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Our	 research	group	 required	a	whole	head	exposure	 system	 to	 induce	 systematic	biological	effects	 in	
humans,	such	as	magnetophosphenes	(flickering	lights	perceived	when	the	retina	is	exposed	to	a	strong	
time-varying	 magnetic	 field	 -MF-).	 Magnetophosphenes	 perception	 is	 used	 by	 the	 International	
Commission	 on	 Non-Ionizing	 Radiation	 Protection	 (ICNIRP)	 as	 a	 basis	 for	 its	 recommendations.	 The	
objective	was	to	generate	MF	exposure	between	20	and	100	Hz,	at	flux	densities	>	50	mT.	
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OBJECTIVE:	Design	and	fabricate	a	whole	head	>50mT	MF	exposure	system	inducing	detectable	effects	
in	humans	(e.g.,	magnetophosphenes)	without	detectable	heating.		

METHODS:	We	have	developed	a	custom	exposure	system	including	a	water-cooled	coil	array	utilizing	
an	MRI	gradient	amplifier	and	a	motorized	lift	to	safely	hold	the	coil	array.	

RESULTS:	The	system	is	able	to	generate	a	MF	flux	density	over	70	mTRMS	between	0	and	100	Hz.	
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INTRODUCTION	
The	 Human	 Threshold	 Testing	 Group	 at	 Lawson	 required	 a	 whole	 head	 exposure	 system	 inducing	
systematic	biological	effects	 in	humans,	 such	as	magnetophosphenes	 (classically	 reported	as	 flickering	
lights	occurring	 in	the	visual	field	when	the	retina	 is	exposed	to	a	sufficiently	strong	time-varying	MF).	
The	 perception	 of	 magnetophosphenes	 is	 used	 by	 the	 International	 Commission	 on	 Non-Ionizing	
Radiation	Protection	(ICNIRP)	and	by	the	IEEE	as	a	basis	for	its	recommendations	[1,2].	This	project	is	a	
follow-up	 of	 our	 previous	 work	 [3]	 in	 which	 a	 single	 coil	 was	 designed	 to	 produce	 a	 localized	 MF	
exposure	 up	 to	 50mT.	 	 In	 order	 to	 enable	 systematic	 and	 detectable	 effects	 in	 humans,	 such	 as	
magnetophosphenes	 [4],	 there	 was	 need	 to	 be	 able	 to	 expose	 the	 entire	 head	 to	 extremely	 low-
frequency	(ELF,	<	300	Hz)	MF	in	a	wide	frequency	range	of	(20-100	Hz),	at	MF	flux	densities	greater	than	
50	mTRMS.	A	related	requirement	was	the	need	for	a	safe	method	for	supporting	the	coil	array	around	
the	head	of	a	test	subject.	



	

MATERIAL	AND	METHODS	
Building	 on	 the	 experience	 and	 results	 from	 our	 previous	 work	 [3],	 we	 determined	 that	 the	 MTS	
0106475	 MRI	 gradient	 amplifiers	 (MTS	 Automation	 433	 Caredean	 Dr.	 Horsham	 PA)	 operating	 in	
controlled	 current	 mode	 would	 meet	 our	 requirements.	 These	 MTS	 amplifiers	 have	 an	 output	
impedance	of	0.15	Ohms	and	are	rated	for	208	V,	3	phase,	80	A	inputs	with	an	output	of	345	V,	200	ARMS	
for	 a	 duration	 over	 300	 Seconds.	 The	 maximum	 current	 is	 limited	 to	 ~180	 ARMS	 when	 a	 rise	 time	
limitation	for	frequencies	between	20	and	100	Hz	is	factored	in.	The	coil	technical	characteristics	were	
then	adjusted	to	work	within	these	constraints,	while	managing	the	heat	load	generated	to	produce	the	
required	MF.	Due	to	the	larger	volume	of	the	homogeneous	field	region,	heavier	hollow	copper	tubing	
was	 required	 to	meet	 the	 impedance	 and	power	 load.	 Starting	with	 a	 current	 of	 150	A,	 the	Biot	 and	
Savart	 law	 predicted	 that	 a	 99-turn	 coil	 would	 yield	 a	MF	 flux	 density	 of	 62.5	mT.	 The	 final	 physical	
design	was	decided	to	be	11	layers	of	9	turns	each,	wound	on	a	bobbin	that	was	356	mm	diameter	by	73	
mm	wide,	producing	a	501	mm	outer	diameter	coil.	 Inductance	for	each	coil	 is	5mH	and	DC	resistance	
(including	 AWG	 0000	 (4-0)	 lead	 wire)	 is	 0.15	 ohms.	 Each	 coil	 is	 independently	 driven	 by	 an	 MTS	
amplifier.	Final	testing	with	a	60Hz,	4.48	VRMS	command	input	resulted	in	an	amplifier	output	of	192	ARMS	

which	produced	an	85mT	magnetic	field.		
	
In	order	 to	minimize	vibrations	of	 the	coil	as	well	as	 sounds	produced	during	 the	exposure,	a	process	
called	‘wet	winding’	was	used	to	apply	thermal	epoxy	to	the	copper	tubing	as	it	was	wound.	This	phase	
was	outsourced	to	Stimple	&	Ward	Co.	(Pittsburgh	Pa.,	USA).	The	coils	were	then	mounted	and	bonded	
to	our	custom	made	PVC	frames	including	brass	ports	designed	and	fabricated	to	facilitate	plumbing	(for	
water	cooling)	and	electrical	connections	to	the	coils.	Thermistors	were	located	centrally	between	each	
coil	and	 the	coil	 form	hub.	Approximately	1800	W	of	excess	heat	 is	 removed	by	circulating	cold	 (≈	10	
degrees	Celsius)	tap	water	through	the	hollow	copper	tubing	at	0.8	L/min	flow	rate.		
	
	

		

Figure	1.	Left:	single	coil	in	frame,	shown	here	port	cover	removed,	with	the	input	and	output	ports	for	
electrical	connection	and	water	cooling.	Right:	theoretical	MF	distribution	generated	by	the	coil,	with	5	
mT	contour	lines	(the	colour	vertical	scale	on	the	right	is	expressed	in	104	microTesla).	

	



The	total	coil	array	weight	was	about	80	kilograms	and	had	to	be	safely	suspended	above	the	shoulders	
of	 participants.	 This	 required	 an	 adjustable	 lift	 (elevator)	 device	 (Figure	 2)	 to	 permit	 positioning	
participants	without	 the	possibility	 of	 the	 coil	 array	 falling	onto	 their	 shoulders	 or	 head.	A	motorized	
system	using	non-ferrous	parts	was	designed	in-house,	and	then	outsourced	to	the	Engineering	Machine	
Shop	 at	 Western	 University	 (London,	 ON)	 for	 detailed	 design,	 fabrication	 and	 certification	 by	 their	
engineer	 (T.R.	 Jenkyn	90491267).	 For	additional	 safety,	we	 specified	 safety	 locks,	 a	 supporting	weight	
twice	the	actual	coil	weight	and	for	application	in	an	earthquake	zone.	

After	assembly	and	installation	the	lift	system	and	coil	array	received	CSA	special	inspection	for	Medical	
Grade	apparatus	QFE-	12061-3	and	QFE-	12061-6.	

	 	

Figure	 2.	 Left:	 Lift	 and	 finalized	 coil	 array.	 The	 red	 button	 on	 the	 armrest	 is	 a	 safety	 shut-off	 switch.	
Water	cooling	tubes	are	visible	in	the	upper	right,	and	white	safety	locks	can	be	seen	under	the	movable	
coil	platform.	Right:	MTS	amplifier	cabinet	showing	one	amplifier	open.	

CONCLUSIONS	
We	successfully	 designed	an	exposure	 system	capable	of	 exposing	 the	whole	head	 to	magnetic	 fields	
between	0	and	100	Hz,	for	flux	densities	up	to	80	mT	(with	180	A	in	each	coil).	The	system	uses	two	MRI	
gradient	amplifiers	and	a	coil	pair	based	on	hollow	copper	wire	through	which	water	circulates	for	heat	
dissipation.	 The	 heavy	 coil	 array	 is	 safely	 supported	 on	 a	motorized	 lift	 system	 that	 provides	 simple	
height	adjustment	to	fit	a	full	range	of	participants.	This	solution	is	effective	in	terms	of	cooling,	support,	
and	 does	 not	 generate	 perceivable	 vibrations.	 We	 anticipate	 that	 this	 technical	 solution	 should	 be	
applicable	 for	 a	 broad	 range	 of	 applications	 in	 bioelectromagnetics	 research	 involving	 human	
participants.	
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