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•  Some	historical	perspecKves	on	MEMS	
•  Medical	microsystems	and	medical	needs	
•  Implantable	sensor	examples	
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MEMS:	Using	MicrofabricaKon	to	Produce	
Mechanical	Structures	and	Transducers	

microphones	
pressure	sensors	

chemical	sensors	

Inkjet		
print	heads	

accelerometers	
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Medical	Microsystems/MEMS	

Microsystems	based	on	the	use	of	
microfabricaKon	and	nanofabricaKon	

techniques	to	create	mechanical	structures,	
sensors,	and	actuators	that	can	interface	with	
parts	of	the	human	body,	either	in-vitro	or	in-

vivo,	to	diagnose	or	treat	disease	
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The	Origins	of	MEMS	

Petersen,	1982	
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The	Origins	of	MEMS	
NSF,	1987	
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The	Origins	of	MEMS	NSF,	1987	
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A	Few	ObservaKons…	

•  People	are	living	longer	and	longer	
•  Maintaining	quality	of	life	and	independence	as	
average	age	increases	is	demanded	

•  Disease	states	are	becoming	more	complex	(a	
consequence	of	success?)	

•  More	informa*on	is	required	for	cost-effecKve	
prevenKon	and	treatment	of	disease	

Can	medical	microsystems	help?	
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Implantable	Sensors	for	Physiological	
Parameter	Measurement:	The	Promise	

C. Collins, IEEE Trans. Biomedical Engineering April, 1967
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Sensor	OperaKonal	Concept	
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Device	Readout	

d0 

C (P0) 

C (P) 

f0 (P) 
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FabricaKon	-	Pre-MEMS	

•  ‘Substrate’:	Short	(1-2mm),	
thin-walled	(250	µm)	glass	tube	

•  Flat	spiral	coil	hand-wound	on	
teflon	sheet	and	shellac	used	
to	hold	in	place	

•  Coils	transferred	to	studs	and	
mounted	on	mylar	diaphragms	

•  Coil-bearing	diaphragms	
stretched	across	glass	tube	

•  Heat-sealing	with	polyethylene	
tubing	
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Implantable	Sensors	for	Physiological	
Parameter	Measurement:	The	Promise	
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So	Why	Wasn’t	This	Adopted?	
Issues	in	Long-Term	Human	ImplantaKon	of	Sensors	

•  Stability	
–  HermeKc	sealing	of	pressure	reference	
–  Overgrowth	of	Kssue	on	sensor	affecKng	calibraKon	
–  Corrosion	and	FaKgue	

•  BiocompaKbility	
–  restricts	materials	set	

•  Readout	Distance	
–  Some	applicaKons	require	sensors	deep	within	body	(30	
cm	requires	10x	improvement)	

–  AGenuaKon	by	lossy	medium	of	surrounding	Kssue	
•  But:	something	happened…	
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The	Technology	Convergence	

MEMS	Fabrica*on	Technology	
New	materials	for	MEMS	
Reasonable	manufacturing	precision	
Micromanufacturing	Infrastructure	

Wireless	Electronics	Technology	
MiniaturizaKon	of	communicaKon	technology	
Unprecedented	sensiKvity	to	signal	levels	
Advanced	signal	processing	
Globe-spanning	net	for	informaKon	transfer	

Low	Power	Circuitry	
A	milliwaG	is	a	lot!	
Energy	harvesters	
Advanced	baGeries	

Wireless	Implantable	Microsystems	
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Coronary Deaths 

An	ApplicaKon:	Heart	Disease	Is	TransiKoning		
From	An	Acute	To	A	Chronic	Disease	

Coronary deaths are 
down by half… 

Heart Failure 

Source:  National Hospital Discharge Survey, CDC/NCHS and NHLBI. 

But heart failure has  
almost tripled 
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ProacKvely	Managing	Cardiovascular	Pressure		
Is	CriKcal	to	Chronic	Disease	Management	

Heart Failure Blood Glucose Diabetes 

D R I V E S 

In the same way that… We know that… 

Intracardiac Pressure 

D R I V E S 



MSMA Research Laboratory  s University of  Pennsylvania

MSMA Research Laboratory  s University of  Pennsylvania

Goal:	An	Implantable	Sensor	

Relaying	Treatment-Guiding	InformaKon	From	The	Body	
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100	Years	At	The	BoGom	
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Sensor	Structure	

Add	retaining	basket	

Install	in	delivery	catheter	
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The	CardioMEMS		
Pressure	Measurement	System	

Catheter-based	delivery	system	 MEMS-based	pressure	sensor	

Readout	electronics	 Measurement	database	
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CHAMPION	Clinical	Trial	

•  The	objecKve	of	the	study	is	to	evaluate	the	safety	and	efficacy	of	the	HF	
Pressure	Measurement	System	in	reducing	heart-failure-related	
hospitalizaKons	in	a	subset	of	subjects	suffering	from	heart	failure	(n=550)	

•  Primary	efficacy	will	be	measured	by	comparing	the	rate	of	HF-related	
hospitalizaKons	during	the	6	months	following	implant	in	the	TREATMENT	
group	(standard	of	care	HF	management	plus	HF	management	based	upon	
hemodynamic	informaKon	obtained	from	the	HF	Presure	Management	
System)	with	that	of	the	CONTROL	group	(standard	of	care	HF	
management).	

•  Results	of	trial	presented	at	2010	European	Heart	Failure	Conference	(PIs:	
W.	Abraham,	MD	and	P.	Adamson,	MD)	
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PA	Sensor	Placement	
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PA Pressure 
   Sys/Dias 
   Mean 
Heart Rate 
Cardiac 
  Output 

Wireless	Measurement	of	PA	Pressure	
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25	25	

BASELINE MEDICATIONS 
Carvedilol  37.5mg BID Bumetanide 1mg BID Coumadin as directed 
Lisinopril  10mg QD KCL 10 meq BID Aspirin 81mg QD 
Eplerenone 25mg QD Amiodarone 200mg BID  
Digoxin 0.125mg QD 
 

SWAN	AT	IMPLANT:	
PA	51/24(36)		PCWP	16			
CO	5.1	PVR	3.92	
	
BASELINE	VITALS:	
BP	127/75		HR	75			
WGT	176	lbs.		BMI	26	
	
BASELINE	LABS:	
SCr	1.2		GFR	68	

MEDICAL HISTORY 
• Familial Dilated Cardiomyopathy • Gout 
• ICD with CRT • Sleep Apnea 
• HTN • Depression 
• Paroxysmal Atrial Fibrillation • Osteoarthritis 
• Hyperlipidemia • Insomnia 

 Imdur 30mg QD
Stop Bumex 
Start Lasix 60mg BID

 ↑Lisinopril 10mg BID

 Stop Imdur 30mg QD
 Stop Lasix, Start Torsemide 40mg BID 
↑Lisinopril 10mg am, 15mg pm

 ↓Lisinopril 5mg am, 10mg pm
↓Torsemide 40mg BID

 ↓Coreg 25mg am, 37.5mg pm

 ↑Torsemide 60mg am, 40mg pm  ↓Coreg 12.5mg am, 25mg pm
↓	Torsemide 20mg BID

↓	Torsemide 10mg am, 20mg pm

 ↑Lisinopril 10mg am, 15mg pm

 ↓Lisinopril 10mg BID
↑Lasix 60mg am, 40mg pm

RHC:		
Swan	–	
PA		27/15(19)	
PCWP	10	
CM	Sensor-			
PA	31/12(21)

HR	66		BP	84/60		WGT	175.2	lbs

HR	88	BP	92/60		WGT	179	lbs		SCr	1.3 HR	80		BP	80/52		WGT	190.9	lbs	SCr		2.5

A	Case	Study	
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CumulaKve	HF	HospitalizaKons	Over		
EnKre	Randomized	Followup	Period	
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But	it	takes	some	Kme…	
IEEE	MEMS	‘99	
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Why Implantable Neural Microelectrodes?

	Record	the	brain’s	electrical	acKvity	

Neurosurgery 73:86–93, 2013 Neurosurgery 74:628–637, 2014 Picture downloaded from www.cyberkineticsinc.com

Reconnect	brain	to	peripheral	
nervous	system	

Treat	diseases	and	relieve	symptoms	
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Neural Microelectrodes for interfacing with neural cortex 

Microwire (MW) NEs

Si-based NEs

Challenges with stiff neural microelectrodes:
   Immune rejection
   Macrophage or neutrophil mediated degradation
   Mechanical failure
   Chronic inflammation 
   Capacity of implants to be integrated into the host system

 Potter, Capadona et al. J. Neuroscience Meth. 2012

Degradation of SNR

 Karumbaiah, Bellamkonda et al. Biomaterials 2013
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Improving Flexibility and Biocompatibility

Dissolvable shuttle for NEsStiff delivery tool for NEs

Challenges with flexible neural microelectrodes:
  Insertion tool that causes minimum injury
  Biocompatible with host environment

Challenges with protein-coated neural microelectrodes:
  Coatings are not sustainable
  Mechanical failure

Improving flexibility

PEDOT/MWCNT/Dex-coated 
Pt/Ir microelectroded (T. Cui et 
al. Biosensors, 2015)

Improving Biocompatibility

E. Meng et al., Lab Chip, 2013 J. Agorelius et al., Front. Neurosci., 2015

PPy/DCDPGYIGSR on a neural 
microelectrode site (T. Cui et al. 
Biomaterials, 2003)

Proposed scheme of tissue engineered electrode 
interface (R. Green et al. Front. Neuroeng., 2014)
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The Extracellular Matrix (ECM) Choice
  ECM	comprises	a	notable	porKon	of	the	central	nervous	system.		

  ComposiKon:	ECM	of	brain	Kssue	mainly	comprises	laminin,	fibronecKn,	
and	collagen;	these	proteins	form the interstitial matrix and the 
basement membrane.	

  BiocompaKbility/Non-immunogenicity:	ECM	supports critical 
functions in normal neuronal physiology.	It	is	ideal	for	the	
deposiKon	of	cells,	guide	fibroblasts	and	aGract	fibrogenic	cells.	

  Mechanical	and	structural	properKes:	Provides major structural 
support for the neural tissue.	

  Bioresorbability/biodegradability:	degradaKon	rate	of	ECM	proteins	can 
be tuned depending on the degree of cross-linking.	

NeuralGen	NeuralFlex	 NeuralMatrix	
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Challenges with fabrication of ECM-Microelectrodes
  Temperature	sensiKve:	

  Processing	temperature	for	collagen	and	laminin		

	should	not	exceed	37	°C	

  High	temperature	generated	during	E-beam	deposiKon		

and	dry	etching	processes	degrades	ECM	proteins	

  Light	sensiKve:		

  UV	exposure	from	lithography	induce	cross-linking	of	collagen		

  Chemical	sensiKve:		

  pH	should	be	kept	at	7.4	arer	forming	ECM	microstructures.		

Increasing	or	decreasing	pH	will	disrupt	the	structure	of	ECM	proteins.		

  Solvents	used	in	the	photolithography	process	can	disrupt		

the	structure	of	ECM	proteins.	

  O2	plasma	used	in	dry	etching	process	degrades	proteins.	



MSMA Research Laboratory  s University of  Pennsylvania

MSMA Research Laboratory  s University of  Pennsylvania

ECM-Neural Microelectrodes Design

Delivery	of	ECM-NEs	 Delivery	of	ECM-NEAs	

ECM-NEs	
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2 mm�

Individual Collagen-NEs

Planar array 3D array

A 100 μm-wide Collagen-Laminin-NE

Fabricated ECM-Neural Microelectrodes

  Minimized dimensions:

  Electrode area: 400 μm2

  Shank width: 100 μm

  Shank length: 5 mm

  Linear array spacing: 500 μm
  3D array achieved with inner diameter approximately 450 
μm.

  Roll spacing determined by spacer materials coated at the 
base of the linear array.Stainless Steel Delivery tools

400	μm	
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Insertion of ECM-Microelectrodes
Insert

HydrateRemoval of SS delivery needle

ECM-NE/SS



MSMA Research Laboratory  s University of  Pennsylvania

MSMA Research Laboratory  s University of  Pennsylvania

Inserted ECM-Microelectrodes
  2D	and	3D	ECM-NEAs	are	successfully	implanted	into	a	brain	mechanical	model	(2%	agarose	gel).	
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Standard Petri-dish

ECM-NEs

Non-biological-NEs

Healthy growth
 on positive controls

Healthy growth
 within ECM-NEs

Reduced growth on 
bare synthetic materials

Improved Biocompatibility with ECMs
Laminin Collagen I Matrigel

Collagen-NE Collagen/
Matrigel-NE

Collagen/
Matrigel-NE

Si Polyimide PDMS
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Electrical Functionality
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Conclusions	and	Acknowledgements	

•  Medical	treatment	is	greatly	
augmented	by	new	informaKon	
–  Implantable	devices	a	key	tool	

•  New	materials,	even	biological	
materials,	can	be	harnessed	as	
implants		

•  Technology	convergence	has	
made	MEMS-based	implantable	
transducers	of	mulKple	material	
types	inevitable!	

CardioMEMS,	Inc.	
Dr.	Michael	Fonseca	
	
Dr.	Wen	Shen	
MSMA	Group	at	
Georgia	Tech	and	
Penn	

mems.seas.upenn.edu	


