
 

 
Abstract	 There	 has	 been	 little	 research	 focused	 on	 the	 mechanics	 of	 high-velocity,	 low-mass	 projectile	

impacts	to	the	head.	The	little	work	that	has	been	conducted	has	focused	solely	on	linear	acceleration,	despite	
the	evidence	 linking	 rotational	 acceleration	 to	 the	development	of	brain	 injury.	 The	aim	of	 this	 study	was	 to	
explore	 the	 presence	 of	 rotational	 acceleration	 in	 projectile	 impacts	 and	 investigate	 the	 influence	 of	 impact	
location.	 A	 pressurised	 air	 cannon	 was	 used	 to	 project	 a	 BOLATM	 ball	 at	 22	 and	 28	 m.s-1	 towards	 a	 BSEN	
960:2006	 headform	 positioned	 to	 elicit	 impacts	 at	 frontal	 and	 lateral	 locations.	 High-speed	 video	 and	
accelerometer	measurements	were	used	 to	 investigate	differences	 in	 contact	 duration,	 ball	 deformation	 and	
average	linear	and	rotational	acceleration	during	loading.		

Contact	duration	was	 found	to	be	 independent	of	 impact	 location	or	speed.	Greater	ball	deformation	was	
observed	 in	 frontal	 impacts,	 despite	 no	 differences	 in	 time	 to	 maximum	 deformation.	 Average	 linear	
acceleration	was	 observed	 to	 be	 greater	 during	 the	 loading	 phase	 in	 the	 frontal	 impacts	 then	 in	 the	 lateral	
impacts,	potentially	due	to	differences	in	surface	geometry,	resulting	in	differences	in	ball	deformation.	Average	
rotational	acceleration	was	greater	in	lateral	impacts	potentially	due	to	differences	in	the	moments	of	inertia	of	
the	headform.	Rotational	acceleration	was	found	to	be	higher	than	previously	published	injury	thresholds	and	
therefore	a	potentially	important	factor	in	projectile	impacts,	warranting	further	research.	
	
Keywords	 Impact	characteristics,	Impact	location,	Projectile	impacts,	Rotational	acceleration.	

I. INTRODUCTION	
The	 response	 of	 a	 head	 to	 an	 impact	 has	 been	 characterized	 through	 the	 assessment	 of	 the	 observed	

acceleration	experienced	by	the	head	during	the	 impact	duration.	There	has	been	substantial	research	 linking	
the	 acceleration	 of	 the	 head	with	 the	 loading	 and	 deformation	 experienced	 by	 the	 brain	 and	 therefore	 the	
development	of	injury	[1-3].	In	regard	to	the	aetiology	of		concussion,	linear	acceleration	of	the	head	has	been	
shown	to	correlate	highly	with	intracranial	pressure	gradients,	leading	to	coup	and	contre-coup	injury	[3,4].	On	
the	other	hand	rotational	acceleration	of	the	head	has	been	shown	to	correlate	with	the	development	of	shear	
strains	within	the	brain	[5-7]	–	particularly	at	core	regions	of	the	brain	[8].		It	has	been	stated	that	the	brain	is	
particularly	susceptible	to	damage	from	shear	strains	[5],	and	due	to	this,	it	has	been	suggested	that	these	are	
the	 root	 cause	of	 concussion	 [8-9].	However,	other	 research	has	 stated	 that	 concussion	 is	 likely	 a	 result	of	 a	
combination	of	linear	and	rotational	acceleration	of	the	head	[4,	10,	11].		

When	considering	head	 impacts	 in	sports,	 there	has	been	substantial	 research	 into	the	mechanics	of	high-
mass,	 low-velocity	 collisions	 like	 those	 seen	 in	American	Football	 or	Rugby	 [12,13].	As	 a	 result,	 the	observed	
accelerations	of	the	head	during	these	types	of	collisions	are	relatively	well	understood.	Conversely	there	has	
been	 little	work	 into	the	mechanics	of	 low-mass,	high-velocity	head	 impacts	 that	may	occur	 in	sports	such	as	
Cricket,	Baseball	and	Hockey,	among	others.	Head	injuries	including	lacerations	and	concussions	occur	in	these	
sports	despite	the	widespread	use	of	helmets	[14-16]	The	limited	research	into	the	mechanics	of	these	types	of	
collisions	has	mainly	focused	on	the	performance	of	personal	protective	equipment	(PPE),	drawing	conclusions	
based	 solely	 on	 the	 linear	 acceleration	 observed	 during	 an	 impact	 [17]	 and	 has	 often	 utilized	 potentially	
inappropriate	drop	tests	[5].	As	a	result	the	specific	response	of	the	head	to	these	types	of	collisions	remains	
unclear	and	in	need	of	further	investigation	[18].		There	are	many	factors	that	influence	the	response	of	a	head	
during	an	 impact	and	 in	order	to	 investigate	this	 in	a	controlled,	 laboratory	setting,	headform	surrogates	that	
are	instrumented	with	accelerometers	are	commonly	used.	In	this	study,	as	in	various	British	Standards,	the	BS	
EN	960:2006	headform	 [19]	 is	used.	Research	has	 shown	 that	 the	 results	of	drop	 tests	are	 influenced	by	 the	
type	 of	 headform	 that	 is	 used	 [20]	 and	 therefore	 the	 properties	 of	 the	 headform	 that	 is	 used	 should	 be	
understood	in	order	to	complete	a	full	and	detailed	mechanical	analysis.	

	The	 concept	 of	 measuring	 just	 linear	 acceleration	 stems	 from	 an	 early	 study	 that	 showed	 a	 correlation	
between	linear	and	rotational	acceleration	[21].	Due	to	this,	many	researchers	and	standards	agencies	[22,23]	
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have	used	linear	acceleration	as	the	sole	 indicator	of	the	severity	of	an	 impact	or	as	a	measure	of	the	 impact	
attenuation	performance	of	PPE.	Although	this	correlation	may	hold	true	 in	some	impact	situations,	 in	others	
this	may	not	be	the	case	–	particularly	in	impacts	of	varied	location	and	vector	[21].	Due	to	limited	research	and	
a	focus	on	linear	acceleration,	the	importance	of	rotational	acceleration	during	a	projectile	impact	to	the	head,	
and	 in	 particular	 one	 in	 Cricket,	 remains	 unknown.	 As	 a	 result	 of	 this,	 PPE	 used	 in	 Cricket	 has	 been	 (and	
continues	to	be)	developed	with	little	regard	for	rotational	acceleration,	which,	as	previously	mentioned,	may	
play	a	pivotal	role	in	the	development	of	brain	injury,	and	in	particular	concussion.		

For	a	given	impact	force,	the	rotational	acceleration	observed	during	an	impact	with	a	head	is	dependent	on	
both	the	distance	from	the	center	of	gravity	(CoG)	of	the	headform	to	the	impact	site	and	the	moment	of	inertia	
of	the	head	about	the	axis	of	rotation.	The	distance	between	the	CoG	and	impact	site	 is	clearly	 influenced	by	
the	 impact	 location	and	although	 the	moment	of	 inertia	of	 the	head	 cannot	be	 influenced	by	 aspects	of	 the	
impact	 characteristics,	 the	 impact	 location	 does	 determine	 the	 primary	 axis	 about	 which	 the	 head	 rotates.	
Impact	 location	 then,	 is	also	an	 important	 factor	 that	 influences	 the	observed	 response	of	 the	head	during	a	
projectile	 impact,	and	as	previously	mentioned,	also	 influences	the	relationship	between	linear	and	rotational	
acceleration.	

This	 study	 is	 intended	 to	be	an	 initial	 step	 that	will	be	proceeded	by	 further	 research	 looking	 into	Cricket	
specific	impacts.	As	such,	the	aims	of	this	study	are	to;	1)	provide	an	initial	explorative	study	into	the	presence	
of	 rotational	 acceleration	 in	projectile	 impacts,	 and	2)	 identify	 the	 influence	of	 impact	 location	on	 linear	and	
rotational	 acceleration.	 These	 aims	 will	 be	 investigated	 by	 impacting	 the	 headform	 through	 the	 frontal	 and	
lateral	 planes	 and	 taking	 measurements	 using	 high-speed	 video	 and	 accelerometers.	 Theoretically,	 linear	
acceleration	should	not	be	influenced	by	impact	location	since	F	=	ma,	and	the	mass	of	the	headform	remains	
constant.	 Impact	 location	 should	 however	 influence	 rotational	 acceleration,	 producing	 greater	 acceleration	
about	the	axis	with	the	lowest	moment	of	inertia,	since	T	=	Iα	(where	T	=	torque,	I	=	moment	of	inertia	and	α	=	
rotational	acceleration.	

II. METHODS	

Experimental	Testing	
A	bespoke	experimental	setup	allowed	an	instrumented	BS	EN	960:2006	headform	[19],	size	575	(mass	4.7	kg)	
to	be	suspended	using	bungee	cords.	This	suspension	arrangement	was	selected	in	an	attempt	to	create	a	freely	
suspended	set-up.	Although	this	was	not	truly	free,	the	stiffness	of	this	arrangement	was	1.8	N/mm,	similar	to	
the	passive	 stiffness	 of	 the	human	neck	 [24]	 and	 therefore	 representative	of	 a	worst	 case	 scenario	 collision,	
where	an	 impact	would	be	unexpected	and	 therefore	have	no	 recruited	musculature	 to	 stiffen	 the	neck	and	
restrict	 head	 acceleration.	 The	 experimental	 arrangement	 allowed	 the	 orientation	 of	 the	 headform	 to	 be	
adjusted,	so	that	the	impact	location	could	be	varied.		
The	same	type	of	BOLA	TM	ball	(solid	polyurethane	ball	with	a	mass	of	150g,	and	a	diameter	of	71	mm)	was	

used	throughout	all	of	the	tests.	Although	this	ball	is	more	compliant	than	a	Cricket,	Hockey	or	Baseball,	it	was	
chosen	 as	 it	 has	 a	 similar	 mass	 and	 diameter,	 and	 due	 to	 the	 increased	 sphericity,	 is	 more	 accurate	 when	
projected	 [25].	 A	 pressurised	 air	 cannon	 was	 used	 to	 project	 the	 ball	 towards	 the	 headform	 at	 two	 impact	
speeds:	22	and	28	m.s-1	±2	(approx.	50	and	60	mph).	Although	these	speeds	are	lower	than	would	be	seen	in	the	
professional	 forms	of	Cricket,	Hockey	and	Baseball,	 they	are	 representative	of	ball	 speeds	 in	 the	 recreational	
game,	 and	 are	 indeed	 used	 in	 the	 British	 Standard	 for	 head	 protectors	 for	 cricketers	 [22].	 The	 headform	
orientation	was	adjusted	(Fig.	1)	so	that	impact	would	occur	on	the	reference	plane	of	the	headform	(136	mm	
from	the	base,	which	corresponds	to	around	halfway	up	the	human	forehead),	on	the	centre	line	of	the	frontal	
and	lateral	planes.	These	positions	were	primarily	chosen	for	practical	reasons,	in	that	these	locations	are	visibly	
marked	on	the	headform,	although	future	work	should	 look	to	 impact	more	varied	locations	and	vectors.	The	
impacts	 were	 completed	 on	 a	 bare	 headform,	 with	 no	 helmet	 present	 in	 order	 to	 investigate	 a	 baseline	
response,	from	which	further	investigations	can	be	based.		



 

	 	
Fig.	 1.	 (a)	 the	 headform	 orientation	 allowing	 frontal	 impacts	 (b)	 the	 headform	 orientation	 allowing	 lateral	
impacts.	The	ball	was	projected	from	right	to	left,	parallel	to	the	Z	and	Y	axes	respectively.	
	
The	headform	manufacturer	(Cadex,	Canada)	report	the	centre	of	gravity	to	be	on	the	X	axis	of	the	headform	

(as	shown	in	Fig.	1),	12.7	mm	below	the	reference	plane.	The	moments	of	inertia	of	the	headform	about	the	X,	Y	
and	Z	axes	are	reported	to	be	 	193.2,	321.6	and	271.5	kg.cm2	respectively.	
Two	 PCB	 356B21	 accelerometers	 were	 fitted	 inside	 the	 headform	 using	 a	 mount.	 Accelerometer	 1	 was	

mounted	on	the	X	axis,	124	mm	from	the	base	of	the	headform.	Accelerometer	2	was	mounted	45	mm	directly	
below	 this	 (Fig.	2).	 Following	 signal	 conditioning,	 the	output	 from	each	of	 the	accelerometers	were	 recorded	
using	 two	 LeCroy	 WaveJet	 324	 digital	 oscilloscopes	 with	 a	 sample	 frequency	 of	 1	 MHz.	 The	 accelerometer	
sensitivities	were	determined	 in	advance	using	a	Bruel	and	Kjaer	calibration	unit	 to	be	1.142,	1.16	and	1.153	
mV/m.s-2	for	the	X,	Y	and	Z	directions	of	accelerometer	1	and	1.181,	1.128	and	1.124	mV/m.s-2	for	the	X,	Y	and	Z	
orientations	of	accelerometer	2.	
	 Two	Arri	 pocket	Par	 400	 lights	were	used	 to	 illuminate	 the	 test	 area.	A	Photron	 FastCam	SA1	 colour	high-
speed	video	camera	operating	at	50	kHz	(448	x	224	spatial	resolution)	was	positioned	lateral	and	perpendicular	
to	 the	 plane	 of	 ball	movement,	 630	mm	 from	 the	 headform.	 This	 allowed	 the	 recording	 of	 a	 portion	 of	 the	
headform,	 the	 full	 impact,	and	around	140mm	of	ball	movement	before	and	after	 impact.	 In	order	 to	ensure	
that	only	impacts	that	fell	within	the	required	speed	were	recorded,	a	pair	of	timing	light	gates	(200	mm	apart)	
were	used	to	calculate	the	ball	speed	directly	out	of	the	cannon.	The	signal	 from	the	 light	gate	closest	to	the	
headform	was	used	 to	 trigger	 the	high-speed	video	and	both	accelerometers	 simultaneously.	The	equipment	
set-up	can	be	seen	in	Fig.	3.	

		
Fig.	 2.	 Lateral	 cross	 section	 of	 the	 headform	with	 Reference	 plane,	 Basic	 plane	 and	 accelerometer	 positions	
indicated.	



 

	
Fig.	3.	Schematic	of	the	equipment	arrangement.	
	
	
Data	Processing	
An	image	processing	software	application	(ImagePro,	MediaCybernetics	Inc.,	MD)	was	used	to	process	the	high	
speed	video	data	to	identify	the	point	of	initial	and	final	contact	and	to	derive	the	magnitude	and	timing	of	the	
maximum	ball	 deformation.	 Image	 calibration	was	 completed	 using	 the	 initial,	 un-deformed	 ball	 diameter	 in	
each	trial.	This	was	measured	to	be	71	mm	using	a	Vernier	caliper	and	allowed	the	conversion	from	pixels	 to	
mm.	
	 Accelerometer	 data	 were	 processed	 in	 Microsoft	 Excel.	 The	 outputs	 from	 both	 accelerometers	 were	 re-
orientated	so	as	to	correspond	with	the	global	co-ordinate	system	shown	in	Fig.	1.	Values	were	converted	from	
V	to	SI	units	by	applying	the	previously	calculated	sensitivities.	As	the	high-speed	video	and	accelerometer	data	
were	 synchronized,	 the	 time	 stamps	 of	 the	 initial	 and	 final	 contact,	 as	 well	 as	 the	 instant	 of	maximum	 ball	
deformation	from	the	high-speed	video	were	used	to	interrogate	the	accelerometer	signals	during	the	contact	
period.	The	 instant	of	maximum	ball	deformation	was	used	to	divide	the	contact	period	onto	the	 loading	and	
unloading	 phases.	 Accelerations	 in	 the	 X,	 Y	 and	 Z	 directions	 from	 both	 accelerometers	 were	 time	 domain	
integrated	 to	 find	 velocity.	 Resultant	 linear	 accelerations	 and	 velocities	 were	 then	 calculated.	 Rotational	
acceleration	about	the	primary	axis	of	rotation	were	calculated	by	using	the	appropriate	accelerometer	outputs	
from	accelerometers	1	and	2.	For	example,	in	the	frontal	 impacts,	the	headform	would	primarily	rotate	about	
the	Y	axis	and	therefore	the	accelerations	in	the	Z	direction	were	used.	Rotational	acceleration	was	then	time	
domain	integrated	to	find	the	rotational	velocity	about	the	primary	axis	of	rotation.	For	both	linear	and	angular	
acceleration,	the	average	acceleration	over	the	loading	phase	was	calculated	(from	initial	contact	to	maximum	
ball	deformation).	

	

III. RESULTS	
Contact	Duration	
Contact	duration	was	determined	through	high-speed	video	recordings.	Fig	4	shows	the	contact	durations	for	
the	impacts	that	occurred	in	the	frontal	and	lateral	directions.	It	can	be	seen	that	the	contact	duration	remains	
consistent	regardless	of	 impact	 location	or	speed,	as	all	 the	data	points	are	clustered	closely	together.	This	 is	
confirmed	 in	 Table	 1	 which	 shows	 the	 average	 contact	 durations	 with	 standard	 deviations	 (SD).	 This	 shows	
consistent	contact	durations,	with	a	variation	of	just	0.02	ms	(1	frame).	

	



 

	
Fig.	4.	Contact	durations	of	the	impacts	occurring	at	the	frontal	and	lateral	locations.	
	
	

TABLE	I	
	
	
	
	
	
	
	
	

	 Impact	Speed	(m.s-1)	 Contact	Duration	(ms)	

	
Mean	 SD	 Mean	 SD	

Frontal		
22.86	 0.51	 1.36	 0.02	
28.35	 0.72	 1.36	 0.04	

Lateral	
22.61	 0.72	 1.36	 0.04	
28.33	 0.66	 1.34	 0.03	

Deformation	
The	 measured	 ball	 diameters	 at	 maximum	 deformation,	 as	 a	 percentage	 of	 the	 original	 ball	 diameter,	 for	
impacts	 at	 the	 frontal	 and	 lateral	 locations	 can	 be	 seen	 in	 Fig	 5.	 It	 appears	 that,	 particularly	 for	 impacts	
occurring	at	22	m.s-1,	that	ball	deformation	is	slightly	greater	at	the	frontal	location	than	at	the	lateral	location	
with	 the	majority	 of	 the	 lateral	 data	 points	 sitting	 above	 the	 frontal	 equivalents.	 This	 trend	 also	 appears	 to	
occur	with	28	m.s-1	impacts,	although	to	a	lesser	degree.	Table	II	shows	the	average	maximum	ball	deformations	
with	SDs.	This	highlights	the	differences	 in	maximum	ball	deformation	at	22	m/s-1	with	values	of	85%	(±0.8%)	
and	87.6%	(±1.2%)	for	the	frontal	and	lateral	impact	locations	respectively.	The	average	values	also	confirm	that	
there	is	a	slight	difference	at	28	m.s-1	(82.7%	(±0.7%)	and	83.7%	(±1.2%)	for	the	frontal	and	lateral	respectively),	
however,	the	SD	values	show	some	overlap.	

	



 

	
Fig.	5.	Maximum	ball	deformation	as	a	percentage	of	the	original	for	the	frontal	and	lateral	impacts.	
	
	

TABLE	II	

	 Impact	Speed	(m.s-1)	 Maximum	Deformation	(%	of	original)	

	
Mean	 SD	 Mean	 SD	

Frontal		 22.86	 0.51	 85.0%	 0.8%	

	
28.35	 0.72	 82.7%	 0.7%	

Lateral	 22.61	 0.72	 87.6%	 1.2%	

	 28.33	 0.66	 83.7%	 1.2%	
	

The	timing	of	the	maximum	deformation	was	also	determined	through	high-speed	video	recordings.	 It	can	be	
seen	 from	 Fig	 6	 that	 the	 duration	 between	 initial	 contact	 and	maximum	 deformation	 is	 consistent	 between	
impact	 locations	 and	 impact	 speeds.	 This	 is	 confirmed	 in	 Table	 III	 which	 shows	 that	 the	 average	 values	 are	
similar,	and	when	the	SDs	are	considered	there	is	substantial	overlap	between	locations	and	speeds.	
	



 

	
Fig.	6.	Time	from	initial	contact	to	maximum	ball	deformation	for	impacts	at	the	frontal	and	lateral	locations.	
	

TABLE	III	

	 Impact	Speed	(m.s-1)	 Time	of	Maximum	Deformation	(ms)	

	
Mean	 SD	 Mean	 SD	

Frontal		
22.86	 0.51	 0.74	 0.02	

28.35	 0.72	 0.72	 0.01	

Lateral	
22.61	 0.72	 0.76	 0.05	
28.33	 0.66	 0.72	 0.03	

	

Linear	Acceleration	
The	 average	 resultant	 linear	 acceleration	 during	 the	 loading	 phase	 can	 be	 seen	 in	 Fig.	 7.	 As	 expected,	 the	
average	acceleration	values	increase	with	impact	speed	in	both	the	frontal	and	lateral	impact	locations.	It	does	
however	appear	that	there	are	differences	in	the	average	acceleration	during	loading	between	impact	locations,	
with	greater	acceleration	evident	 in	frontal	 impacts	than	 in	 lateral	 impacts.	The	average	values	for	 impacts	at	
the	frontal	location	where	found	to	be	1898	(±47)	m.s-2	and	2117	(±142)	m.s-2	at	nominal	speeds	of	22	and	28	
m.s-1	 respectively.	At	 the	 lateral	 impact	 location,	 lower	 values	of	 1412	 (±63)	m.s-2	 and	1747	 (±82)	m.s-2	were	
observed	at	nominal	impact	speeds	of	22	and	28	m.s-1	respectively.	



 

	
Fig.	 7.	 Average	 linear	 acceleration	 during	 the	 loading	 phase	 for	 impacts	 at	 the	 frontal	 and	 lateral	 impact	
locations.	
	
These	differences	may	be	explained	by	investigating	the	average	velocity	traces	of	each	trial	as	shown	in	Fig.	8.	
Here	it	can	be	seen	that	whilst,	at	the	end	of	contact,	both	impact	 locations	appear	to	be	moving	at	a	similar	
velocity,	the	shape	of	the	curves	varies	between	impact	locations.	The	frontal	impacts	appear	to	show	a	steeper	
initial	increase	to	maximum	velocity	before	plateauing,	whereas	the	lateral	impacts	show	a	steadier	increase	up	
to	the	final	velocity.	

	
Fig.	8.	Average	linear	velocity	traces	during	the	contact	duration.	
	
Rotational	Acceleration	
The	average	rotational	acceleration	observed	during	the	loading	phase	can	be	seen	in	Fig.	9.	It	appears	that	for	
frontal	impacts,	impact	speed	has	little	effect	on	the	observed	rotational	accelerations	with	average	values	of	-
6428	(±	558)	rad.s-2	and	-5771	(±	2282)	rad.s-2	 for	the	nominal	 impact	speeds	of	22	and	28	m.s-1	 respectively.	



 

Lateral	 impacts	appear	to	be	somewhat	influenced	by	the	impact	speed	and	show	greater	acceleration	during	
the	loading	phase	with	average	values	of	-9196	(±	228)	rad.s-2	and	-12495	(±	547)	rad.s-2for	the	nominal	impact	
speeds	of	22	and	28	m.s-1	respectively.	

	
Fig	 9.	 Average	 rotational	 acceleration	 during	 the	 loading	 phase	 for	 impacts	 at	 the	 frontal	 and	 lateral	 impact	
locations.	
	
The	average	rotational	velocity	traces	shown	in	Fig.	10	show	that	the	lateral	impacts	produce	a	relatively	stable	
change	in	velocity	throughout	the	impact	duration.	The	velocity	observed	during	frontal	impacts	appears	to	be	
more	 variable,	 with	 substantial	 fluctuations.	 These	 traces	 suggest	 that	 increasing	 impact	 speed	 does	 indeed	
have	 an	 effect	 on	 the	 response	 of	 the	 headform	 during	 frontal	 impacts,	 however	 these	 differences	may	 be	
disguised	by	the	observed	fluctuations.	

	
Fig.	10.	Average	rotational	velocity	traces	during	the	contact	duration.	



 

IV. DISCUSSION	
Since	 this	 study	 is	 intended	 to	 precede	 further	 investigations	 into	 cricket	 specific	 impacts,	 the	 BS	 EN	

960:2006	headform	used	in	this	study	based	on	its	current	use	in	the	British	Standard	for	head	protectors	for	
cricketers	 [21].	 The	mass	 and	moments	 of	 inertia	 of	 this	 headform	 correspond	 reasonably	 well	 with	 values	
previously	reported	for	the	human	head	[24].	The	stiffness	of	the	suspension	technique	used	here	was	found	to	
be	 1.8	N/mm,	 similar	 to	 the	 passive	 stiffness	 of	 the	 human	 neck	 [26]	 and	 therefore	 simulates	 a	 ‘worst-case	
scenario’	response.	The	adult	BOLA	ball	was	chosen	due	to	its	current	us	in	the	aforementioned	cricket	standard	
[22].	This	type	of	ball	is	more	compliant	than	a	regular	cricket	ball,	and	therefore	further	research	should	look	
into	 the	 differences	 in	 the	 dynamic	 response	 of	 the	 headform	 between	 these	 ball	 types.	 It	 can	 be	 assumed	
however,	that	if	angular	acceleration	is	an	important	parameter	in	these	impacts	then	this	will	certainly	be	the	
case	 when	 utilizing	 a	 cricket	 ball	 since	 increased	 stiffness	 has	 been	 shown	 to	 increase	 the	 response	 of	 a	
headform	[27].	

The	 contact	 durations	of	 the	 impacts	 investigated	 in	 this	 study	were	 found	 to	be	 consistent	 regardless	 of	
impact	 location	 and	 impact	 speed.	 In	 a	 collision	 between	 two	 perfectly	 rigid	 bodies,	 the	 contact	 duration	 is	
dependent	on	the	dimensions	of	the	smaller	body	and	the	wave	speed	of	the	material	[28],	so	these	findings	
would	be	expected.	In	this	practical	case,	some	deformation	is	present	in	both	the	ball	and,	to	a	lesser	extent,	
the	headform.	Therefore	in	this	case	the	contact	duration	is	dependent	on	a	more	complex	set	of	parameters,	it	
can	be	seen	that	contact	duration	remains	constant	at	around	1.36	ms.	This	finding	is	in	line	with	that	of	Daish	
[29]	and	Goldsmith	[28]	who	both	report	that	contact	duration	is	greatest	at	low	impact	speeds,	but	as	impact	
speed	increases	contact	duration	decreases	until,	at	some	sufficiently	high	impact	speed,	it	becomes	practically	
constant.	

Measurement	of	ball	deformation	using	high-speed	video	showed	that	slightly	greater	ball	deformation	was	
present	 in	 frontal	 impacts	 than	 in	 lateral	 impacts.	 This	 was	 potentially	 due	 to	 the	 differing	 local	 surface	
geometry	of	the	headform	at	the	point	of	impact	as	differences	in	the	curvature	of	the	headform	at	these	sites	
were	 observed.	 It	 was	 also	 observed	 that	 there	 were	 little	 to	 no	 differences	 in	 time	 to	 maximum	 ball	
deformation	 between	 impact	 locations	 or	 speeds.	 The	magnitude	 and	 timing	 of	 ball	 deformation	 should	 be	
considered	 as	 these	 influence	 the	 rate	 and	 magnitude	 dependencies	 of	 the	 ball	 stiffness.	 As	 greater	 ball	
deformation	occurred	during	a	similar	time	in	the	frontal	impacts,	it	may	be	possible	that	the	effective	stiffness	
of	 the	 ball	was	 greater	 during	 these	 impacts	 due	 to	 the	 aforementioned	 rate	 and	magnitude	 dependencies.	
Although	the	determination	of	dynamic	ball	properties	in	realistic	circumstances	is	challenging,	further	research	
into	the	dynamic	visco-elastic	properties	of	the	impacting	balls	should	be	conducted	in	order	to	provide	a	more	
in-depth	analysis	of	impacts.	The	effect	of	surface	geometry	on	the	ball	deformation	and	the	dynamic	response	
of	the	headform	should	also	be	a	focus	of	future	research.	

	The	analysis	of	linear	acceleration	focused	primarily	on	the	loading	phase	as	it	was	reasoned	that	should	any	
differences	 between	 impact	 locations	 be	 present,	 they	 would	 be	 most	 pronounced	 during	 this	 phase.	 The	
loading	 phase	 was	 defined	 as	 the	 period	 from	 initial	 contact	 to	 maximum	 ball	 deformation.	 As	 the	 linear	
acceleration	of	 the	headform	 is	governed	by	Newton’s	second	 law,	F	=	ma,	 it	would	be	expected	that,	as	 the	
mass	of	the	headform	remains	constant	and	the	exerted	force	is	dependent	on	the	ball	impact	speed,	the	linear	
acceleration	observed	in	the	frontal	and	lateral	impacts	would	be	the	same	for	a	given	impact	speed.	This	was	
not	 the	 case	 in	 this	 study	 as	 the	 average	 acceleration	 during	 the	 loading	 phase	 was	 greater	 in	 the	 frontal	
impacts	 than	 in	 the	 lateral	 impacts	 at	 impact	 speeds	 of	 22	 and	 28	 m.s-1.	 This	 however	 may	 be	 due	 to	 the	
previously	mentioned	differences	in	surface	geometry	leading	to	differences	in	ball	deformation,	and	therefore	
slightly	 different	 ball	 stiffnesses	 due	 to	 the	 strain	 and	 magnitude	 dependencies,	 which	 has	 been	 shown	 to	
influence	the	dynamic	response	of	a	headform	during	an	impact,	with	a	stiffer	ball	producing	a	greater	response	
[26].	The	average	velocity	traces	during	the	impacts	also	show	interesting	differences	between	the	frontal	and	
lateral	 impacts.	Whilst	 the	 frontal	 impacts	 show	 a	 steeper	 increase	 in	 velocity	 before	 plateauing,	 the	 lateral	
impacts	appear	to	show	a	steadier	increase	to	a	final	velocity	which	is	slightly	greater	than	the	frontal	impacts.	
These	differences	are	again	potentially	due	to	the	differences	in	headform	geometry	at	the	point	of	impact.	A	
simplified	experimental	protocol	using	a	 flat	plate	and	 increasing	 the	 level	of	 contouring	around	 the	point	of	
impact	would	 provide	 a	 foundation	 of	 knowledge	 on	which	 to	 build	 an	 increased	 understanding	 around	 this	
area.	

The	 most	 important	 element	 of	 this	 study	 was	 concerned	 with	 rotational	 acceleration.	 Utilising	 multiple	



 

accelerometers	allowed	for	the	calculation	of	rotational	acceleration	about	the	principal	axes	of	rotation.	In	the	
case	of	the	frontal	impacts,	rotation	would	be	expected	about	the	Y	axis.	The	principal	axis	of	rotation	for	lateral	
impacts	would	be	about	the	Z	axis.	Surprisingly,	the	average	rotational	acceleration	during	the	loading	phase	of	
the	frontal	impacts	appears	to	remain	constant	at	both	impact	speeds	of	22	and	28	m.s-1.		However,	this	is	due	
to	the	fluctuating	velocity	traces	presented	in	Fig.	10.	These	fluctuations	are	difficult	to	explain	at	the	moment	
and	require	additional	investigation.	The	velocity	traces	seen	in	the	lateral	impacts	are	much	more	consistent,	
with	a	relatively	steady	increase	to	maximum	velocity,	before	showing	some	decrease.	This	steady	increase	led	
to	average	rotational	acceleration	values	that	were	very	consistent,	and	greater	than	those	observed	in	frontal	
impacts.	The	differences	in	average	acceleration	during	loading	observed	in	lateral	impacts	compared	to	frontal	
impacts	 is	 due	 to	 the	moments	 of	 inertia	 about	 the	 principal	 axes	 of	 rotation.	 For	 the	 frontal	 impacts,	 the	
headform	would	rotate	principally	about	the	Y	axis,	which	has	a	reported	moment	of	inertia	of	321.6	kg.cm2.	As	
this	 is	 greater	 than	 the	moment	 of	 inertia	 about	 the	 Z	 axis	 (271.5	 kg.cm2),	which	 is	 the	 principal	 axis	 about	
which	rotation	would	occur	in	lateral	impacts,	the	lower	average	acceleration	values	are	not	surprising	since	T	=	
Iα.	 In	 both	 impact	 locations,	 the	 levels	 of	 angular	 acceleration	 observed	 exceed	 previously	 published	 injury	
thresholds	 for	 concussion	 and	 are	 closer	 to	 the	 values	 associated	 with	 diffuse	 axonal	 injury	 [30].	 Clearly	
rotational	acceleration	is	an	important	factor	that	should	be	considered	when	investigating	projectile	impacts,	
particularly	when	considering	the	substantial	previous	research	that	has	identified	rotational	acceleration	as	an	
injury	mechanism	in	concussion	and	other	more	severe	brain	injuries	[1-3,21].	This	study	provides	an	initial	step	
in	the	mechanical	analysis	of	projectile	 impacts,	however	as	brain	injuries,	and	concussions	in	particular,	have	
such	a	complex	aetiology	more	substantial	 research	 in	collaboration	with	medical	professionals	 is	 required	 in	
order	to	determine	the	exact	result	of	angular	acceleration.	The	influence	of	impact	location	is	important	in	the	
determination	of	the	observed	rotational	acceleration	as	it	not	only	determines	the	principal	axes	of	rotation,	
but	 also	 determines	 the	 distance	 between	 the	 centre	 of	 gravity	 of	 the	 headform	 and	 the	 impact	 location	
thereby	influencing	the	torque	generated.	Additionally,	 impact	vector	should	also	be	considered	as	 in	real-life	
impacts	 observed	 in	 sporting	 events	 are	 rarely	 direct	 and	 are	 often	 glancing	 blows.	 This	 research	 when	
combined	 with	 more	 in-depth	 mechanical	 analyses	 of	 projectile	 (and	 specifically	 cricket)	 impacts	 can	 have	
varied	potential	uses,	including	clinical	diagnoses	and	treatments	in	addition	to	informing	protective	equipment	
design.	Specifically	in	regard	to	the	latter	potential	use,	Cricket	helmet	manufacturers	currently	design	products	
to	 pass	 the	 current	 standard	 [22]	 which	 assesses	 impact	 attenuation	 through	 linear	 acceleration	 alone.	 This	
research	 suggests	 that	 consideration	 should	 also	 be	 given	 to	 rotational	 acceleration,	 and	 perhaps	 further	
revision	of	the	current	standard	should	be	considered	in	order	to	incorporate	this.	

V. CONCLUSIONS		

Overall	 this	 study	 has	 utilized	 a	 realistic	 test	method	 to	 provide	 an	 initial	 step	 in	 the	 determination	 of	 both	
linear	and	rotational	acceleration	during	projectile	impacts	in	sport.	The	dynamic	response	of	the	headform	to	
projectile	 impacts	 was	 shown	 to	 vary	 with	 impact	 location.	 The	 differences	 in	 linear	 acceleration	 between	
impact	 locations	observed	 in	 this	 study	may	be	due	 to	differences	 in	 surface	geometry,	 resulting	 in	different	
dynamic	ball	properties	which	 requires	 further	 research.	Differences	 in	 rotational	acceleration	were	probably	
due	to	differences	in	the	moment	of	inertia	of	the	headform.	Future	research	should	look	to	investigate	linear	
and	 rotational	 acceleration	 with	 more	 varied	 impact	 locations	 and	 vectors	 as	 the	 dynamic	 response	 of	 a	
headform	has	been	shown	to	be	sensitive	to	subtle	changes	in	these	impact	characteristics	[21].		
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