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Abstract

Prolonged monitoring is more likely to diagnose atrial fibrillation accurately 
than intermittent or short-term monitoring. In this study, an implantable 
Electrocardiograph (ECG) sensor to monitor atrial fibrillation patients in real 
time was developed. The implantable sensor is composed of a micro controller 
unit, an analog-to-digital converter, a signal transmitter, an antenna, and two 
electrodes. The sensor detects ECG signals from the two electrodes and 
transmits these to an external receiver carried by the patient. Because the 
sensor continuously transmits signals, its battery consumption rate is extremely 
high; therefore, the sensor includes a wireless power transmission module that 
allows it to charge wirelessly from an external power source. The integrated 
sensor has the approximate dimensions 0.12 in x 1.18 in x 0.19 in, which is 
small enough to be inserted into a patient without the need for major surgery. 
The signal and power transmission data sampling rate and frequency of the unit 
are 300 samples/s and 430 Hz, respectively. To validate the developed sensor, 
experiments were conducted on small animals.
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•	 Respiration	efficacy.

Advancements	in	the	use	of	wireless	technologies	in	biomedical	
implant	 design	 have	 opened	 avenues	 for	 marked	 improvement	
in	 medical	 care	 and	 diagnostic	 systems	 as	 wired	 equipment	 is	
replaced	 with	 implanted	 on-body	 sensors.	 Biomedical	 implant-
based	monitoring	systems	can	wirelessly	transmit	data	consisting	of	
critical	 information	 related	 to	 patient	 health.	 Implant-based	 vital-
sign	monitoring	 allows	 for	 round-the-clock	monitoring	 and	health	
management,	 with	 updates	 provided	 on	 handheld	 devices	 using	
wireless	protocols.	A	range	of	medical	diagnoses	can	be	performed	
using	implants	through	the	monitoring	of	parameters	such	as	blood	
pressure,	 glucose	 level,	 and	 cardiac	 response.	 However,	 efficient	
invasive	monitoring	using	wireless	biomedical	implants	comes	with	
numerous	challenges	that	must	be	addressed	beforehand.

Research	 on	 implants	 has	 progressed	 significantly	 in	 the	 last	
decade	 and	 is	 being	 actively	 pursued	 owing	 to	 the	 viability	 of	
implants	in	a	broad	range	of	applications	including	medicine,	health,	
and	 sports.	 On-time	 diagnostics	 have	 become	 a	 major	 benefit	 for	
patients	with	chronic	diseases	as	the	continuous	monitoring	of	health	
indicators	can	significantly	assist	in	curtailing	emergency	events.	The	
design	 of	wireless	 biomedical	 implants	 is	 a	 difficult	 task,	 however,	
as	there	are	many	challenge	that	must	be	addressed	for	operational	
systems.

Some	important	key	issues	are:

•	 Power	Requirements:	Biomedical	implants	vary	in	power	
requirements	 based	 on	 their	 operational	 issues.	 To	
improve	 implant	 lifetime	and	 range	of	 communication,	
and	 because	 excessive	 power	 dissipation	 by	 a	 medical	
implant	 can	 seriously	 increase	 the	 chances	 of	 tissue	

Introduction
There	 are	 numerous	 medical	 problems	 whose	 treatment	

requires	 the	 constant	 monitoring	 of	 vital	 signs	 from	 several	 body	
organs.	Although	patients	are	typically	hospitalized	and	kept	under	
observation	 using	wired	 equipment	 to	measure	 vital	 signs,	 remote	
patients	 must	 stay	 at	 home	 along	 with	 expensive	 monitoring	
equipment	 and	 dedicated	 medical	 staff,	 which	 increases	 medical	
expenditure	and	reduces	human	resources	available	at	 the	hospital.	
Several	studies	have	therefore	been	conducted	recently	in	researching	
and	 developing	 wearable	 and	 implantable	 biomedical	 devices,	 and	
progress	 in	 this	field	has	provided	benefits	 in	 terms	of	 lower	costs,	
freer	patient	movement,	and	uninterrupted	diagnostic	data	streams	
for	 medical	 monitoring.	 Wireless	 biomedical	 devices	 can	 provide	
enhanced	 mobility	 and	 efficiency	 with	 minimum	 disruption	 of	
monitored	data	[1],	and	networks	based	on	biomedical	sensors	can	
create	 effective	 solutions	 for	distributing	patient	 information	along	
multiple	platforms.

Diabetes	 and	 cardiovascular	 diseases	 are	 two	health	 conditions	
that	 require	 effective,	 round-the-clock	 monitoring.	 Twenty	 four	
percent	 of	 the	 population	 of	 developed	 countries	 has	 diabetes	 and	
related	 complications	 such	 as	 cardiovascular	 diseases,	 making	 this	
a	widespread	health	issue	that	can	only	be	addressed	through	active	
monitoring	of	Blood	Glucose	Levels	(BGL)	[2].

The	vital	signs	that	are	most	often	monitored	in	health	diagnostics	
are:

•	 Blood	glucose	level;

•	 Blood	pressure	and	pulse	rate;

•	 Electrocardiograph	(ECG);	and
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damage	[3],	low	power	consumption	is	generally	sought.	
Implants	 can	 be	 powered	 using	 batteries	 or	 wireless	
power	transfer;	however,	batteries	are	bulky,	hazardous,	
and	require	recurrent	replacement,	while	wireless	power	
allows	 for	 continuous	 power	 transfer,	 making	 it	 more	
suitable	for	24-hour	monitoring	systems.

•	 Sensors	 and	 Communication:	 Accurately	 reading	 and	
monitoring	signals	from	a	human	body	requires	sensitive	
transducers	 and	amplification	units.	Algorithms	 for	 the	
interpretation	of	signals	must	also	be	carefully	designed	
to	 cater	 to	 any	 signal	 pattern	 anomalies	 in	 a	 timely	
manner.	Wireless	system	must	also	be	carefully	designed	
to	 comply	 with	 power	 requirements	 and	 transmission	
ranges	[4].	

•	 Implant	Size:	Implant	size	has	serious	impacts	on	overall	
design	 [5].	 Power	 requirements,	 carrier	 frequency,	 and	
transducer	design	are	all	primarily	governed	by	the	size	
of	the	implant,	which	in	turn	is	governed	by	where	in	the	
body	 the	 implant	 is	placed.	Smaller	 implants	also	allow	
for	minimally	invasive	surgical	procedures.	

•	 Reliability:	The	reliability	and	efficacy	of	an	implantable	
medical	 device	 are	 paramount	 for	 enabling	 active	
monitoring	 and	 timely	 warning	 under	 emergency	
situations.	 In	 cardiac	 cases	 in	 particular,	 emergencies	
can	 be	 avoided	 through	 the	 use	 of	 implants	 that	 can	
produce	reliable	measurements.	Good	reliability	will	also	
reduce	 the	need	 for	 periodic	 surgery	 in	 order	 to	 install	
replacements.	 To	 sustain	 future	 requirements	 ensuring	
the	viability	of	biomedical	implant	technology,	prolonged	
reliability	is	essential.

The	 above	 concerns	must	 be	 kept	 in	mind	when	 designing	 an	
implant	as	they	represent	the	major	limiting	factors	for	advances	in	
implant	technology.	In	this	study,	an	implantable	ECG	sensor	using	
wireless	communication	and	power	transmission	was	developed.	With	
the	increased	pace	of	living	in	contemporary	society	and	the	related	
reliance	on	tobacco,	alcohol,	and	caffeine,	the	number	of	patients	with	
heart	conditions	such	as	arrhythmia	is	increasing.	Arrhythmia	(also	
known	 as	 cardiac	 dysrhythmia)	 is	 caused	 by	 an	 abnormal	 ejection	
fraction	 and	 presents	 as	 an	 irregular	 heartbeat	 that	 is	 either	 faster	
(tachycardia)	or	slower	(bradycardia)	than	the	usual	heart	rate.	It	can	
occur	unexpectedly	anytime	and	anywhere	and	can	lead	to	shortness	
of	 breath,	 dizziness,	 and	 fainting;	 in	 serious	 cases,	 it	 can	 cause	
sudden	 cardiac	 arrest	 owing	 to	 non-contraction	 of	 the	 ventricles,	
resulting	 in	 a	 life-threatening	myocardial	 infarction	 (heart	 attack).	
An	Electrocardiogram	(or	electrocardiograph)	(ECG)	can	be	used	to	
detect	cardiac	abnormalities	and	thus	predict	arrhythmia.	The	ECG	
produces	a	graph	on	which	changes	in	electrical	potential	associated	
with	the	pattern	of	the	heartbeat	are	recorded.	Measurements	using	
an	ECG	can	be	performed	with	either	patch-	or	insertion-type	ECG	
sensors.	The	most	widely	used	ECG	sensor	is	the	standard	patch-type	
12-lead	ECG,	in	which	electrodes	are	attached	to	the	four	limbs	and	
to	the	anterior	chest	near	the	heart	in	order	to	measure	and	record	
ECG	 signals	 using	 standard	 limb,	 unipolar	 limb,	 and	 chest	 leads.	
However,	in	the	case	of	arrhythmia	a	short-term	ECG	measurement	is	
of	little	help	because	of	the	short	duration	of	symptoms;	it	is	therefore	

necessary	to	use	an	ECG	device	that	can	be	carried	by	the	patient	and	
has	electrodes	attached	to	the	body’s	surface.	The	heart	rhythm	can	
be	 recorded	using	either	a	Holter	monitor	or	an	 Implantable	Loop	
Recorder	(ILR)	surgically	inserted	under	the	skin.	Unfortunately,	the	
Holter	monitor	is	inconvenient	as	it	disrupts	daily	activities	because	
it	must	be	worn	constantly.	Although	the	insertion-type	ILR	is	more	
comfortable	as	it	is	implanted	into	the	body	and	does	not	need	to	be	
carried,	its	use	requires	surgical	intervention	for	implantation,	which	
raises	 safety	 and	 confidence	 issues.	 In	 addition,	 a	 similar	 surgical	
procedure	is	necessary	at	the	end	of	battery	life	to	either	replace	or	
remove	it,	which	again	raises	safety	and	cost	issues.	

The	drawbacks	of	ILR	can	be	overcome	through	the	use	of	a	quasi-
permanent	battery	that	is	recharged	via	wireless	power	transmission.	
While	 this	 is	 technically	 possible,	 further	 investigation	 of	 effects	
on	the	human	body	must	be	conducted	before	such	systems	can	be	
considered	 safe	 and	 reliable.	Therefore,	 in	 this	 study	 an	 insertion-
type	wireless	ECG	sensor	was	developed	and	its	performance	within	
a	human	body	phantom	was	tested	using	a	thermal	imaging	camera.	
Further	 tests	 of	 the	 implanted	 sensor	 were	 then	 conducted	 on	 an	
animal	 model.	 Based	 on	 the	 results	 of	 these	 tests,	 it	 was	 possible	
to	 identify	 any	potential	problems	 that	 could	occur	 in	 the	use	of	 a	
wireless	ECG	sensor.

In	 this	 study,	 a	 micro-sized	 implantable	 Electrocardiogram	
(ECG)	 sensor	 was	 developed;	 as	 such	 devices	 generally	 provide	 a	
high	 diagnostic	 yield.	The	 dimensions	 of	 the	 integrated	 sensor	 are	
approximately	 0.12	 in	 x	 1.18	 in	 x	 0.19	 in,	which	 is	 an	 appropriate	
size	 for	 insertion	 by	 a	 cardiologist	 into	 a	 patient	without	 the	 need	
for	major	surgery.	The	advantages	of	 the	use	of	 this	 sensor	 include	
continuous	 monitoring	 ability	 and	 the	 capability	 for	 capturing	 all	
asymptomatic	and	symptomatic	episodes	as	long	as	the	unit	is	worn	
continuously.	 The	 proposed	 sensor	 was	 validated	 with	 shielding	
experiments	 that	 mimicked	 the	 action	 of	 the	 implant	 and	 the	
shielding	 of	 sensor	 effects.	The	 sensor	 was	 placed	 into	 cylindrical	
cases	 composed	 of	 three	 different	 materials:	 quartz,	 titanium,	 and	
acryl.	 To	mimic	 the	 generation	 of	 ECG	 signals,	 an	ECG	 simulator	
was	attached	to	the	sensor.	The	experiments	showed	that	the	sensor	
transmits	ECG	signals	correctly	with	all	three	different	types	of	case	
material,	with	the	quartz	material	producing	the	best	results	among	
the	three	by	transmitting	data	with	no	distortion.

System design concepts
In	 this	 section,	 the	 design	 concepts	 of	 the	 implantable	 ECG	

sensor	 are	 presented.	 Numerical	 simulations	 were	 performed	 to	
verify	 the	 principle	 behind	 sensor	 and	 tactile	 images	 of	 phantom	
tissue	inclusions	were	obtained.

Cardiac ecg measurement and electrodes
Cardiac	 activity	 is	 normally	 monitored	 by	 recording	

Electrocardiograph	(ECG)	signals	in	a	clinical	setting,	which	requires	
the	physical	presence	of	the	patient	at	the	facility.	The	ECG	signal	is	
composed	of	multiple	electrical	activities	that	begin	from	the	sinus	at	
the	top	of	the	right	atrium.	The	signal	is	generated	from	the	sinus	node	
and	propagates	through	the	Atrioventricular	(AV)	node.	One	cardiac	
cycle	consists	of	a	P	wave,	a	T	wave,	and	a	QRS	complex,	all	of	which	
were	 identified	 by	Willem	 Einthoven.	When	 a	 sinus	 node	 releases	
an	electrical	impulse,	it	creates	the	basis	for	an	atrial	depolarization	
leading	to	atrial	contraction,	which	is	sensed	as	a	P	wave.	The	signal	
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then	passes	through	the	AV	node,	where	the	QRS	complex	signal	is	
induced	by	ventricular	depolarization	and	is	followed	by	generation	
of	a	T	wave	from	the	re-polarization	of	the	ventricular.

Monitoring	 heart	 activity	 through	 ECG	 signals	 is	 carried	 out	
using	at	 least	 three	electrodes	placed	on	specific	points	on	 the	skin	
in	 order	 to	 sense	 electrical	 signals	 generated	 by	heart	 constituents.	
The	Holter	monitor	is	one	such	diagnostic	device	and	is	commonly	
employed	 for	 active	monitoring	 of	 heart	 activity	 after	major	 heart	
procedures	[6].	Holter	monitors	have	proven	technologically	capable	
but	are	large,	must	be	connected	to	electrodes	using	wires	that	limit	
free	movement	of	the	patient,	and	require	continuous	placement	of	
electrodes	 for	 long	 term	monitoring.	Standard	Holter	monitors	are	
therefore	 incapable	 of	 providing	 smooth	 and	 seamless	 unobtrusive	
continuous	monitoring,	 and	 although	Holter	 devices	 have	 evolved	
over	the	past	few	years	into	complete	wire-free	miniaturized	modules,	
they	still	require	further	improvements	to	ensure	totally	unobtrusive	
monitoring	architecture.

In	 this	 study,	 Ag/AgCl	 electrodes	 were	 used.	 An	 ECG	 traces	
the	electrical	potential	differences	between	electrodes	placed	on	the	
body’s	 surface;	 however,	 the	 action	 potential	 that	 gives	 rise	 to	 the	
contraction	and	relaxation	of	the	cardiac	muscle	is	only	about	1	mV,	
which	 is	 extremely	difficult	 to	measure.	 It	 is	 therefore	necessary	 to	
amplify	electrocardiographic	data	to	make	it	easily	perceivable	to	the	
human	eye;	this	is	done	through	the	use	of	an	operational	amplifier	
(op-amp),	which	 amplifies	 an	 input	 electrical	 potential	 in	 order	 to	
produce	 an	output	potential	 augmented	 to	 the	 level	desired	by	 the	
user.	In	this	study,	an	instrumentation	amplifier	using	op-amps	was	
fabricated	and	configured	to	amplify	the	micro-fine	ECG	by	a	factor	
of	about	100	using	a	Band-Pass	Filter	(BPS).	The	current	consumption	
of	the	proposed	ECG	sensor	is	about	11	mA	and	its	noise	generation	
is	inversely	proportional	to	the	length	of	the	wireless	communication	
antenna	inside	the	sensor.

Telemetry Methods
Currently	used	systems	 for	health	monitoring	employ	a	variety	

of	methods	 to	 relay	 information	 between	 the	 sensors	 and	 the	 data	
display	module.	Data	 are	normally	 shared	between	 these	 two	units	
using	wires,	which	increases	the	redundancy	of	the	system	and	limits	
movement	of	the	patient.	Although	wire-based	equipment	provides	a	
robust	means	for	communication	in	health	monitoring	systems	and	
is	low-cost,	it	reduces	the	ability	for	normal	movement	of	a	patient	in	
her	everyday	routines.	

Another	 problem	 arising	 in	 wired	 systems	 is	 the	 improper	
connection	of	wires	for	various	reasons,	which	can	seriously	interrupt	
the	system	and	pose	serious	consequences	for	the	patient.	Continuous	
improvisation	and	research	is	being	carried	out	to	develop	smart	health	
monitoring	systems	and	many	alternative	communication	techniques	
have	emerged,	with	wireless	communication	being	the	most	suitable	
communication	method	for	curtailing	the	need	for	wired	connections	
between	sensors	and	equipment.	Wireless	technologies	enable	intra-
body	 communication	 to	 complement	 systems	 for	 continual	 health	
monitoring	 without	 the	 need	 for	 admitting	 patients	 and	 attaching	
wires.	Wireless	 communication	 allows	 for	 real-time	monitoring	 of	
vital	signs	on	an	unwired	display	device	in	proximity	to	the	patient	as	
well	as	for	remote	observation	by	a	doctor	via	the	internet.	Wireless	
connectivity	can	also	help	patients	to	track	their	own	health	indicators	

using	 smart-phones	 or	 PDAs	 connected	 to	 implants	 or	 wearable	
sensors	in	real-time.	This	can	result	in	better	health	management	and	
prompt	alerts	in	the	case	of	health	related	emergencies.

Biomedical	 implanting	 is	 a	 vibrant	 technology	 that	 has	 shown	
promise	 in	 improving	 real-time	medical	 diagnostics.	 Research	 has	
shown	that	implants	can	be	used	to	provide	a	feedback	control;	for	
example,	an	implant	variant	was	used	to	record	neural	signals	in	brain–
machine	interfaces	in	order	to	control	prostheses	or	paralyzed	limbs	
[6,7].	Implants	that	use	wireless	communication	have	been	shown	to	
significantly	reduce	drawbacks	attributed	to	wire	connections,	as	has	
been	 reported	 with	 wired	 deep	 brain	 systems,	 implantable	 cardio-
defibrillators,	and	pacemakers	[8].

In	 this	 study,	 the	 Medical	 Implant	 Communication	 Service	
(MICS)	 was	 used	 as	 a	 communications	 protocol.	 MICS	 operates	
in	 the	 frequency	 range	 of	 402–405	MHz	 and	 is	 normally	 used	 for	
communication	 between	 body-worn	 monitoring	 systems	 and	
implants.	 Implantable	 antennas	 in	 this	 frequency	 range	 have	 been	
developed	 to	 transmit	 data	 from	 pacemakers	 and	 cardiac	 sensors;	
however,	 regulatory	 restrictions	 in	 hospitals	 have	 limited	 their	 full	
utilization	in	Wireless	Body	Area	Networks	(WBANs).

Wireless power for biomedical implants
Supplying	adequate	power	 to	bio-medical	 implants	 is	 currently	

the	main	 challenge	 limiting	 functionality	 and	performance	 in	 such	
devices.	 Power	 consumption	 affects	 many	 characteristics	 of	 an	
implant,	 including	 size,	 processing	power,	 transmission	 range,	 and	
life	span.

Batteries	 can	 power	 implants	 for	 long	 periods	 of	 time	 by	
exploiting	 design	 techniques	 that	 require	 extremely	 low	 power	
consumption.	The	average	power	consumption	for	a	battery	used	in	a	
pacemaker	is	about	8	μW	and	the	typical	battery	comprises	90%	of	the	
total	size	of	the	implant	and	requires	periodic	replacement	through	
costly	invasive	surgery	every	few	years	[9,10].	Power-hungry	implants	
such	 as	 mechanical	 pump-based	 cardiac	 and	 orthopedic	 implants	
require	 significant	 amounts	of	power	 to	 function,	making	batteries	
an	ineffective	power	source	option	for	such	implants	[11,12].	Thus,	
the	prospects	for	and	applicability	of	bio-medical	implant	technology	
are	currently	severely	limited	by	the	unavailability	of	adequate	power	
sources,	a	problem	that	can	be	successfully	addressed	by	using	wireless	
power	transfer	techniques	capable	of	delivering	uninterrupted	power	
to	ensure	continuous	monitoring	and	communication	by	implants.	

In	 this	 study,	 a	 near-field	 wireless	 power	 transmission	 system	
was	used.	It	is	assumed	that	the	radiated	fields	produced	by	inductive	
coupling	are	not	rapidly	changing;	as	the	displacement	current	at	low	
frequencies	 does	 not	 affect	 the	 generated	 fields,	 it	 can	 be	 ignored.	
This	 is	 generally	 called	 the	 quasi-static	 approximation.	 Using	 this	
approximation,	 the	magnetic	field	was	 found	to	be	concentrated	 in	
the	vicinity	of	the	source.	Problems	such	as	these	can	be	analytically	
solved	using	 the	Biot–Savart	 law	or	by	finding	a	solution	using	 the	
diffusion	equation.

Many	 techniques	 for	 implementing	 coupled	 power	 links	 have	
been	reported	 in	 the	 literature.	 In	one	study	[13],	 the	authors	used	
coupled	self-resonant	coils	to	power	a	60	W	bulb	over	a	distance	of	2	
m	with	an	efficiency	of	40%.This	was	accomplished	by	non-radiating	
magnetic	 induction	 using	 resonant	 loops:	 employing	 two	 identical	



Austin J Biosens & Bioelectron 1(2): id1008 (2015)  - Page - 04

Jong-Ha Lee Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

helical	coils	as	coupling	elements,	a	standard	Colpitts	oscillator	with	
a	 single	 copper	 wire	 loop	 inductive	 element	 was	 used	 to	 generate	
frequencies	 in	 the	MHz	 range.	The	 copper	 loop	 coupled	 inductive	
power	 to	 the	 source	 coil	 for	 further	 transmission	 and	 a	 light-bulb	
served	as	the	load	of	the	power	transfer	system.	Experimental	results	
showed	 that	power	 transfer	using	non-radiative	magnetic	 coupling	
could	be	achieved	over	a	range	of	8~9	times	the	radius	of	the	coils.	
The	authors	also	presented	a	quantitative	model	with	an	accuracy	of	
around	5%	for	explaining	the	power	transfer.	

Circuit design
An	 ECG	 traces	 the	 electrical	 potential	 differences	 between	

electrodes	 placed	 on	 the	 surface	 of	 a	 body.	 However,	 the	 action	
potential	 that	 gives	 rise	 to	 the	 contraction	 and	 relaxation	 of	 the	
cardiac	muscle	is	about	1	mV	and	thus	extremely	difficult	to	measure;	
in	 this	design,	operational	amplifiers	 (op-amp)	are	used	 to	amplify	
the	 electrocardiographic	 data.	 An	 op-amp	 amplifies	 an	 input	
electrical	potential	 to	the	 level	desired	by	the	user	and	produces	an	
output	 potential	 augmented	 to	 this	 intended	 level.	 For	 this	 study	
an	 instrumentation	 amplifier	 was	 fabricated	 using	 op-amps	 and	
configured	 to	 amplify	micro-fine	ECG	 signals	 by	 a	 factor	 of	 about	
100	using	a	Band-Pass	Filter	 (BPF).	The	proposed	ECG	sensor	has	
a	 current	 consumption	 of	 about	 11	 mA	 and	 a	 noise	 generation	
inversely	proportional	 to	 the	 length	of	 the	wireless	communication	
antenna	 inside	 the	 sensor	Figure	1.	Shows	 the	circuit	design	of	 the	
implantable	ECG	sensor.

Packaging
The	packaging	materials	selected	must	be	biocompatible	to	avoid	

causing	 inflammation	 or	 necrosis	 of	 human	 tissues.	 Additionally,	
they	need	to	satisfy	 the	strength	standards	of	 the	 insertion	 location	
and	should	not	absorb	electric	waves	passing	through	them.	It	is	also	
necessary	 to	 take	 packaging	 design	 into	 account	 in	 order	 to	 avoid	
any	 risk	of	damage	 to	 tissues	 caused	by	 sensor	 insertion	and	post-
insertion	movements.	Foreign-body	sensation	needs	to	be	minimized	
by	 reducing	 the	 size	 of	 the	 object.	 As	 feed	 through	 needs	 to	meet	
several	 requirements,	 conductivity	 should	 be	 ensured	 between	 the	
internal	circuit	and	electrodes,	noise	should	be	minimized,	and	air-
tightness	should	be	maintained.	In	this	study,	the	elasticity	of	polymer	
films	was	exploited	to	develop	electrode	sealing	methods.

ECG	 sensor	 electrodes	 must	 have	 an	 electrode-to-electrode	
distance	of	≥40	mm,	and	an	electrode	width	of	≥5	mm.	In	order	to	
satisfy	 the	 requirements	 for	 electrodes,	 they	 were	 fabricated	 using	
titanium.	The	rigid	packaging	materials	need	to	be	coated	to	protect	
tissues	 and	 must	 be	 hermetically	 joined	 using	 a	 proper	 joining	

technique	 to	completely	block	any	 interaction	between	 the	 interior	
of	 the	 human	 body	 and	 the	 sensor	 environment;	 to	 accomplish	
this,	either	adhesives	or	a	laser	can	be	used.	In	this	study,	adhesives	
were	used	 to	produce	a	packaging	prototype.	Polydimethylsiloxane	
(PDMS)	 and	 medical	 epoxy	 are	 suitable	 adhesives,	 while	 PDMS,	
parylene,	 polyethylene,	 glycol,	 and	 silicone	 can	 be	 used	 as	 coating	
materials	as	their	biocompatibilities	have	been	verified	in	numerous	
studies.	Figure	2	shows	the	packaged	implantable	ECG	sensor.

Experimental Results
Self-sealing air tightness testing

Testing	for	self-sealing	air-tightness	was	performed	in	two	steps.	
In	 the	 first	 step,	 the	 packaging	was	 submersed	 in	De-Ionized	 (DI)	
water	for	one	hour	with	no	sensor	included,	and	in	the	second	test	the	
packaging	containing	the	sensor	was	submersed	in	DI	water	for	five	
hours.	Results	of	tests	show	that	the	materials	joined	with	adhesives	
are	air-tight.	Figure	3	shows	the	self-sealing	test	using	the	packaged	
sensor.

Figure 1: Circuit design of implantable ECG sensor.

Figure 2: Packaged implantable ECG sensor.

Figure 3: Self-sealing test using the packaged sensor.

Figure 4: Thermal testing experimental setup.
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Thermal testing
Coil	 charging	 was	 prepared	 in	 relation	 to	 the	 wireless	 power	

transmission	 to	 the	 ECG	 sensor.	 To	 establish	 a	 wireless	 network-
driven	 environment	 for	 transmitting	 and	 receiving	 ECG	 data	
for	 measurement,	 a	 device	 was	 prepared	 that	 emitted	 an	 electric	
current	 identical	 to	 that	 of	 a	 real	 ECG	 and	 connected	 to	 the	 ECG	
sensor.	An	 infrared	 temperature	 camera	was	 then	used	 to	measure	
the	 temperature	 changes	 of	 the	 sensor	 itself;	 temperature	 changes	
were	 measured	 prior	 to	 the	 initiation	 of	 power	 transmission	 and	
then	continued	for	one	hour	after	transmission	began	with	the	aim	
of	determining	the	average	temperature	change.	Figure	4	shows	the	
thermal	testing	experimental	setup.

From	 the	 experiments,	 we	 found	 that	 the	 baseline	 average	
temperature	was	23.5°C.	The	temperature	then	sharply	rose	by	about	
3.0°C	after	about	10	minutes	and	continued	to	rise	 to	reach	27.2°C	
after	one	hour.	As	this	temperature	is	far	below	36.9°C	—	the	average	
temperature	of	the	interior	of	the	human	body	—	it	can	be	assumed	
that	the	packaged	sensor	will	not	undergo	considerable	temperature	
change	once	inserted	into	the	human	body	Figure	5.

Insertion experiment using animal model
Before	using	 the	sensor	within	a	human	body,	 it	was	necessary	

to	 test	 the	 in	 vivo	 safety	 of	 the	 instrument	 to	 ensure	 both	 the	
efficient	 operation	 of	 the	 insertion-type	 ECG	measurement	 system	
in	 measuring	 physiological	 functions	 and	 its	 efficacy	 in	 receiving	
external	 signals.	 A	 pig	 was	 therefore	 used	 as	 a	 sensor-implanted	
animal	 model	 because	 the	 animal’s	 physiological	 characteristics	
are	similar	to	those	of	humans.	The	species	selected	was	a	Hanford	

mini	pig	because	its	heart	size	is	very	similar	to	that	of	a	human.	A	
female	 pig	 of	 Specific	Pathogen	Free	 (SPF)	 quality	with	no	history	
of	pregnancy,	46–60	kg,	and	50–57	weeks	old,	was	purchased	from	
Optipharm	Medipig	(Choongbuk,	South	Korea).

The	 insertion	 surgery	 was	 performed	 in	 the	Daegu	High-Tech	
Medical	Complex	 as	 follows.	Anesthesia	was	 induced	using	Zoletil	
(Tiletamine/Zolazepam)	 (2.5	 mg/kg,	 IM)	 and	 Xylazine	 (2.3	 mg/
kg,	 IM)	 and	 maintained	 with	 Isoflurane	 (1–3%).	 Lactated	 ringer’s	
solution	 (5	 ml/kg/h,	 IV)	 was	 administered	 intraoperatively.	 After	
the	anesthesia,	the	left	anterior	corselet	was	depilated	and	disinfected	
with	alcohol	and	povidone.	An	 incision	was	made	between	 the	 left	
5th–7th	ribs	and	separated	using	blunt	dissection	to	a	depth	of	4	mm	
under	 the	skin.	The	sensor	was	placed	at	 the	site,	and	 the	skin	was	
sutured.	On	completion	of	the	wireless	ECG	sensor	implantation,	the	
pig’s	ECG	data	were	received	by	wireless	network,	as	shown	in	Figure	
6.

Discussion
The	 introduced	 sensor	 in	 this	 paper	 is	 not	 the	 biosensor.	The	

proposed	sensor	is	the	ECG	monitoring	sensor.	The	integrated	sensor	
size	is	still	big	to	be	used	in	the	human.	The	current	size	is	due	to	the	
wireless	power	 transmission	and	data	 transmission	module.	 In	 this	
future	work,	we	will	reduce	the	sensor	size	with	the	ASIC	technique.	
Compare	with	the	Holter	monitor	and	implantable	loop	recorder,	the	
proposed	sensor	has	several	advantages	such	as	long	working	hours	
with	 wireless	 power	 transmission,	 real	 time	 communications,	 and	
computer-aided	diagnosis	system.

Conclusion
This	 study	 demonstrated	 that	 the	 use	 of	 a	 quasi-permanent	

ECG	 employing	 a	 double	 loop	 coil-shaped	 magnetic	 resonance-
type	wireless	power	transmission	system	sensor	eliminates	the	need	
for	surgical	replacement.	An	ultra-small	antenna	(20	mm	in	width,	
10	mm	 in	 length)	with	 a	 spiral-shape	metal	pattern	was	developed	
and	used	to	minimize	sensor	size	while	securing	a	sufficient	electric	
length.	A	human	body	phantom	that	had	similar	electrical	properties	
to	that	of	human	skin	within	the	MICS	band,	with	a	10%	error	range	
of	 measurement	 values	 (specific	 permittivity	 =	 43.2,	 conductivity	
=	0701	S/m)	was	developed	and	used	 to	verify	 the	communication	
performance	of	the	antenna.	The	hermetic	joining	of	packaging	using	
adhesives	 and	 biocompatibility	 were	 also	 experimentally	 verified.	
Finally,	sensor	insertion	surgery	was	performed	on	a	laboratory	pig	
and	successful	ECG	data	were	obtained	via	a	wireless	network.
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