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INTRODUCTION

Owing	to	the	incredible	recent	technological	progress	in	the	
development	of	tools	and	devices	aiming	at	interfacing	to	
the	nervous	system,	much	research	has	been	conducted	over	
the	past	few	decades	to	either	deepen	our	understanding	of	
the	human	neural	system,	or	to	interface	with	the	nervous	
system	for	prosthetic	purposes.	Implantable	microsystems	
designed	and	developed	to	either	stimulate	the	nervous	
system	or	directly	 record	neuronal	activities	with	high	
spatial	 resolution	are	referred	to	as	neural	prostheses.[1] 
Among	the	successfully	commercialized	examples	of	neural	
prostheses,	 one	 can	 name	 cochlear	 implants,	which	
provided	partial	hearing	 to	more	 than	120,000	persons	
worldwide	at	the	end	of	year	2008.[2]
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The	idea	of	electrically	stimulating	the	human	visual	
system	was	first	described	in	the	18th	century	by	Franklin,[3] 
Cavallo[4]	and	LeRoy.[5]	In	1755,	LeRoy[5]	produced	visual	
sensations	of	light	by	passing	an	electrical	charge	through	
the	 eye	 of	 a	 blind	man.	 In	 1929,	 Foerster,	 a	German	
neurosurgeon,	 observed	 a	 visual	 neural	 response	 to	
electrical	stimulation,	when	his	patient	saw	a	spot	of	light	
during	electrical	stimulation	of	his	visual	cortex.[6]	Since	
then,	the	idea	of	restoring	vision	to	the	blind	has	moved	
from	a	distant	dream	to	near‑future	reality.[7]

Failure	 in	 the	 operation	of	 any	part	 of	 the	 visual	
system,	as	illustrated	in	Figure	1,	can	potentially	cause	
blindness.	Aside	from	approaches	such	as	cell	regrowth	
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using	 stem	 cells	 and	 semiconductor	 photodetector	
arrays,	 implantable	visual	prostheses	have	 exhibited	
successful	performance	through	electrical	stimulation.[8] 
Implantable	visual	prosthesis	microsystems,	in	general,	
aim	at	 receiving	 image	 information	 from	 the	outside	
world	and	accordingly	stimulating	a	proper	part	of	the	
visual	system.	In	fact,	a	visual	prosthesis	is	designed	to	
bypass	failing	parts	of	the	visual	pathway	and	deliver	
the	image	information	to	the	rest	of	the	natural	visual	
system	that	works	perfectly.	This	will	artificially	produce	
visual	perception	in	individuals	with	profound	loss	of	
vision.	Although	it	is	unlikely	to	recreate	perfect	vision,	
artificial	vision	systems	may	evoke	enough	phosphene	
(a	collection	of	the	spots	of	light	which	are	seen	during	
electrical	 stimulation	of	 the	visual	 cortex)	perception	
to	perform	 every‑day	 tasks	 such	 as	 navigation,	 face	
recognition,	and	reading	large‑size	texts.[9,10]

It	is	worth	mentioning	that	to	develop	a	fully	functional	
visual	prosthesis,	 in	 addition	 to	 the	development	 of	
electronics	 and	hardware	 required	 for	 this	 purpose,	
engineers	need	to	collaborate	with	specialists	in	clinical	
and	 surgical	fields	 to	 form	a	multidisciplinary	 team.	
In	 addition	 to	making	decisions	on	main	 issues	 such	
as	 surgical	 and	 implantation	procedures,	 the	medical	
research	team	also	works	on	the	selection	of	appropriate	
types	of	lab	animals,	assesses	and	monitors	issues	related	
to	the	health	and	normal	behavior	of	the	subjects	pre‑	and	
post‑implantation,	and	on	the	design	and	development	
of	clinical	tests	to	assess	the	efficacy	of	the	implant.	In	
summary,	 to	develop	 a	 visual	prosthesis	 system	 for	
chronic	operation,	close	collaboration	between	specialists	
in	 both	 engineering	 (designing	 circuits	 and	 systems,	
fabricating	microstructures	and	signal	processing)	and	
medical	 disciplines	 is	 inevitable.	 Figure	 2	 illustrates	
the	 different	 design	 thrusts	 of	 a	 visual	 prosthesis	
microsystem.
In	this	review	article,	the	general	structure	of	a	visual	

prosthesis	is	studied.	Main	building	blocks	of	a	typical	
visual	prosthesis	 system	are	 then	briefly	 introduced.	
Some	of	 the	key	design	aspects	at	 the	system	level	as	
well	 as	 challenges	 faced	 in	 the	development	 of	 such	

Figure 1.	Human	visual	pathway. Figure 2.	Visual	prosthesis	design	thrusts.

systems	are	subsequently	addressed.	Finally,	the	latest	
achievements	 in	 the	 design	 of	 visual	 prostheses	 by	
various	research	groups	around	the	globe	and	some	of	
their	clinical	test	results	will	be	reviewed.

VISUAL PROSTHESES, GENERAL 
DESIGN

Figure	 3	 shows	 the	 general	 architecture	 for	 visual	
prostheses	 of	 different	 kinds	 developed	 by	 several	
groups	worldwide.[11‑16]	 In	 a	visual	prosthesis	 system,	
an	external	video	camera,	usually	worn	on	eyeglasses,	
captures	 images	 from	 the	 vision	field	 of	 the	patient	
in	 the	outside	world.	Some	external	pre‑processing	 is	
performed	on	recorded	images	in	order	to	extract	key	
image	information	and	hence	reduce	the	amount	of	data	
that	will	be	transmitted	to	the	implant.	After	retrieval	
of	data	 on	 the	 implant	 side,	 an	 embedded	processor	
sends	the	image	information	to	a	stimulation	back‑end,	
which	is	in	charge	of	generating	analog	electrical	pulses.	
Usually,	a	flexible	cable	conveys	these	electrical	outputs	
to	an	electrode	array	that	interfaces	to	the	target	tissue.
In	the	following	subsections,	a	brief	description	of	the	

aforementioned	visual	prosthesis	 electronic	hardware	
units	 as	well	 as	 some	 the	associated	design	 concerns	
are	presented.

External Video Capture and Processing
The	external	module	of	a	visual	prosthesis	consists	of	
two	parts:	Video	capture	unit	and	image	processing	unit.	
As	an	inseparable	part	of	any	visual	prosthesis	system,	
the	video	capture	unit	comprises	a	miniaturized	camera	
mounted	on	the	patient’s	eyeglasses	or	head.	Different	
types	of	cameras	have	been	used	for	image	and	video	
capture,	 e.g.	 photodiode	 arrays,[16]	 charge‑coupled	
devices	 (CCDs),[17]	 and	 complementary	metal‑oxide	
semiconductor	(CMOS)	cameras.[13,14]	Due	to	the	limited	
number	of	electrodes	in	the	implant,	image	resolution	of	
the	camera	does	not	impose	any	particular	constraints	
on	the	image	processing	capability	of	the	entire	system.	
Temporal	 resolution	 is	not	 expected	 to	be	 a	problem	
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either,	since	the	response	of	typical	cameras	is	usually	
much	faster	than	that	of	the	human	visual	system.
The	 external	unit	 of	 a	 visual	prosthesis	 is	usually	

powered	 by	 batteries	 and	 the	 implanted	 electronics	
receive	power	through	wireless	connection.	Considering	
the	 fact	 that	 the	 implantable	module	 is	 preferred	 to	
be	realized	with	small	physical	size	and	operate	with	
low	power	dissipation,	 any	attempt	 to	 reduce	 circuit	
complexity	and	also	power	consumption	of	the	implant	
is	welcomed.	For	this	reason,	complex	image	processing	
tasks	are	usually	performed	right	after	capturing	video	
information	on	 the	wearable	 external	module	where	
physical	 size	 and	 supplying	 electric	 power	 are	 not	
major	 concerns.	 Edge	 detection	 and	 image	 quality	
enhancement,	 zooming,	 contrast	 and	 brightness	
adjustment	are	among	the	image	pre‑processing	tasks	
that	are	realized	on	the	external	side.[18]	Image	processing	
complexity	depends	on	the	type	of	techniques	employed	
for	enhancement	of	image	quality	and	also	on	the	part	
of	the	visual	system	being	stimulated	(i.e.	retina,	optic	
nerve,	or	the	visual	cortex).
The	amount	of	data	conveying	 the	 image	captured	

from	 the	outside	world	needs	 to	be	 reduced	 in	order	
to	 comply	with	 some	 system‑level	 restrictions	 and	
constraints	 such	as	wireless	 transmission	bandwidth	
and	processing	 capabilities	of	 the	 implanted	module.	
For	this	purpose,	both	resolution	and	color	information	
of	the	image	is	lowered.	Figure	4	shows	a	sample	indoor	
picture,	with	different	resolutions	and	gray	levels.
In	 image	processing,	 in	general,	pixels	 are	usually	

in	the	shape	of	small	squares	sitting	by	each	other	and	
forming	a	 continuous	picture.	This	 is	while,	 in	visual	
prostheses,	 each	pixel	 corresponds	 to	 a	 stimulating	
electrode.	 Patients	undergoing	 electrical	 stimulation	

report	visual	 sensations	 as	 a	matrix	of	 separate	 light	
spots.	Therefore,	to	visualize	what	a	patient	carrying	a	
visual	prosthesis	sees,	it	might	be	more	meaningful	to	
pixelize	pictures	with	circular	shapes	rather	than	with	
square‑shape	pixels.	The	quality	of	vision	restored	using	
a	visual	prosthesis	is	highly	dependent	on	the	resolution	
of	the	image	delivered	to	the	visual	system	of	the	subject.	
This	 resolution	 is	 indeed	defined	by	 the	 number	 of	
stimulation	 sites	 on	 the	 target	 tissue.	 Simulations	 of	
prosthetic	vision	suggest	that	600–1000	electrodes	will	be	
required	to	restore	visual	function	to	a	level	that	would	
allow	 for	 reading,	 independent	mobility,	 and	 facial	
recognition	in	retinal	prostheses.[8]

Figure	5	shows	two	CMOS	camera	modules	used	as	
the	external	video	capture	device	by	one	of	the	Iranian	
research	groups	 (Research	Laboratory	 for	 Integrated	
Circuits	 and	Systems	 [ICAS],	K.	N.	Toosi	University	
of	 Technology,	 Tehran,	 Iran)	 in	 the	 field	 of	 visual	
prostheses.[19,20]	These	are	both	wearable	hardware	that	
can	 be	used	 in	dynamic	 tests	 to	 evaluate	 the	 image	
processing	algorithms	used	in	research	prototypes	and	
also	in	real	visual	prostheses.

Wireless Interface
Due	 to	 implant	 size	 limitations	 in	 visual	 prostheses	
and	 because	 of	 the	 necessity	 to	 avoiding	wires	 to	
reduce	the	risk	of	infection,	wireless	operation	of	visual	
prostheses	is	inevitable.	An	inductive	link	between	two	
closely‑coupled	coils	is	the	most	common	approach	to	
wirelessly	send	power	and	data	from	the	external	world	
to	implantable	biomedical	devices.[21‑23]	In	this	approach,	
as	shown	in	Figure	6a,	a	primary	(transmitting)	coil	is	
placed	on	the	outside	and	a	secondary	(receiving)	coil	is	
implanted	inside	the	body	with	the	thin	layers	of	living	

Figure 3.	General	architecture	for	different	kinds	of	visual	prosthesis	systems	developed	by	several	groups	actively	involved	in	
this	research	domain.
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tissues	between	them.	Both	sides	of	the	link	are	tuned	to	
the	same	resonant	frequency,	referred	to	as	the	carrier	
frequency.	The	wireless	interface	on	the	implant	contains	
a	power	regulator	and	a	data	demodulator	circuit	for	the	
retrieval	of	the	received	power	and	data,	respectively.[24]

Recently,	 capacitive	 links	 have	 been	proposed	 as	
novel	 alternatives	which	 offer	 several	 advantages	
over	 their	 traditional	 counterparts,	 i.e.	 the	 inductive	
links	[Figure	6b].	One	of	the	most	important	advantages	
of	 the	 capacitive	 coupling	 approach	 is	 the	high‑pass	
nature	 of	 the	 link.[25,26]	 This	 is	 specifically	welcomed	
in	visual	prostheses,	where	 rather	high	data	 rates	are	
required	to	enhance	the	quality	of	the	images	telemetered	
to	the	implant.
Besides	 size	 constrains,	 type	 of	 the	wireless	 link	

and	 the	 high	 data	 rate,	 one	 of	 the	most	 important	
issues	 in	wireless	 telemetry	 is	 power	dissipation	 in	
the	human	eye.	This	power	dissipation	may	 result	 in	
excessive	temperature	rise	in	biological	tissues,	which	
can	lead	to	tissue	damage.	Therefore,	when	designing	
wireless	 interfaces,	 the	 amount	 of	 absorbed	 radio	
frequency	(RF)	energy	has	to	be	evaluated	and	compared	
with	 the	 human	 safety	 levels,	 usually	 expressed	 in	
terms	of	 specific	 absorption	 rate	 (SAR)	 in	 associated	
standards.[27]	Nowadays,	SAR	calculations	are	performed	
using	high‑resolution	 three‑dimensional	human	body	
models	by	most	electromagnetic	simulators.[28,29]

Embedded Control Unit
Similar	to	almost	any	other	implantable	microstimulating	
systems,	 a	 visual	 prosthesis	 receives	 both	 setup	
and	 stimulation	data	 from	an	 external	module.	 The	
implantable	microsystem	 contains	 an	 embedded	
centralized	 controller,	which	 is	 in	 charge	 of	 both	
administering	 the	 implant	 operation	 and	generating	
stimulation	 commands/data.	 In	general,	 system	 level	
specifications	 of	 the	designed	 embedded	 controllers	
to	 be	 used	 in	 any	 kind	 of	 visual	 prostheses	 are	 the	
same.	The	stimulation	data	provided	by	the	embedded	
controller	are	sent	to	a	stimulation	back‑end,	according	
to	which	appropriate	stimulation	pulses	are	generated	
and	delivered	to	the	target	tissue.	In	fact,	the	embedded	
controller	 commands	 the	microstimulator	 to	generate	
electrical	 pulses	with	 various	 amplitudes	 and	pulse	
widths	according	to	the	data	received	from	the	external	
module.	Other	parameters	such	as	inter‑phase	interval	
and	 stimulation	 period	 are	 also	 controlled	 by	 this	
block.	Moreover,	the	embedded	controller	controls	the	
sequence	and	order	of	stimulations	for	all	the	electrodes.
As	 the	 embedded	 controller	 is	 designed	 to	 be	

implanted	inside	the	body,	it	needs	to	be	realized	with	
small	 physical	 dimensions,	 consume	 small	 amount	
of	 power,	 and	utilize	 a	 limited	 bandwidth	 for	 data	
telemetry	according	to	frequency	allocation	regulations.	
There	are	other	concerns	in	the	design	of	an	embedded	

controller,	which	include	interfacing	with	other	modules	
of	the	system	through	minimum	possible	interconnects,	
and	also	operation	with	 such	a	 fast	pace	 that	 allows	
the	 system	 to	 stimulate	 the	natural	visual	 system	 for	
real‑time,	flicker‑free	video	streaming.	This	is	why	the	
research	groups	developing	visual	prosthesis	systems	

Figure 4.	 Various	 pixelized	 versions	 of	 different	 spatial	
resolutions	with	different	gray	levels.[20]

Figure 5.	CMOS	camera	hardware	used	by	ICAS	visual	prosthesis	
team	(a)	First	generation,[19]	(b)	Second	generation.[20] 

ba

Figure 6.	 (a)	 Inductive	 coupling	 approach	 (b)	Capacitive	
coupling	approach.[25]

b

a
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prefer	to	design	their	own	special‑purpose	controller[30,31] 
rather	than	using	off‑the‑shelf	commercially	available,	
general	purpose	controllers.

Stimulation Circuitry
In	 a	microstimulation	 system,	 analog	 stimulation	
pulses	need	 to	be	generated	 according	 to	 the	digital	
commands	and	data	issued	by	the	embedded	controller.	
A	stimulation	back‑end	is	in	charge	of	generating	and	
delivering	 electrical	 stimulation	pulses	 to	 the	 target	
tissue.	 In	 electrical	 stimulation,	 stimulations	 can,	 in	
general,	 be	 in	 the	 form	of	 current,	voltage,	or	 charge	
pulses.	From	the	standpoint	of	the	general	form	of	the	
stimuli,	both	monophasic	and	biphasic	pulses	are	used	
for	 stimulation.	 In	monophasic	 stimulation,	 for	 each	
stimulation,	a	single	pulse	is	generated	to	deliver	a	certain	
amount	of	electric	current,	charge,	or	voltage	to	the	target	
tissue.	 In	 this	 case,	 one	needs	 to	 consider	provisions	
for	discharging	 the	 stimulated	 area	 to	 avoid	damage	
to	the	target	tissue	caused	by	charge	accumulation.	In	
charge‑balanced	biphasic	 stimulation	 [Figure	7],	 each	
stimulation	pulse	(anodic	pulse)	is	followed	by	a	pulse	
of	 reverse	polarity	 (cathodic	pulse)	 to	 collect	 charges	
delivered	 to	 the	 stimulated	area	by	 the	anodic	pulse.	
Amplitude	and	timing	specifications	of	the	stimulation	
pulses	need	to	be	tuned	based	on	patient	feedback	on	
visual	perception.	Typical	pulse	amplitudes	are	within	
the	10–600	µA	range,	and	the	pulse	widths	range	from	
100 µs	 to	 around	 2	ms.	A	 typical	delay	of	 0–1	ms	 is	
considered	between	the	anodic	and	cathodic	pulses,	and	
pulse	repetition	rate	for	visual	prostheses	varies	 from	
10	Hz	to	125	Hz.[32]

It	 should	 be	 noted	 that,	 even	 in	 charge	 balanced	
biphasic	stimulation,	unavoidable	systematic	mismatches	
in	 the	design	and	fabrication	of	 the	stimulation	cause	
small	 residual	 charge	 at	 stimulation	 sites.	Moreover,	
other	 issues	 such	 as	 charge	 leakage	 from	 adjacent	
stimulation	sites	over	a	period	of	time	may	result	in	the	
buildup	of	electric	charge	in	the	tissue	being	stimulated.	
Thus,	 charge	 cancellation	 circuitry	 is	 envisioned	 to	
periodically	discharge	stimulation	sites	by	connecting	
the	electrodes	to	the	common	ground	potential.

Microelectrode Arrays
The	 advent	 of	microelectrode	 arrays	 (MEAs)	more	
than	 20	 years	 ago	 led	 to	 steady	 advancement	 in	
the	 development	 of	 neural	 interfaces	 as	well	 as	 a	
meaningful	 progress	 in	 neuroscience	 research.	 The	
MEAs	used	in	advanced	neural	and	visual	prosthesis	
microsystems	 comprise	 multiple	 electrode	 sites	
developed	for	chronic	implantation.[33,34]	Typically,	an	
MEA	is	connected	to	the	electronics	platform	using	a	
ribbon	cable	containing	multiple	interconnects	coated	
by	or	sandwiched	 in	between	flexible	biocompatible	
polymeric	protective	layers	[Figure	8].	However,	the	
protective	 passivation	 layer,	which	 is	 an	 insulator	
from	 the	 standpoint	 of	 electrical	 conduction,	 is	
removed	 from	 over	 the	 electrode	 sites	 in	 order	 to	
allow	 them	 to	 electrically	 interface	with	 the	 target	
tissue.	Silicon,[35]	polyethylene	terephthalate	(PET),[36] 
polyimide,[37,38]	and	liquid	crystal	polymer[39]	are	among	
the	materials	used	as	the	electrode	substrate.	Electrode	
sites	 are	 usually	made	 of	 gold,[36]	 platinum,[40] and 
iridium‑oxide.[41]	High‑temperature	 silicon	 oxide[42] 
and	 polymeric	 materials	 such	 as	 Parylene‑C, [41] 
epoxy‑based	 negative	 photoresist	 (SU‑8) [36] and 
polydimethylsiloxane	 (PDMS) [43] are used for 
passivation.
In	principle,	 the	higher	 the	number	of	 stimulation	

sites	are,	the	better	the	resolution	will	be.	An	immediate	
consequence	of	the	increase	in	the	number	of	channels	
is	the	increased	complexity,	size,	and	power	dissipation	
of	 the	 system,	none	of	which	 are	desirable	 in	visual	
prostheses.

DIFFERENT APPROACHES TO 
THE DEVELOPMENT OF VISUAL 
PROSTHESES

The	visual	pathway	extends	from	photoreceptors	in	the	
retina	 to	 the	visual	 cortex	 in	 the	brain.	Conceptually,	
to	 realize	 a	 visual	 prosthesis,	 the	 image	 information	
recorded	 from	 the	 external	world	 can	 be	 delivered	
to	 the	natural	 visual	 system	at	 any	point	 along	 this	
path	(of	course,	provided	that	from	there	on,	the	rest	of	
the	system	is	healthy	and	functioning).	Hence,	several	

Figure 7.	Diagram	of	biphasic	current	pulse	in	form	of	current. Figure 8.	Stimulation	microelectrode	array.
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approaches	are	taken	to	restore	vision	to	the	blind,	which	
can	be	categorized	into:	Stimulation	of	the	retina,	optic	
nerve	stimulation,	and	cortical	stimulation.	Each	one	of	
these	approaches	has	its	own	attraction.	One	of	the	key	
reasons,	on	the	engineering	side,	for	the	great	interest	
directed	 towards	 retinal	 approaches	 is	 to	maximally	
benefit	 from	 the	 image	processing	performed	 in	 the	
natural	visual	system,	hence	reducing	the	extent	of	the	
image	processing	expected	from	the	visual	prosthesis.	
Optic	nerve	stimulation	is	an	attempt	to	deliver	image	
information	to	the	natural	visual	system	at	the	very	first	
place	after	the	retina.	This	approach	can	be	a	possible	
option	when	 the	 retina	 is	 atrophied.	 The	 cortical	
approach	 is	 also	 considered	 as	 one	 of	 the	 possible	
candidates,	trying	to	bypass	the	visual	pathway	all	the	
way	to	the	visual	cortex.

Retinal Prosthesis
It	has	been	shown	that	electrical	stimulation	of	retinal	
bipolar	 and	 ganglion	 cells	 yields	 visual	 sensation.	
Therefore,	a	retinal	implant	for	patients	suffering	from	
RP	and	AMD	seems	to	be	feasible.[8,11,12,16]	There	are	two	
main	 approaches	 to	 stimulate	 retinal	 ganglion	 cells:	
(I)	 Epi‑retinal	 stimulation,	 in	which,	 the	 prosthetic	
device	is	attached	to	the	inner	retinal	surface;	and	(II)	
the	 sub‑retinal	 approach,	which	 involves	 implanting	
an	electrode	array	between	bipolar	cells	and	the	retinal	
pigment	epithelium[11,12]	[Figure	9].	In	both	approaches,	
generally,	power	and	information	are	delivered	to	the	
electrode	array	from	a	separating	processing	unit.	While	
the	 electrode	 array	needs	 to	be	 attached	 to	 a	 certain	
area	in	the	retina,	factors	such	as	surgical	detail,	length	
of	 interconnections	 between	 the	 electrode	 array	 and	
the	 implanted	electronic	package,	 and	 thermal	 safety	
considerations	determine	where	the	electronics	platform	
will	be	placed.[11,12]

A	number	 of	 retinal	 prosthesis	 projects	 are	 being	
pursued	 through	 both	 epi‑retinal	 and	 sub‑retinal	
approaches.	The	advantages	of	the	epi‑retinal	approach	
include	the	following:	(1)	The	procedure	for	implantation	
is	 relatively	 straightforward	 and	 placement	 on	 the	
epi‑retinal	 surface	will	 not	 separate	 the	 retina	 from	
retinal	pigment	epithelium	and	choroid.	(2)	Epi‑retinal	
placement	allows	 for	 the	vitreous	 to	act	 as	 a	 sink	 for	

heat	dissipation	 from	 the	microelectronic	device.[44,45] 
Disadvantages	of	this	approach	include:	(1)	Requirement	
of	 techniques	 that	will	provide	prolonged	attachment	
of	the	device	to	the	inner	retina	on	the	medical	side,[46,47] 
and	(2)	stimulation	at	the	output	of	the	retina	(ganglion	
cells)	on	the	engineering	side,	which	will	require	more	
sophisticated	 image	processing	 to	 account	 for	 retina	
algorithms.[48]

Placement	of	 the	prosthesis	 in	 the	 sub‑retinal	 space	
has	 advantages	 such	 as	 closer	proximity	 to	 the	next	
surviving	 layers	 of	 neurons	 in	 the	 visual	 pathway	
(i.e.	bipolar	cells).[49,50]	Stimulation	at	the	bipolar	cell	level	
will	allow	significant	retinal	processing	to	shape	the	neural	
response.	Placing	an	electrode	interface	in	the	sub‑retinal	
space	will	use	 the	 retina	 to	hold	 the	electrode	 in	close	
proximity	to	the	electrode.[49]	Also,	fixation	of	an	implant	
in	the	sub‑retinal	space	might	be	more	stable	than	tacking	
it	to	the	epi‑retinal	surface.	Disadvantages	of	this	approach	
include	the	limited	sub‑retinal	space	to	place	the	electronics	
as	well	as	the	close	proximity	of	the	retina	to	the	electronics	
which	would	increase	the	likelihood	of	thermal	injury	to	
neurons	and	consequently	 limit	 the	 thermal	budget	of	
the	implant.	If	the	sub‑retinal	implant	is	only	an	electrode	
array	with	the	electronics	outside	the	eye,	then	the	implant	
will	have	a	cable	across	the	sclera,	which	may	result	in	a	
tethering	effect	on	 the	cable.[51]	Furthermore,	 this	cable,	
over	the	long	term,	increases	the	likelihood	of	sub‑retinal	
hemorrhage	and	total	or	local	retinal	detachment.
There	 is	 another	 sub‑retinal	 approach,	 in	which	 a	

microchip	 containing	photodiode	arrays	 is	 implanted	
under	the	transparent	retina	to	substitute	the	degenerated	
photoreceptors.	 The	 implant	 is,	 indeed,	 a	 single	
component	 in	 charge	 of	 converting	 incident	 light	 to	
electrical	current	and	delivering	the	resulting	electrical	
stimuli	to	the	retina.[16]	While	all	of	the	approaches	on	the	
development	of	visual	prostheses	require	external	image	
and	data	processing	due	 to	 bypassing	 retinal	 image	
analysis,	 implantable	photodiode	arrays	are	 intended	
to	replace	the	function	of	degenerated	photoreceptors	
by	directly	 translating	 the	 image	 into	 small	 electrical	
stimulations	with	 no	 need	 for	 additional	 electronic	
circuitry.	Other	advantages	of	this	approach	include	easy	
placement,	fewer	components,	and	since	no	video	camera	

Figure 9.	Retinal	visual	prosthesis. Figure 10.	Optic	nerve	stimulation.
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is	used,	the	possibility	of	using	eye	movement	to	locate	
objects.	In	its	original	form,	the	principal	drawback	of	
this	system	is	the	inability	of	the	photodiodes	to	generate	
strong	enough	currents	to	stimulate	the	adjacent	neurons	
by	using	merely	the	incident	light.	Also,	placement	of	the	
photodiode	array	component	could	damage	the	retina	
through	pigment	epithelium	separation	or	obstruction	
of	blood	flow	from	the	retina.

Optic Nerve Stimulation
The	optic	nerve,	which	 is	 about	1–2	mm	 in	diameter,	
serves	as	a	 compact	 conduit	 for	all	 the	 information	 in	
the	visual	scene.	This	means	that	electrical	stimulation	
of	a	small	area	of	the	optic	nerve	would	be	expected	to	
activate	a	large	segment	of	the	visual	field.	Stimulation	of	
the	optic	nerve	is	realized	using	a	cuff	electrode	encircling	
it,	as	illustrated	in	Figure	10.	Since	the	electrodes	are	on	
the	outside	of	a	very	densely	packed	nerve	(~1.2	million	
fibers	within	the	nerve),	focal	stimulation	and	detailed	
perception	are	difficult	to	achieve.[52]	This	approach	also	
requires	real‑time	image	capture	and	processing,	and	also	
a	telemetry	link	for	the	transfer	of	power	and	data	to	the	
electronic	implant.	As	a	result	of	completely	bypassing	
the	retina,	not	only	this	approach	can	be	used	for	patients	
with	retinal	degeneration,	it	also	offers	a	relatively	safer	
and	easier	implantation	procedure	compared	to	retinal	
approaches.	This	approach	is,	however,	rather	immature	
compared	to	its	counterparts.	The	possibility	of	generating	
pattern	vision	by	eliciting	spatially	adjacent	phosphenes	
using	optic	nerve	stimulation	is	still	unclear.[53]

The Cortical Approach
Historically,	 there	 has	 been	 notable	 research	 in	 the	
development	of	a	visual	prosthesis	that	stimulates	the	
visual	cortex.	Starting	in	the	1960’s,	several	reports	were	
released	on	 the	 induction	of	phosphenes	 in	patients	
with	 profound	 blindness.[54,55]	 Patients	 reported	 the	
ability	to	read	Braille	patterns,	real	letters,	drive	a	car	in	
a	parking	lot,	and	walk	around	a	room	using	this	kind	
of	prostheses.[56‑58]

Figure 11.	Cortical	approach.

Figure 12.	Number	 of	 scientific	 and	 technical	 documents	
published	with	the	keywords	‘visual’	and	“prosthesis”	in	their	
titles	or	abstracts.

Without	taking	so	many	technological,	surgical,	and	
cognitive	challenges	into	consideration,	stimulation	of	
the	visual	cortex	[Figure	11]	is	believed	to	be	successful	
in	 restoration	of	vision	 for	 the	blind	due	 to	different	
causes,	including	those	suffering	from	damage	to	both	
the	 retina	 and	optic	 nerve.	However,	 for	 those	who	
are	 eligible	 to	 use	 retinal	 prosthesis	 or	 optic	 nerve	
stimulation,	cortical	visual	prostheses	might	not	be	the	
first	choice.	The	rather	high	surgical	risk	that	a	patient	
with	an	otherwise	healthy	brain	needs	to	take,	and	also	
the	extra	complicated	image	processing	that	the	artificial	
system	needs	to	handle	are	among	the	reasons	why	the	
cortical	approach	has	not	been	welcomed	as	compared	
with	other	 approaches.[7,10,59‑62]	Among	 the	 significant	
advantages	of	the	cortical	approach	over	its	counterparts,	
one	can	point	to	the	reduced	power	requirements	per	
stimulation	site,	more	predictable	phosphene	generation,	
less	phosphene	interaction,	absence	of	flicker,	and	the	
possibility	of	packing	more	stimulation	channels	thereby	
increasing	resolution.[63]

VISUAL PROSTHESES PIONEERING 
RESEARCH GROUPS

Over	the	past	decade,	several	research	teams	have	been	
involved	 in	 the	 development	 of	 functioning	 visual	
prostheses.	Based	on	a	search	within	Elsevier’s	Scopus	
database,	Figure	12	shows	the	exponential‑like	growth	of	
scientific	and	technical	documents	published	on	‘visual’	
and	‘prosthesis’	over	the	past	decades.	Contribution	of	
pioneer	countries	in	the	field	of	visual	prostheses,	in	terms	
of	papers	published	during	2008–2013[64] is illustrated in 
Figure	13.	More	than	55%	of	these	publications	are	in	the	
field	of	medicine.[64]

The	Artificial	 Retina	 team	 is	 one	 of	 the	 pioneer	
groups	 in	 the	 development	 of	 implantable	 visual	
prostheses.	 Professors	M.	Humayun	 and	E.	DeJuan	
of	 the	 Doheny	 Eye	 Institute	 at	 the	 University	 of	
Southern	 California	 (USC),	 Dr.	 R.	 Greenberg	 of	
Second	 Sight	 company,	 and	 Professor	W.	 Liu	 of	
the	University	 of	 California	 at	 Santa	Cruz	 (UCSC)	
are	 the	 original	 inventors	 of	 the	 active	 epi‑retinal	
prosthesis.	 They	 demonstrated	 proof	 of	 principle	
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in	 acute	 patient	 investigations	 at	 Johns	Hopkins	
University	 in	 the	 early	 1990s.	 In	 the	 late	 1990s,	 the	
company	Second	Sight	was	formed	by	Dr.	Greenberg	
along	with	medical	device	entrepreneur,	A.	Mann,	to	
develop	a	chronically	implantable	retinal	prosthesis.	
Their	first	generation	implant	had	16	electrodes	and	
was	implanted	in	6	subjects	between	2002	and	2004.	
These	subjects,	who	were	all	completely	blind	prior	
to	implantation,	could	perform	a	surprising	array	of	
tasks	using	the	device.[7]	In	2007,	Second	Sight	began	
a	trial	of	its	second	generation	60‑electrode	implant,	
named	Argus	II,	 in	the	U.S.	and	Europe.	In	total,	30	
subjects	participated	in	the	studies	spanning	10	sites	
in	4	countries.	The	preliminary	results	show	that	the	
Argus	 II	 system	provides	 some	 functional	vision	 to	
blind	subjects.[59]	In	the	spring	of	2011,	after	more	than	
two	decades	of	research	and	development	in	the	field	
of	visual	prosthesis,	Argus	II	was	approved	for	clinical	
and	commercial	use	in	Switzerland,	France,	and	the	
UK.[65]	Second	Sight	Company	launched	the	product	
later	 the	 same	 year.	 Three	major	U.S.	 government	
funding	agencies	(National	Eye	Institute,	Department	
of	 Energy,	 and	National	 Science	 Foundation)	 have	
supported	the	work	at	Second	Sight	Company,	USC,	
UCSC,	CalTech,	and	other	research	laboratories.[7]

To	 date,	 Second	 Sight	 has	 sponsored	 clinical	
t e s t s 	 approved 	 by 	 the 	 US 	 Food 	 and 	 Drug	
Administration	 (FDA)	 for	 the	Argus	 I	 and	 II	model	
systems.	The	Argus	II	retinal	implant	was	successfully	
implanted	in	2013	in	two	patients	suffering	from	RP	
in	Saudi	Arabia.	The	patients	were	one	man	and	one	
woman	and	had	the	Argus	II	retinal	prosthesis	system	
implanted	in	one	eye.	Average	length	of	surgery	was	
3	h.	Now,	the	patients	can	recognize	the	presence	of	
people	in	front	of	them	and	are	able	to	detect	buildings	
outside,	as	well	as	flowers	in	grass	areas.[7] As research 

on	the	implant	progresses,	upgraded	performance	for	
the	processing	of	visual	 information	are	expected	 in	
the	future.	The	Second	Sight	Company	expects	future	
upgraded	models	 to	 give	patients	 the	 ability	 to	 see	
faces,	 color	and	also	night	vision.[7]	The	next	 step	of	
the	Argus	project	is	to	produce	a	256‑electrode	device	
ready	 for	 extensive	 preclinical	 testing.[11]	 Their	 new	
design	has	 a	highly	 compact	 array	and	 this	 array	 is	
four	 times	more	densely	packed	with	metal	 contact	
electrodes	 than	 that	 of	 the	Argus	 II.[11]	 Simulations	
and calculations indicate that the 256 electrode device 
should	provide	improved	vision	for	patients.	Interested	
readers	are	referred	to	the	latest	news	published	by	the	
Second	Sight	Company’s	website	for	more	information	
and	also	clinical	studies.[7]

The	Boston	Retinal	 Implant	 (USA)	 is	 involved	 in	
the	 development	 of	 a	 sub‑retinal	 visual	 prosthesis.	
The i r 	 min ia tu r i zed , 	 he rmet i ca l l y ‑ encased ,	
wirelessly‑operated	 retinal	 prosthesis	 has	 been	
developed	 for	 preclinical	 studies	 in	 a	 Yucatan	
minipig.	The	 implant	part	of	 this	 system	attaches	 to	
the outer surface of the eye and electrically drives a 
microfabricated	thin	film	polyimide	array	of	sputtered	
iridium	oxide	film	electrodes.	This	array	is	implanted	
into	 the	 sub‑retinal	 space	 using	 a	 customized	 ab	
externo	 surgical	 technique.	 The	 implanted	 device	
includes	 a	 hermetic	 titanium	 case	 containing	 a	
15‑channel	 stimulator	 chip	 as	well	 as	 some	discrete	
circuit	 components.	 The	 operation	 of	 this	 implant	
has	been	verified	in	two	pigs	for	up	to	5½	months	by	
detecting	stimulus	artifacts	generated	by	the	implanted	
device.[12,60]

C‑Sight	(Chinese	Project	for	Sight)	is	a	multidisciplinary	
research	 project	 on	 visual	 prosthesis	 founded	 in	
China.	The	goal	of	the	C‑Sight	project	is	to	develop	an	
implantable	 optic	 nerve	 stimulation	microelectronic	

Figure 13.	Contribution	of	the	countries	actively	involved	in	research	on	visual	prostheses	in	terms	of	the	number	of	papers	they	
published	during	2008–2013.
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medical	 device	 that	will	 restore	 vision	 to	 a	 limited	
extent	to	the	blind.	In	their	approach,	they	couple	the	
encoded	electrical	stimuli	into	axons	of	ganglion	cells	by	
penetrating	multi‑electrode	arrays	into	the	optic	nerve.	
Feasibility	 of	 this	 approach	 has	 been	 studied	using	
animal	experiments.[13,66]

As	an	example	of	cortical	visual	prosthesis,	one	can	
name	 the	 system	developed	by	 the	Dobelle	 Institute	
under	 direction	 of	William	Dobelle	 (1941–2004).	 In	
this	work,	 visual	 information	 are	 transcutaneously	
transferred	 from	 an	 external	 image	 capture	 and	
preprocessing	unit	to	an	implanted	64‑electrode	array.	
The	patient	carrying	this	prosthesis	was	able	to	read	two	
inch	tall	letters	at	a	distance	of	five	feet,	representing	a	
visual	acuity	of	about	20/400.	Although	the	electrode	
array	produces	 tunnel	vision,	 the	 subject	was	able	 to	
navigate	in	unfamiliar	environments.[54]

While	all	of	the	above	mentioned	approaches	work	
on	 the	same	basic	concept	 illustrated	 in	Figure	3,	 the	

Retina	 Implant	 group	 in	Germany	 tries	 to	 restore	
vision	using	 a	 subretinal	microphotodiode	 array.	 In	
the	first	clinical	pilot	study,	the	array	was	implanted	in	
11	patients	suffering	from	photoreceptor	degeneration.	
In	one	 subject,	whose	 implant	was	placed	under	 the	
macula,	 visual	 acuity	 of	 20/1000	was	 reported.	 The	
results	 of	 this	 study	demonstrated,	 for	 the	first	 time,	
that	 sub‑retinal	microelectrode	 arrays	with	 1,500	
photodiodes	 can	 create	 detailed	meaningful	 visual	
perception.[10,16]	 In	 another	 study,	 the	 photodiodes	
were	 implanted	 in	 9	 blind	 patients.	 The	 patients	
received	the	subretinal	visual	implant	in	one	eye	and	
the	other	 eye	was	 always	occluded	during	 the	 tests.	
None	of	the	subjects	had	other	eye	diseases	that	might	
affect	the	visual	pathway.	In	this	study,	visual	acuity	
measurement	with	Landolt	C‑rings	up	to	Snellen	visual	
acuity	 of	 20/546	 (corresponding	 to	decimal	 0.037	or	
corresponding	 to	 1.43	 logMAR	 [minimum	angle	 of	
resolution])	were	restored	via	the	subretinal	implant.[67] 

Table 1. Brief overview of current artificial vision projects around the world

Country University Researchers Group name Approach Latest Pubs.

USA University	of	S.	California	(Doheny	
Retina	Institute)	and	University	of	
California

M.	S.	Humayun,	
W.	Liu,	and	J.	D.	
Weiland

Artificial	Retina Epi‑retinal [11,59,68,69]

Germany RWTH	Aachen	University	and	
Fraunhofer	Institute	of	Microelectronic

W.	Mokwa N/A Epi‑retinal [41,70,71]

Germany IMI	Intelligent	Medical	Implants	
andInst.	of	Microelectronics,	University	
of	Ulm

R.	Hornig	and	M.	
Ortmanns

Intelligent	
Medical	Implants

Epi‑retinal [72,73]

Iran K.	N.	Toosi	University	of	Technology A.	M.	Sodagar,	A.	
Lashay	and	M.	Riazi

ICAS Epi‑retinal [31,36,74‑77]

USA Massachusetts	Institute	of	Technology	
and	Massachusetts	Eye	and	Ear	
Infirmary

J.	Rizzo,	J.	Wyatt	
and	W.	A.	Drohan

Boston	Retinal	
Implant

Sub‑retinal [12,60,61]

Germany Tübingen	University,	Eye	Hospital E.	Zrenner Retina	Implant Sub‑retinal [10,16,62]
USA Loyola	University	of	Chicago,	School	of	

Medicine
Alan and Vincent 
Chow

Artificial	Silicon	
Retina

Sub‑retinal [50,78]

Japan Osaka	University,	Medical	School Y.	Tano,	T.	Fujikado	
and	H.	Sawai

Japanese	
Consortium	for	an	
Artificial	Retina

Suprachoroidal‑ 
transretinal 
stimulation

[79,80]

USA Stanford	University D.	Palanker Optoelectronic	
Retinal	Prosthesis

Photovoltaic	
retinal	prosthesis

[81,82]

Australia Centre for Eye Research Australia at the 
University	of	Melbourne,	the	Bionic	Ear	
Institute	and	the	Vision	Sciences	Group	
at	the	Australian	National	University

N.	Lovell	and	G.	
Suaning

Australian Vision 
Project

Optic	nerve	
stimulation/
retinal

[83,84]

Belgium Catholique	Université	de	Louvain C.	Veraart Vision	Project Optic	nerve	
stimulation

[85]

China Shanghai	Jiao‑Tong	University X.	Chai	and	Q.	Ren C‑Sight Optic	nerve	
stimulation

[13,66]

Portugal Dobelle	Institute W.	Dobelle N/A Cortical [3,54]
Canada Polytechnique	Montreal	University M.	Sawan Polystim Cortical [14,86]
USA University	of	Utah R.	Normann Utah	Artificial	

Vision
Cortical [63,87]

USA Illinois	Institute	of	Technology P.	R.	Troyk N/A Cortical [88,89]
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Light	perception,	light	localization	and	motion	detection	
tests	were	also	performed	on	the	subjects.	This	study	
has	shown	that	the	designed	system	can	restore	useful	
vision	in	daily	 life	for	at	 least	 two‑thirds	of	 the	blind	
patients	investigated.
A	brief	overview	of	current	artificial	vision	projects	is	

presented	in	Table	1.	Interested	readers	are	referred	to	
the	latest	papers	published	by	each	research	group	for	
more	information.

SUMMARY

A	review	of	the	visual	prostheses	intended	to	restore	
functional	 vision	 is	 provided	herein.	 Basic	 concepts	
in	 research	 on	 these	 implantable	 microsystems	
are	 studied,	 and	 general	 issues	 in	 their	 design	 and	
development	are	discussed.	Different	types	of	visual	
prostheses,	 from	 the	 standpoint	 of	 how	 they	work	
and	how	they	are	used,	are	introduced.	Subsequently,	
latest	achievements	in	the	design	of	visual	prostheses	
by	pioneer	research	groups	and	companies	around	the	
globe	and	some	of	their	clinical	test	results	are	briefly	
reviewed.
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