicks at four different speeds; 15, 20, 25 and 30 m/s, (15 m/s being 

the average speed of a pass and 30 m/s being the average speed for a shot-on-goal). 

Twelve tests at each speed were carried out. Fig.2.5 below shows the varying results 

that were acquired for the different speeds for each material, as well as the time at 

which impact occurs between robot and ball.  

 

Fig. 2.5: Force at speeds (a) 15m/s, (b) 20m/s, (c) 25m/s and (d) 30m/s. (Koizumi & al, 2014). 

The graphs display the force felt at multiple different stages of the kick (the different times). 

With a maximum force reaching almost 2500 N, while a minimum force of about 

1000 N, depending on the severity of the kick.  

The report concludes with the findings that the Cafusa ball experiences a 

lower maximum impulsive force than the other balls. This is put down to the 

flexibility of the balls material and its middle reinforcing layer. While the Jabulani ball 

was subjected to the greatest maximum impulsive force, presumably due to the balls 

structure and characteristics of its surface materials. 
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Force plates are of big use in gait analysis, which is the technique used to 

assess the way in which people run/walk, so as to determine if someone has any 

biomechanical or structural abnormalities in the lower limbs and feet.  

In 1981, a force plate with a high resonant frequency was utilised in looking 

at the forces generated by a heel stroke while walking, (Simon, et al., 1981). A force 

transducer was also used and inserted into the heel of the subject’s shoe. A normal 

walking cycle was studied. The results showed that during the walking cycle the 

lower limb is subject to a high frequency impulsive load at heel strike. The 

seriousness of the impulse was varying with a changing velocity and angle at which 

the heel came to the ground. The peak force had a value between 0.5 to 1.25 times 

body weight and its frequency varied from 10 to 75 Hz. 

Another study looked at the use of the force plate in all gait analysis, 

standing, walking, running and jumping, (Cross, 1998). Force-time graphs were 

produced for multiple different scenarios. The test subject was needed to simply 

stand, step on and jump off, jump on and step off, walk, jog and run on the force 

plate. With a tester of mass 80 kg, it was found that running (at a speed of 6 m/s) 

resulted in the highest impact force at approximately 2 kN, this could be in part 

down to the low impact time. The lowest force found in this study was the tester 

stepping onto the plate, with a value of about 0.5 kN. This then levelled out at 0.78 

kN when the subject was standing stationary on the plate.  

 The plates are also used to examine performance before and after surgery. 

Research was carried out looking at the performance of seven dog’s limbs before 

and after surgery, (Theyse, et al., 2000). The dogs were walked across the force 

plate; before surgery, six weeks after and six months after. The study found forces 

exerted while walking for five of the seven dogs returned to normal range at six 

months after surgery. Unfortunately the other two dogs produced results which 

showed small abnormalities. However the surgery was considered a moderate 

success with the majority of dogs producing expected force values.  

 Force plates are relatively expensive and in response to this there has been 

innovation in designing alternative and cheaper devices, such as Shimme, 

(O’Donovan, et al., 2009). The wireless sensor platform (Shimmer) was tested and 

compared against a standard force plate to see if it produced accurate results. Data 
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was recorded while a test subject performed multiple walking and running exercises 

at a self-selected pace each time. The main focus was on the heel strike and toe-off 

forces.  

The results showed the Shimmer to compare favourably to the force plate. 

This implies Shimmer could be a viable alternative to a force plate in gait analysis, 

particularly for quick in-home tests, due to Shimmer being versatile and cheaper 

than a force plate.  

Having a strong ability to balance is important as it aids people in avoiding 

falling and helps in everyday actions such as walking and going up and down stairs. 

Force plates are used to examine balance in many cases. One study looked at the 

effect a balance exercise program had on an individual’s balance ability after total 

hip or knee arthroplasty, (Jogi, et al., 2016). Participants were assigned to two 

groups. One undertook regular recovery training while the other undertook balance 

training. They had their balance tested on the plate before and after the five weeks 

of training. The results showed that those who were in the balanced training group 

showed higher improvement rates than those in the regular training group. 

After reading the many situations where force plates are of use, it was 

decided to carry out an experiment for this project where footballs would be 

fired/kicked at a plate to find the impact force, (this is discussed in more detail in 

Chapter 3).  

 

2.6 Use of Accelerometers: 

In the study of head impacts, accelerometers have been used to find the g-force 

experienced by the brain and skull. A study carried out in 2003 (McIntosh & Janda, 

2003) looked at the performance of cricket helmets (and comparing them to baseball 

and ice hockey helmets) when hit by the sports respective ball/puck. The experiment 

used an air cannon to fire the balls at the helmets, at speeds of 19, 27, 36 and 45 

m/s. Freefall tests were also carried out with the helmets placed around a head 

model. They were dropped onto a few different anvils, (flat rigid, flat deformable and 

hemispherical rigid). The impact force was measured in the free fall scenario. 
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This was measured with the help of an accelerometer. A 2228C triaxial PE accelerometer 

was attached to the head model. The specifications were as follows; a sensitivity of 

2.8 pC/g, a maximum temperature of 177 oC (450.15 K), and a maximum frequency 

of 4000 Hz.  

The results of the test showed all helmets to perform well in protecting the 

model at low speeds. As expected, the higher speeds were tougher on the helmets 

and performance levels dropped due to the higher impact forces. For example, the 

cricket helmet experienced forces of 67, 160, 316 and 438 g’s at speeds of 19, 27, 36 

and 45 m/s respectively. The report concludes with the findings that firing balls at 

the helmets may be a superior testing method than the free fall approach. Cricket 

helmets were found to be satisfactory for protection against low speeds, but not for 

the higher, more realistic speeds that would be expected in the sport. Baseball and 

ice hockey helmets were both found to perform better than the cricket helmets at 

high speed impacts.  

Accelerometers were implemented inside helmets again when looking at 

head impacts and concussions in college football in America, (Guskiewics, et al., 

2007). Accelerations of head impacts in the Division 1 college league were recorded 

from 2004 to 2006. All concussions were recorded also and compared to the g-force 

values.  

Thirteen concussions were found and they ranged in value from 60.51 to 

168.71 g. The report concludes observing that concussions occur from a wide range 

of head impacts. Also noting that, due to the varying magnitudes and locations of 

impact, it would be difficult to establish a set value for concussion to occur that 

could be applied to all American football players.  

An accelerometer was used in one test which did look at the force 

experienced when hit with a football, (Sopher, 2012). The accelerometer was placed 

inside ballistic gel (representing the brain) inside a pig’s skull, (due to being pigs 

being closely analogous to humans). Footballs were then dropped (test didn’t 

account for forces from more realistic hits in football) from heights varying from 0.5 

to 3 m. 
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The results showed a maximum g-force of 14 g impacting on the skull, being 

dropped from 3 m. It showed a gradual increase in g-force with the increasing height, 

as expected, with the lowest value being approximately 5 g at 0.5 m.  

Equestrian falls often result in serious head injuries. A 2016 study examined 

the effect of the impact surface on the helmets worn and an accelerometer was used 

here to measure the g-force experienced, (Clark, et al., 2016).  

A head form was placed in an equestrian helmet and set up with 

Endevco7264C-2KTZ-2-30 accelerometers in a 3-2-2-2 array. The head was then 

dropped unrestrained onto the different surfaces; steel, turf and sand. Each surface 

had the head dropped on three separate locations; front, side and rear.  

It was found that the steel surface impact resulted in the highest g-force 

(with values from 164.6 to 180.6 g), followed by the sand and then the turf. The 

front location impact had the highest g-forces for steel and sand, while the rear was 

the highest in the case of the turf. 

From previous reports use of an accelerometer in head impacts, it was 

decided to use one of these devices in finding the force when heading a football.  

 

2.7 Use of High Speed Cameras: 

High speed cameras are used in quick impact situations to get an accurate and visual 

description of what is happening during the milliseconds on contact.  

Pennsylvania State University had a study which looked at the impact 

between ball and foot during the kicking action, rather than impact between ball and 

head, (Tsaousidis & Zatiorsky, 1996). It focused solely on this impact as it tried to 

determine if the interaction could be potentially modelled as an elastic impact or as 

a mixture of throwing and impact like patterns. 

Two amateur soccer players were used as test subjects in the experiment. 

The test involved both subjects kicking the ball with maximum effort and with the tip 

of the foot (commonly known as a ‘toe kick’ or ‘bog-toe’). This was seen as the 

optimal method to study the impacts, however it doesn’t account for real life 

scenarios, where this type of kick is rarely used. The impact was studied using a 

high-speed camera (Kodak SP2000).  
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The study found that the conservation of momentum is not sufficient in 

modelling kicking. Due to the muscle work from the leg, additional momentum and 

mechanical energy is supplied. This is thought to be because of the time of impact 

(approximately 16 ms) and the ball-foot displacement (26 cm). Greater than 50% of 

the balls speed is imparted to the ball without any contribution from the potential 

energy of the ball deformation, as well as 30% of its kinetic energy.  

Also found was that the speed of the foot decreases up until the point of 

peak deformation and thereafter stabilizes. While the balls speed increases up until 

loss of contact with the foot, except for a short initial period where it isn’t increasing.  

A high speed camera was utilised again in a study looking at ball deformation, 

(Nunome, et al., 2012). The goal here was to look at the foot and ball through ball 

impact phase. A similar procedure to the previous experiment was followed, 

however the fastest ever sampling rate for football kicking was used here along with 

more advanced technology.  

It was found that the proper duration time to accelerate the ball is 

approximately three fourths of visually determined contact time and longer contact 

time does not result in higher ball velocity. 

It was decided that a high speed camera could be innovated in a way to find 

force felt when heading a football also, as detailed in Chapter 3.  
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Chapter: 3 Methodology 

When approaching this problem the initial goal was to design an apparatus that could be 

worn on the head and used repetitively for multiple tests with numerous different footballs. 

After it was decided that this idea wasn’t possible, the focus was on designing experiments 

which would simulate the heading of a football and gather the results from them. Three 

different experiments were carried out, with four separate footballs (Fig.3.1) used to 

observe difference in forces produced and act as constants throughout all testing. (The 

other constant being the distance between the ball and the object it would hit (2 m)). The 

different balls properties are listed in Table 3.1. 

Constants 
Football Mass (kg) Volume (m3) Density (kg/m3) 
Size 3 0.308 3.47 x 10-3 88.76 
Size 4 0.362 4.53 x 10-3 79.91 
Size 5 0.425 5.79 x 10-3 73.4 
Foam Ball 0.301 3.47 x 10-3 86.74 
Table 3.1: Experiment Constants 

 

 

Fig. 3.1: Different footballs used throughout tests. (from left to right; foam, size 3, size 4 and 

size 5).  

3.1 Initial Idea: 

The initial idea for this problem was to use pressure indicating film or pressure mapping 

technology. The plan was to use the film/technology and model it as a swimming cap 

(Fig. 3.2), having it nice and tight to the head. This was so the pressure values the 

head experiences would be as close as possible to the values found in the 
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experiment. Other apparatuses (such as a helmet) would be thicker and have the 

high possibility of absorbing a percentage of the impact from the football.  

It was thought this would’ve been the best way to perform a field 

experiment. The ball could then be kicked/fired at the person for different situations 

(pass, crosses etc.) and each header measured, including measuring the force for 

different kind of headers, for example direct and skimming headers.  

 Fig. 3.2: Swimming Cap Model. (Anon., 2017) 

 

The image below shows how the material would’ve worked. The film 

experiences a pressure and produces a colour. The pressure value is then read off a 

scale of number ranges corresponding to the different colours possible. It would not 

give a specific value but a range of data which the precise value is between. One 

would cut out the necessary amount and mould it into the cap for the experiment.  

 

Fig. 3.3: Pressure Indicating Film. (Anon., 2017). 

The first problem with this idea was the colour reading. This experiment 

wouldn’t give us an exact value from the impact in the header. The second 

problem came to light when I contacted companies (such as Tekscan and 
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PressureProfile) about their pressure film and mapping technology. Everyone 

who replied to me notified me that their products weren’t suitable to my project 

due to the relatively small time of contact. The only product that may have 

worked was from Tekscan and would’ve cost in excess of £15,000 (which is quite 

a bit over budget).  

Due to these drawbacks I decided this field experiment wouldn’t be suitable 

for the project and I focused on making experiments that could perhaps 

re-create the forces felt when heading a football.  

 

3.2High Speed Camera: 

The first test carried out was the concept of using a high speed camera. As discussed in the 

literature review it has been used in similar studies carried out previously. The test 

was essentially kicking the different footballs at a concrete wall and using the 

relationship between impulse and change in momentum to find the force upon 

impact.  

.dt (v v )∫
 

 
F o = m 1 −  2  

(1) 

 

t (v v )F o = m 1 −  2  (2) 

 

F =  to
m(v − v )1 2  (3) 

Due to this test focusing on finding the force of impact, the speed of the football coming 

away from the wall (v2)  was not needed, therefore the equation was simplified as 

seen below, (with v1 = v). 

 F =  to
mv  (4) 
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3.2.1 Equipment and Set up: 

The Phantom v9.1 (Fig. 3.4 (a) & (b)) from the UCD School of Mechanical and 

Materials Engineering was used for the test. It was set up with 1253 

frame/sec with a resolution of 1024x1024 and an exposure time of 100 μs. To 

ensure good quality images so the ball could be seen when entering frame, a 

light was used and shone directly above the cameras lens. The camera was 

then set up facing the wall where the different footballs would be kicked 

against. Fig. 3.5 and 3.6 shows the experiment set up in full, with the 

difference the lighting makes exemplified.  

 

Fig. 3.4: (a) &(b) The Phantom v9.1. 
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Fig. 3.5: High Speed Camera test set up without light. 

Fig. 3.6: High Speed Camera test set up with light.  

3.2.2 Procedure: 

With the equipment set up the test was carried out as follows;  

1. Ball was lined up 2 metres from the wall.  

2. Camera triggered and ball hit at wall by the footballer.  

3. The impact was played back on the camera and frame numbers were 

noted for when the football; entered frame, first made contact with 

wall and last made contact with wall. 

4. This was repeated five times for each ball and then the values for v 

and to, were calculated. 

To calculate these values the distance the between the ball entering 

frame and the wall had to be known. In this case, it was measured at 0.14 m. 

With this in mind the following methods were used to calculate v and to. 

(With the frames per second (FPS) value being 1253). 
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 v =  d

FPS
f −f2 1

 (5) 

 

            to =  FPS
f − f3 2      (6) 

 

With these values found it was then simply a case of subbing them 

into equation (4) and using the respective mass for whichever football force 

value was being calculated. The results from this test are shown in Chapter 4. 

Fig. 3.7(a), (b) & (c) below shows different tests and the quality of images the 

camera was producing.  

   

 Fig. 3.7: (a), (b) & (c) Footballs in frame during test. 

 

3.3 Force Plate: 

The second experiment done was with the use of the Bertec FP4060-07-1000 force plate 

from the Insight research group in the UCD School of Physiotherapy. The force plate 

was set up with a sampling rate of 200 Hz and with the limit acquisition set to five 

seconds, or 1,000 samples.  

The analysis  was done by having the professional footballer kick each 

football nine different times at the force plate, with three kicks at a “pass” speed, 

three at a “cross” speed and three at a “shot” speed. With the camera (from 3.2) 

being used again here to measure the speed of the ball. (The distance between 

entering frame and contact with plate here was 0.32 metres). Before this however, a 

calibration was done on the plate.  

 

 
 



Shane Freeman14353001 

3.3.1 Calibration: 

The plate and its software were turned on with the plate being flat on the ground, as 

it is for the Insight groups testing. The force plate was zeroed and 

weightlifting plates were then used for a calibration. Plates of mass 5, 10, 15 

and 20 kg plates were placed on the force plate one by one and force values 

recorded. Subsequently they were removed one by one going from 20 kg 

down. The results for each reading saved in a text file. 

The software used for reading the results was set to a sampling rate of 

400 Hz over a period of 10 seconds. This meant a force value was recorded 

every 2.5 milliseconds. To quantify this data and find the average force the 

plate was producing onto the force plate the text file was imported into 

Matlab. A command (as seen below) was then used to find the average force 

value. These were then compared to the expected value which was the mass 

of the weighted plate multiplied by acceleration due to gravity (9.81 m/s2).  

avg = mean(Force) 

 

A table of the calibration results can be seen in the Appendix of the 

report (Appendix A), with the graph shown below. 

 

Fig. 3.8: Force Plate Calibration 
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We can see from Fig. 3.8 that the values while being loaded both on 

and off the plate aren’t exactly matching the expected values. This could be a 

slight offset in the force plate. Despite not being exactly equal to expected 

results, they were close enough so as to continue with relative certainty the 

values being obtained from the plate were reasonably accurate.  

3.3.2 Equipment and Set up: 

For this test the force plate needed to be in the vertical position. To do this, an angle 

iron steel frame was created by technicians Michael O’Donohue and John 

Gahan from the engineering department. Fig.3.8 (a), (b), (c) & (d) below show 

the model of the frame (created with Autodesk Inventor) and the finished 

frame. (A CAD drawing can be found in Appendix E).  

 

 

 

    

Fig. 3.9: (a)&(b) 3D model of frame. (c)&(d) Angle Iron Steel Frame. 
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Fig. 3.10: Force Plate held up by frame. 

With the frame set up so as to keep the force plate upright, the 

challenge was now to ensure the football wouldn’t rebound off the plate and 

damage any of the other equipment in the room. (The force plate and equipment to 

read its measurements had to be kept in one of the Insight research labs). To ensure 

safety during the experiment, a roll cage trolley was turned on its side, surrounding 

the plate, as seen in Fig. 3.11 (a) & (b). Each side was zip-tied together to guarantee 

it wouldn’t fall apart when hit by rebounding ball.  

  

Fig. 3.11: (a)&(b) Cage to ensure safety during experiment.  

The high speed camera measured the speed of the ball coming 

towards the force plate, with the light again giving good quality images. Fig.3.12 (a), 

(b), (c) & (d) below shows the entire set up.  
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Fig. 3.12: (a), (b), (c) & (d) Force Plate Experiment setup.  

3.3.3 Procedure: 

Weighted plates were set up behind the cage so as to keep plate as rigid as possible. 

With the equipment set up the experiment was carried out as follows; 

1. Football placed 2 metres from the force plate. 
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2. Each ball kicked twelve times in total by the footballer. (Three at a “pass” 

speed, three at a “cross” speed and three at “shot” speed).  

3. Every kick had its speed measured with the camera (as done in 3.2) and 

force measured with the force plate. This was done with a frame per 

second value of 1200 and a distance (d) of 0.32 m. 

4. The cage, frame and weights were checked after every test to ensure all 

were still rigid and upright. 

(It was decided to carry out tests for the players three different kicks (pass, cross, shot) as in 

a real game of football, players are heading balls at various different speeds).  

 

3.4 Accelerometer: 

The final experiment done for this project was done by placing an accelerometer (Kistler 

Type 8763B500AB) in a head model and having the player kick footballs at the head. 

The accelerometer was borrowed from the HEADS research group based in UCD 

engineering.  

3.4.1 Calibration: 

A simple two-point calibration was done for the accelerometer. The Kistler software 

was set up and started taking readings. The accelerometer was then dropped 

after one second of the software taking in g-force values. The values 

recorded after the one second mark and up until the impact time (with 

padding so as to not damage the accelerometer) were taken into account. 

The text file of values was then imported to Matlab and an average was 

taken. The reading, if perfectly calibrated, would be 1 g. (As objects in free 

fall do so under 1 g of force). The force the accelerometer experienced was 

1.3 g.  
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Fig. 3.13: Accelerometer Calibration 

This figure suggests the results we obtain from the device will be slightly inaccurate. 

However, this was not seen as too large a discrepancy to not use the 

accelerometer and the experiment went ahead as planned. 

3.4.2 Equipment and Set up: 

For this experiment the high speed camera was used once more to calculate the 

speed of the ball coming in. The distance between the head model and ball 

entering the image this time being 0.35 metres.  

The head model was 3D printed from polylactic acid (PLA). This was borrowed 

from the HEADS research group also. To keep it upright and rigid it was 

screwed into a stand, as seen in Fig. 3.14. 
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Fig. 3.14: Head form attached to stand.  Fig. 3.15: Kistler Accelerometer 

Weights were used at each corner of the bottom of the stand to keep it 

steady. The accelerometer (Fig.3.15) was screwed into the inside of the head 

model to keep it rigid and avoid disrupting vibrations.  

The high speed camera and Kistler software were then started up and the 

setup was complete. Below shows the overall setup and quality of images 

from the camera.  
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Fig. 3.16: (a) Experiment setup with light. (b) Clarity of head model images.  
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(c) Experiment setup without light. (d) Impact between ball and head model.  

3.4.3 Procedure: 

With all equipment setup and running, the experiment was carried out as follows; 

1. Football placed 2m from head model and stand. 

2. Footballer kicked each ball 10 times at a self-determined “cross” speed.  

3. Speed and g-force values were recorded and saved. Speed measured 

again with the camera using 1200 frame per second and a distance (d) of 

0.35 m. 

4. The head model was reset after each set to ensure it was secure and 

upright.  

Chapter 4: Experimental Results 

The following are all the relative numerical results obtained from the three individual 

experiments carried out for this project. 

4.1 High Speed Camera results: 

These results were calculated using equation (4). Using each footballs relative mass, and the 

speed and impact time as seen in Table 4.2. 

Football Test Speed (m/s) Impact time 
(ms) 

Force (N) 

Size 3 1 6.87 13.56 156.04 
 2 5.54 11.17 152.76 

3 7.24 11.16 199.81 
4 7.84 11.97 201.73 
5 6.23 9.58 200.3 
Avg. Value 6.74 11.49 185.13 

 
Size 4 1 5.67 10.38 197.74 
 2 7.02 11.17 227.51 

3 7.98 9.58 301.54 
4 7.02 9.58 265.27 
5 7.63 10.38 266.09 
Avg. Value 7.06 10.22 251.63 

 
Size 5 1 7.31 11.97 259.54 
 2 6.75 11.96 239.86 

3 5.66 11.17 215.35 
4 7.29 11.97 258.83 
5 6.75 11.16 257.06 
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Avg. Value 6.75 11.65 246.13 
 
Foam  1 7.31 18.36 119.84 
 2 7.63 16.76 137.03 

3 6.51 18.36 106.73 
4 7.63 17.56 130.79 
5 8.36 16.76 150.14 
Avg. Value 7.49 17.56 128.91 

Table 4.2: High Speed Camera results.  

 

 

 

4.2 Force Plate results: 

A zeroing factor was accounted for when the force plate was being help up vertically. It was 

set to record with no impact forces acting on it and the text file of results was 

imported into Matlab to find the average reading.  

It read a value of -0.5293 N. This is just slightly off a zero setting so the 

experiment continued, treating this discrepancy as negligible.  

During the testing, each recording on the force plate takes note of the force 

acting upon it every 2.5 ms. This produces thousands of results in the text file. To 

find the maximum impact force experienced by the plate during each kick, the 

results were imported into Matlab and the following command was used; 

maxForce = max(ForcePlate1Z(:)) 

 

The results were then recorded, as seen in Table 4.3. While Table 4.4 gives a condensed 

version of this experiments results.  

Football Test type Test Speed (m/s) Force (N) 
Size 3  
 Pass 1 6.98 447.34 

 2 7.84 523.09 
3 7.68 457 

Cross 1 8.73 556.43 
 2 9.14 660.32 

3 9.6 650.81 
Shot 1 10.11 743.09 
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 2 11.64 827.66 
3 15.36 1108.5 

Size 4  
 Pass 1 4.09 222.92 

 2 7.25 400.49 
3 8.72 489.9 

Cross 1 10.67 676.87 
 2 11.29 730.1 

3 8.73 607.54 
Shot 1 14.22 796.65 
 2 13.24 912.61 

3 13.71 1033.9 
Size 5  
 Pass 1 7.68 452.46 

 2 8.17 579.07 
3 7.84 546.32 

Cross 1 9.14 477.01 
 2 9.14 517.2 

3 9.6 1097.22 
Shot 1 10.38 951.32 
 2 11.69 1016.92 

3 9.6 833.52 
Foam Ball  
 Pass 1 7.11 198.47 

 2 5.65 111.8 
3 6.74 125.2 

Cross 1 7.53 230.42 
 2 8 244.67 

3 8.93 338.4 
Shot 1 14.77 315.49 
 2 17.45 361.26 

3  10.37 282.43 
Table 4.3: Force Plate results.  

 

Football Test Type Avg. Speed (m/s) Avg. Force (N) 
Size 3 Pass 7.5 475.81 
 Cross 9.16 622.52 

Shot 12.37 893.08 
 
Size 4 Pass  6.69 371.1 
 Cross 10.23 671.5 

Shot 13.72 914.39 
 
Size 5 Pass 7.90 525.95 

 
 



Shane Freeman14353001 

 Cross 9.29 697.14 
Shot 10.56 933.92 

 
Foam Ball Pass 6.5 145.16 
 Cross 8.15 271.16 

Shot 14.20 319.73 
Table 4.4: Force Plate results; condensed. 

 

 

4.3 Accelerometer results: 

The Kistler software saved the results from each accelerometer test as an excel file. Excel 

was then used to find the maximum value of g-force in each direction and the 

resultant was found to give a single value experienced by the accelerometer in the 

head form. 

Ball Test Speed (m/s) Force (g) 
 X-Axis Y-Axis Z-Axis Resultant 
Size 3 1 9.55 19.12 7.06 20.04 28.58 
 2 9.55 8.92 8.81 13.17 18.18 

3 9.13 7.33 7.83 13.83 17.50 
4 9.56 9.17 6.50 13.64 17.67 
5 11.35 6.88 7.07 14.77 17.76 
6 7.24 8.26 3.87 9.89 13.45 
7 8.75 9.34 4.87 15.41 18.67 
8 8.57 5.97 7.34 11.05 14.55 
9 7.37 7.51 3.16 11.06 13.74 
10 8.08 5.66 2.38 11.85 13.35 
Avg. 8.92 8.82 5.90 13.47 17.35 

    
Size 4 1 9.54 9.35 5.98 12.10 16.42 
 2 8.57 7.49 6.16 11.69 15.19 

3 8.58 8.54 4.62 6.58 11.73 
4 9.13 9.16 7.19 12.94 17.41 
5 9.11 7.33 5.33 13.14 15.96 
6 9.33 11.78 6.03 10.83 17.10 
7 8.75 11.44 5.80 11.67 17.34 
8 9.53 19.15 5.76 15.59 25.36 
9 7.92 7.30 5.73 9.58 13.34 
10 9.33 9.78 6.70 11.69 16.65 
Avg. 8.98 10.13 5.93 11.58 16.65 
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Size 5 1 7.78 14.98 5.46 10.97 19.35 
 2 9.13 12.43 6.59 12.03 18.51 

3 6.77 8.31 7.53 9.32 14.58 
4 7.92 14.73 7.20 13.28 21.10 
5 7.78 12.46 7.86 12.11 19.07 
6 8.40 9.08 9.11 11.24 17.08 
7 7.77 14.47 7.82 11.88 20.29 
8 7.12 29.23 16.63 26.39 42.75 
9 5.60 4.48 1.23 8.06 9.30 
10 8.57 10.12 3.90 15.66 19.05 
Avg.  7.68 13.03 7.33 13.09 20.11 

    
Foam 1 13.55 5.22 2.09 4.28 7.10 
 2 7.50 4.16 1.12 5.23 6.78 

3 11.35 12.57 6.04 9.60 16.93 
4 10.50 5.92 2.65 6.13 8.92 
5 10.01 6.66 2.34 6.42 9.54 
6 8.94 4.67 3.06 7.69 9.50 
7 8.54 3.29 1.40 4.73 5.93 
8 10.77 6.48 5.00 4.53 9.35 
9 9.77 13.13 5.32 9.44 17.02 
10 8.57 5.19 5.95 5.34 9.53 
Avg.  9.95 6.73 3.50 6.34 10.06 

Table 4.5: Accelerometer results.  
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Chapter 5: Results Analysis 

5.1 High Speed Camera analysis: 

Fig. 5.1 below represents the different forces on impact when the ball was hitting the wall. 

The graph was done by putting the speeds in order from lowest to highest, not in 

order of test number as seen in Table 4.2.  

The size 3 and foam ball clearly produce the lowest forces in this test, with 

the size 4 and 5 football producing the largest. 

It was expected that the size 5 ball would produce the most force on average overall 

due to it having the largest mass. This was not the case, as the size 4 ball clearly 

produces the three highest impact forces in this experiment.  

This unexpected result can be put down to the speeds at which the balls were kicked 

at. With a human test subject, it was very difficult to recreate the same speed kicks 

every time. This resulted in the size 4 football travelling, on average, at 1.05 times 

the speed of the size 5 football, while only producing 1.02 times the force. Therefore 

it is reasonable to assume that if the size 5 ball had been kicked at the same speed as 

the size 4 repeatedly it would produce a greater impact force. This assumption is 

backed up with the first test of the size 4 and the third test of the size 5. They are 

kicked at approximately the same speed (5.67 and 5.66 m/s respectively), yet the 

size 5 football produces a force of 215.35 N, compared to the 197.74 N produced by 

the size 4.  

Given equation (4), it is expected that increasing speed at impact will increase the 

impact force, however there are some exceptions to this in Fig. 5.1. There is an 
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outlier, with test 1 of the size 3 football decreasing rapidly in impact force despite an 

increase in speed.  

From the literature review, it was noted that the angle at which objects are fired at 

towards a surface effect the value of impact force. Although all these footballs are 

kicked from the same spot there is no guarantee they hit the wall at the exact angle 

each time (due to human error). The position at which it hits the wall effects the 

time of impact between football and wall. A direct, linear hit with the wall will 

produce the smallest impact time and therefore the highest force. A higher time of 

impact will reduce the impact force. From Table 4.2, it is noted that the outlier 

mentioned (test 1 of size 3 football, as seen in Table 4.2) has the highest time of 

impact for that football, so it seems reasonable to assume it hit the wall at unusual 

angle and resulted in a drop in force despite an increase in speed.  

 

Fig. 5.1: Force vs Speed when hitting concrete wall. 

The effect of the impact time is seen most notably in the results for the foam 

football. With all other balls being made out of polyester/cotton, they have very 

similar impact times throughout (with a maximum difference of 1.43 ms). However 

the foam ball has the highest average impact time at 17.56 ms. This explains (along 

with its smaller mass value) how, despite being kicked on average at 1.11 times the 

speed of size 3 and 5 and 1.06 times the speed of size 4, it still produces the lowest 

impact force results.  
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Fig. 5.2 shows the biggest differences in impact times for each football and the 

corresponding forces. Every ball shows a decrease in force with an increasing impact 

time, except for the size 5. The size 5 tests had very little difference in the impact 

times throughout this test. The slight increase in force despite an increase in contact 

time can be put down to extremely similar impact times and different impact 

locations.  

 

Fig. 5.2: Comparing the force on impact to impact time.  

 

5.2 Force Plate analysis: 

The results from the force plate experiment are represented in the Fig. 5.3, 5.4 & 5.5, (pass, 

cross and shot). For these graphs the speeds were again put in order from lowest to 

highest for a visual comparison. It was decided to ask the tester to hit three kicks of 

each ball at what they felt was a “pass”, “cross”, and “shot” speed. This was due to 

the force plate test being the most controlled experiment overall and to account for 

the fact that in football, players are heading balls at all speed, such as a lob pass, a 

cross from out wide or hit directly from another players shot.  
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Fig. 5.3: Force for pass speeds.  

 

These results are largely as expected, the foam ball producing the lowest 

forces and the size 5 producing the largest. Although on average, the foam and size 5 

ball were kicked at the slowest and fastest speeds respectively.  

In regards to the foam ball, at its highest speed (7.11 m/s) it still did produce 

a force near that of the slowest speed (4.09 m/s) of one of the polyester/cotton 

footballs (size 4). (198.47 N compared to 222.92 N). 

The size 5 ball was kicked at speeds 1.18 times that of size 4 and 1.05 times 

that of size 3. Despite this, it produced 1.42 times the force of size 4 and 1.11 times 

the force of size 3. This indicating again that size 5 would produce the highest force 

results at equal speed across all footballs. 

In these tests, the size 3 produced 1.28 times the force of the size 4, while it 

was kicked at a speed of only 1.12 times the speed of the size 4. This suggests that 

the size 4 ball in this case did not have direct impact as often as the size 3.  
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Fig. 5.4: Force for cross speeds.  

These results follow as expected. The footballs from lowest average force to highest 

are; foam, size 3, size 4 and size 5. This is despite the size 4 football having a faster 

speed over the three tests. The size 5 is seen to be on average faster than the foam 

ball in these results, but produces much higher forces than the foam ball.  

Size 3 is kicked at 0.99 times the speed of size 5 on average but only produced 0.89 

times the force. This implies that the size 5 football would have produced the highest 

impact force if all footballs were kicked at the exact same speed.  

The size 4 was kicked at 1.12 times the speed of size 3 and produced 1.08 times the 

force. This would suggest the size 3 football had more direct hits. This is backed up 

by the fact that both balls ended up being kicked at 8.73 m/s, with the size 3 

producing 556.43 N and the size 4 producing 607.54 N.  

The foam ball again displays low force values when compared to the other footballs. 

It hits a peak at 338.4 N, kicked at 8.93 m/s. The other balls produce higher values at 

lower speeds. This peak value is also less than 89% of the forces from the 

polyester/cotton balls values in the “pass” tests, despite being at lower speeds.  

The size 5 had two tests at the same speed (9.14 m/s) with different results. This is 

the clearest example yet of the location of impact effecting the value of impact 

force. It is also noted that the size 5 football had lower impact values than size 3 & 4 
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for two tests, despite having larger speeds, again showing how a direct hit can 

drastically change the force of impact.  

 

Fig. 5.5: Force for shot speeds.  

The shot tests again follow a similar trend, with the balls average impact force ranked 

lowest to highest going as follows; foam, size 3, size 4 and size 5. This despite size 5 

having the lowest average speed (10.56 m/s) during these tests and the foam having 

the highest average speed of all the force plate tests (14.2 m/s).  

The foam ball has a peak force of 361.26 N at the highest speed any ball was kicked 

at in 17.45 m/s. This peak force is also less than 94% of the polyester/cotton ball 

values in the cross and pass speeds, (only higher than the 222.92 N produced by size 

4 at 4.09 m/s). 

Size 4 was kicked on average 1.11 times the speed of the size 3 ball in this testing 

scenario. Although it only produced 1.02 times the force on average. This again 

could be down to the size 4 not having as many clean/direct hits with the force plate. 

This thought is backed up by the fact that in one test, at 15.36 m/s (1.12 times the 

size 4’s speed of 13.71 m/s) the size 3 ball could only produce 1.07 times the force of 

the size 4 at 13.71 m/s.  

The size 5 ball shows to be the most capable of producing the highest impact forces 

yet again as it produces the highest average at the lowest speeds. However, it is 

seen that the size 3 produces the highest force experienced in this experiment 
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(1108.5 N), showing the location of impact and speed at impact could be more 

important that the footballs mass.  

 

5.3 Accelerometer analysis: 

Fig. 5.6, 5.7, 5.8 & 5.9 represent the results obtained from the accelerometer experiment. 

The speeds were ordered from lowest to highest for the visual comparison. These 

tests read the force experienced in g-force and not in Newtons as done in sections 

5.1 and 5.2. The ball was kicked at what the subject felt was a cross speed from the 2 

metre mark. With the head model being the hit surface this time, instead of a flat 

plane (such as the wall and force plate). The head model allows this test to account 

for the different ways a ball can strike the head in this situation, from a direct hit to a 

skimmed header.  

 

Fig. 5.6: Accelerometer - Foam ball results. 

In general, the forces produced with this increasing speed seem to level out for the foam 

ball, except for tests 1, 2, 5 & 9. The first two tests were noted as skimming headers. 

This is a header which isn’t a direct hit, but only brushes off the head and doesn’t 

produce as much force on impact. 

There are spikes in the results at tests 5 and 9, at values of 17.02 and 16.93 g. 

These were noted as direct hits to the forehead of the head model.  

At an average speed of 9.95 m/s the foam ball produced an average force of 10.06 g.  
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Fig. 5.7: Accelerometer - Size 3 results 

Size 3 shows a generally level set of g-force results with the increasing speed from tests 1 to 

7. This was expected as these tests were noted as all hitting in around the forehead 

area but none skimming or directly hitting it. The spike at test 8 was a direct hit to 

this area, resulting in 28.58 g of force.  

The final two tests followed the trend seen between tests 1 to 7. The size 3 was 

kicked at an average speed of 8.92 m/s and an average force experienced of 17.35 g.  

   

Fig. 5.8: Accelerometer – Size 4 results. 

A steady increase in speed corresponds to a steady increase in force for the size 4 ball here 

between tests 1 to 8, except for test 3. This shows a decrease in force and is marked 

as being a skimmed header.  
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A direct hit is then noticed at test 9, reaching a value of 25.36 g. The size 4 ball had 

an average speed of 8.98 m/s and an average force of 16.65 g.  

 

Fig. 5.9: Accelerometer – Size 5 results. 

The size 5 ball saw a generally level off force value with the increasing speed. This implying 

the hits to the head model didn’t include any direct or skimming headers. That is 

except for a peak at test 3 of 42.75 g, the highest recorded value throughout this test 

and was noted at the time as another direct hit. Also, tests 1 and 2 were recorded as 

skimmed headers and are shown in the graph to be slightly off the general values 

from test 4 to 10. 

The size 5 ball had an average speed of 7.68 m/s and an average force of 20.11 g. 

 

In this experiment, the size 5 football was, on average, producing the highest force value 

again. While the foam ball produced the lowest force values. This despite the size 5 

having the lowest average speed and the foam ball having the highest average 

speed.  

Interestingly the size 3 football was found to produce higher average force value at a 

slightly lower average speed than the size 4. The size 3 was noted as not having any 

skimmed headers during its ten tests, while the size 4 had one at 11.73 g. If one was 

to only account for the other nine tests from the size 4 ball, it would still only 

produce an average force of 17.2 g compared to the size 3’s 17.35 g. This leaving the 
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assumption that the size 3 ball impacted the head model at better locations for force 

felt, compared to the size 4 ball.  

Chapter 6: Discussion & Conclusion 

The first thing noticed when considering the results from these experiments is the 

substantial difference in the values of force obtained from the high speed camera 

experiment and the force plate test. This could be put down to the force plate experiment 

involving a lot more tests at higher speeds, but that doesn’t account for the cases where 

similar speeds weren’t producing near similar force values. An example of this is with the 

pass testing for the size 4 football with the force plate and the size 4 football testing in the 

pure high speed camera experiment. The force plate test in this case had an average speed 

of 6.69 m/s and force value of 371.1 N. While the high speed camera test here had an 

average speed of 7.06 m/s but force value of 251.63 N. Considering the mass is constant 

throughout these two tests and taking equation (4) as our baseline, it is assumed the time of 

impact must be the changing factor.  

With lower force values, the time of impact with the wall is thought to be longer 

then the impact time experienced with the force plate. This noticeable change in time, 

despite similar speeds, can be put down to the elasticity of the materials the footballs are 

hitting. The concrete walls elasticity allows for a longer impact time compared to the force 

plates. This accounts for the discrepancy in the results. 

In terms of which should be taken as the more accurate for representing heading of 

a football, the force plate results should be taken into account. The device is designed 

specifically for force measurements (unlike the wall) and the impact time in general for the 

high speed camera seems too high. Taking into account previous work done of head impacts 

(Yang, 2011), the expected impact time is between 2 to 8 ms. This is the approximate range 

of impact times from the force plate, making its results more realistic.  

Due to this problem with the results, the high speed camera test wasn’t ideal for 

accurately measuring force when heading a football. The device itself however was useful in 

the later tests in finding the speed of the football before impact.  
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 In the force plate tests the size 5 football produces the most force on average throughout 

all scenarios (pass, cross and shot). This is despite it having lower speeds in the shot test 

than size 3 and 4, and also lower than the size 4 in the cross test. The foam ball consistently 

produced low force values, where even at its highest speed it had impact forces less than 

the polyester/cotton footballs at their lowest speeds.  

All three polyester/cotton footballs were capable of producing impact forces of over 

1000 N in these tests. The lower the mass the higher the speed needed to hit this value. In 

fact it was the size 3 football which had the highest impact force throughout the force plate 

testing (although travelling at highest speed in regards to these three footballs) at 1108.5 N. 

These values are worrying as there have been reports stating concussions can occur at 2100 

N of force to the head and only 1780 N is capable of fracturing the mandible (the strongest 

bone in the human face), (Walilko, 2012). With these values it is reasonable to assume that 

constant hits to the head which could potentially be up to 1100 N can damage the brain. 

Also, it is possible for footballs to be kicked at faster speeds, so some professional 

footballers may well be heading footballs at the force where some people experience 

concussions.  

 

The accelerometer testing was the most realistic carried out for this project as it involved 

the ball hitting an object replicating the human head and not a flat surface. This testing also 

exposed the difference in the force felt when heading depending on where the ball strikes 

the head.  

During this experiment it was noted how generally the ball striking around the 

forehead area at similar speeds will give similar g-force values. However, a direct hit to the 

forehead shows a spike (as seen in the results) where the head was seen to experience up to 

42.75 g (from the size 5). While a skimming header would not affect the head near as much 

despite being at a similar speed, like where the size 5 gave a 9.3 g hit to the head form. This 

despite the fact that the difference in speed was less than 2m/s.  

During this test all the polyester/cotton balls were seen to produce direct hits 

between 25 – 42 g, while the foam ball maxed at 17.02 g. The size 3, 4 & 5 had averages 

between 16 – 20 g, while the foam ball had an average of 10.06 g, despite being subject to 
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the highest speeds throughout this test. There has been studies saying that most 

concussions occur at 95 g, while some can occur at as low as 50 – 60 g, (Gorgens, 2010). 

Again, there could be cases when the ball is travelling at faster speeds than they were in this 

test, resulting in footballers potentially heading with concussion level forces. These results 

suggest the safest way to head the ball is a skimming header, and that the point of impact is 

a big part of the potential problem of headers damaging the brain. 

 

The results from these experiments seem to point out that heading a football may be a 

dangerous activity. Looking at these results and considering the average forces that cause 

concussions, it suggests that constant heading of a football would have a negative effect on 

the brain. Whether or not it is as serious as causing dementia (as has been claimed) it most 

definitely cannot be good for the brain, with the head being struck at near concussion level 

forces, multiple times, every day of the week (in terms of professional footballers and their 

training). 

When considering preventive measures or safety precautions, at first glance a 

reasonable thought would be to use smaller balls (size 3 and 4) in training or matches. 

However, this project has shown the size 3 and 4 to be just as capable as the size 5 in 

reaching high forces when travelling with higher speed values. In some cases, a higher speed 

isn’t even needed, as long as the ball has a clean direct hit to the head.  

The results given here suggest that using the foam ball is the best possible safety 

precaution in the harmful effects of heading. It produced the lowest values throughout all 

tests and even at much higher speeds, would generally not reach the force values from the 

other footballs at their respective lower speeds. Also a focus on heading technique would be 

a helpful preventive measure. The data here has shown the point of impact to be a big 

factor in the force experienced by the head and teaching players the correct technique to 

utilise this fact could reduce the damage to the brain.  
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Chapter 7: Potential Future Work 

A big goal of this project was to have the footballs fired at consistent speed values and 

compare the forces from there. For this there was a lot of work done in trying to 

rent/borrow a ball cannon (Fig. 8.1) which could carry out this task. It turned out that there 

was none found in Ireland and renting one from the UK or US was too expensive and 

difficult to organise.  

 Fig. 8.1: Ball Cannon. (Anon., n.d.) 

Without this a footballer had to be used and it wasn’t possible to get repeated 

speeds and impact points each time in the testing due to human error. For future work on 

this project, it would be a huge advantage to have a machine like this or something just as 

capable. If the ball cannon is completely unattainable then perhaps a camera capable of 

higher frames per second while still keeping a good resolution could help in finding more 

accurate values of the speed. Another alternative would be the use of light beams to 

measure the balls speed.  

In terms of using the force plate, a bigger cage surrounding it would be a 

recommendation, so as to allow the footballer more of a run up in kicking the ball. This 

would help in finding the force for kicks travelling at higher speeds. 

If one was to go ahead with the cage surrounding the force plate again, to 

completely ensure the ball wouldn’t rebound outside the cage and hit something to the side 

or behind it, a flap system/trap door which would allow the ball in but not back out. Thus 

completely ensuring the safety of equipment and people in the proximity of the test. This 
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would have to be a design which wouldn’t alter the balls speed on it way in to the force 

plate.  

These tests didn’t account for the force generated by the footballers head when 

heading a football. Although presumably minimal in relation to the force of the ball on 

impact, a recommendation would be to find some way to account for or model this so as to 

get a more accurate result.  

In terms of the problem itself (the damage to the brain), a recommendation would 

be to begin deep research into footballers brains throughout their career and before and 

after heading footballs. A quick test of this was done in the documentary by Alan Shearer 

(Alan Shearer: Dementia, Football & Me, 2017). There has been research into the effects of 

heading in the University of Stirling (Di Virgilio & al, 2016) and I would recommend more be 

done on the problem as it is potentially having serious implications.  
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Appendix: 

Appendix A. Force Plate Calibration Results Table 

Mass (kg) Expected Force (N) Force Reading (N) 
5 49.05 49.2786 
10 98.1 98.4464 
15 147.15 143.0123 
20 196.2 193.5814 
20 196.2 193.6292 
15 147.15 142.195 
10 98.1 91.952 
5 49.05 42.6351 
Table X: Force Plate Calibration  

Appendix B. Bertec FP4060-07-1000: Specification Sheet 
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Appendix C. Phantom v9.1: Specification sheet 
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Appendix D. Ceramic Shear Triaxial Accelerometer (Type 8763B500AB): 
Specification Sheet 
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Appendix E: Angle Iron Steel Frame CAD Drawing 
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