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Applications

Microneedles:

* Transdermal injection of drugs
* Microdialysis tests
Microelectrodes:

* Administration of pharmacuticals through the blood-brain barrier
(therapy, diagnostics)

* Injection of anti-inflammatory agents during implantation
 Injection of anatomic tracers

* Release of neurotransmitters to investigate neurodegenrative diseases

Basic configurations:

Microfluidics + MEMS = Multipurpose implants



Transdermal delivery

Applications already approved:
stratum corneum Dementia (Rivastigmine, 2007)
Viabie epidenms Rotigotine (Parkinson’s disease, 2006)
Selegiline (Depression, 2006)

Under clinical development:
Influenza vaccine

Sufentanil (chronic pain)

Parathyroid hormone (Osteoporosis)

Prausnitz, 2009

Specific delivery technologies:
- Passive - lontophoresis

- Chemical enhancer - Heat enhancement



Drug delivery through the blood brain barrier (BBB)

BBB: separates circulating blood from extracellular fluid in the CNS

* Nearly all
neurotheraputics and
small molecule drugs are
excluded

* Nanoparticles embedded
in liposomes & peptides
are able to cross BBB

* Alternative diagnostics:
* Disruption of BBB by
local injection of drugs

.I- - -.'}'
. rem= . I ,.I'. A
Y
h 4 ‘-:'::— \ _..-"'-
i E'vll\-“hl Q. -\"5-\_-!. Ex v
7 N o T W
- W K
A |-_|.-' ' .'1
.'.II."' ) I‘.-"
|

Junction between Endothelial cells

Cellmembrane

_ Occhudin s

Cross section of blood vessel

Astrocyte Nucleus

Endothelial cell
[

AL —

Neuron ""P‘ .

'-.arllk,“. ] II
Mitechondriem N ‘h\

e Paricyt

Longitudinal section of blood vessel

Blood

1

oy |
i
i B
Ny b,

— Tigth Junction

— Basal membrane

3 -‘l" S -
ﬁlenr.:] - 4 I I S # n -
E: : | 1 W
o ash /] [ | Ll oo
Cingudin z H . I | 1§ ?_!_ |
Endothelialcell §=3 et ndothelial cell ¢ Brain { w; | E
Microglia ) Newron



Strategies to administer drugs in the brain

* Convection enhanced delivery
* lontophoresis aided delivery

* Polymer coatings with tunable drug release

Usually pressure based solutions are
available on the market.




Convection enhanced delivery (CED)

Conventional solutions:

- Bulky (250-500 micron in diameter) - Rigid (E ~200GPa)

Injector from pumps

g Syringe

" ————

———

C—
-~

Injection pump

Sim, 2017 5



Fundamentals in hydrodynamics

Governing equation (Navier-Stokes):

ou

pg = —VP + IHFEH + o

Driving forces:

pressure gradient, viscous forces, gravity



Flow at the microscale in CED

Re = inertia forces
~ viscous forces

" Velocity

. Characteristic
dimension

" Density

Viscosity
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Typical circuit models in microfluidics
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P — pressure, Q — flow rate, R, — hydraulic resistance
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Hydraulic resistance
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Viscosity

Shear rate

Shear thickening Fluld

Shear thinning Flukd

Shear stress

Temperature
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(Pa s, Ns/m)x 107
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RET
(mzls) x 10°
1.787
1519
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Shear rate: change of velocity at which one layer of fluid passes over an adjacent layer

Irrotational Velocity Devel

Shear stress T= U

flow region Boundary Layer

I

Velocity Profile

oping

Fully Developed
Velocity Profile

Typically, Newtonian

fluids are administered.
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lontophoretic drug delivery (IDD)

* Administration of solutions containing charged particles

e Governing equations: Faraday’s law

(e} |

e N -
+ & drug molecule {cation) — € F
@ counter ion (anion)
cathode — *
sathode_ Q = M, * N,
®. . o olw =; ;
LLRLIPN < oe @ ° e o

Qe  © o
++* +++4 + 4+t + 4+ blood vessel

N, — mol number of electrons which pass through the external circuit per second,

F — Faraday constant (96487 C/mol)

Q —drug delivery rate

M,, — molecular weight 13



Integrated solutions (silicon)

A. Surface Micromachining

A-i Front view A-ii Side view

A-iii Top view
ik

/sacriﬁciaf layer (e.g., photoresist)

substrate (e.g., silicon)

+ 4
idepusitiun of structural layer
+ \

removal of sacrificial layer
-I A G| 5

4 ¥

etching to define probe dimension

B. Bulk Micromachining

B-i Sealing by deposition B-ii Bonding

/Etﬂh mask  anisotropic etching

4

wafer bonding

¥

isotropic etching

+
+
isotropic deposition +
T polishing
4 1]

etching to define probe dimension

s

Small volume of fluids

Large volume of fluids 1,




Integrated solutions (polymers)

C. Polymer Processing via Bonding
C-i Photolithography C-ii. Molding

mask —— etching for a mold

carrier substrate \ 4
unexposed polymer s e
thermal or plasma bonding

cross-linking by UV ¥
‘l, molding of polymer

photolithography to define channel u v

thermal or plasma bonding
: | -

Lot L G e '."
3 o releasing

releasing ? E

¥

etching to define probe

developing
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Silicon electrodes

A 30 um- % C staggered herringbone mixer §

Pt sites

Chemtrode shank tip &
\ N N /: e -
A N

>, B

S50 um

Sim, 2017
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Flexible microfluidic probes on polymers

Fluid outlets
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Out-of-plane Si structures with wafer bonding

() Rear side of the plattorm (a) Floating array () Probe shafts (@) Fluldic and electric connections

~= Non-flulgic shan

Fiusaic shat connectons comb Non-fiulaic

Injection
ports
PEEK

‘ / Adapter

Dosing needle

Spieth, 2011



Hollow microelectrodes in SU-8 double layer
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Miniaturization of complete systems

C Staggered herringbone mixer V .

Shin, 2015

,Micro meets macro”: overall device dimensions are typically
limited by external interfaces (tubing, connectors, pumps etc)

ZU



Integration of passive components (mixing)

(a) / inlet 1 (P1)
< inlet 2 (P2)
s, ‘/‘_ inlet 3 (P3)

S-hlﬂ SHM

2 mm

signal lines

ﬁ “'m"'

-« SHM Chip
bond pads
— — —
inlet
1. SU-8 master 2. PDMS Replica cross-section B-B'
@ exposed SU-8 B silicon B glass
@D sus @@ POMS O goid @ dielectric
Shin, 2015
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Integration of passive components (mixing)

(b)
H
(a)
W
inlets 2 i outlet
_________ —_
(b) - : (%
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mixing unit
(d) SHM ¢ 100 kPa
® 150 kpa

m 200 kPa
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Fluidic Path Length (mm)



Compact pumping solutions (thermal actuation)

C-i C-ii

Nitinol LC-tank  Cantilever
wireless actuation -~
heater/actuator 8

Nitinol-coil cantilever

1. Cooling A ”  Microfluidic Outlet
) PUMP ~ .. nozzle
region "

Nitinol spiral coil _~ e

chamber

SiO, stress layers
(top and back sides)
Integrated

Equivalent circuit capacitor

Wireless LC-tank

Anchor heater/actuator

D-i D-ii

. . Elastic
R'g'd!p'ate Coannel Rossh¥  cnibeans Front side: Rear side:

Thermally expandable material !

' Heat '

Fong, 2015

Spieth, 2012
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Requirements of pumping solutions

Low power consumption

Long term stability of drug release

Fast response time

Leak-free and clog free operation

Small device footprint

- Muultichannel actuation
(administration of multiple drug components/reagents)



Multipurpose silicon drug delivery probes

Table 3

Realized silicon microelectrodes and concepts providing simultaneous recording and drug delivery functionalities.

Reference  Basic fabrication — Design EBench-top tests Overall performance
process
Fluidic  Probe Configuration  Actuation Fluidic Electrical Mechanical Flow rate Pressure Test on
outletf length (pLfmin) (kPa) simultaneous
shaft (mm) functions
|68] Wet etching 1 [+ Single-shaft Ext spyringe  Yes Yes - 10-90 2.5-300 -
pump
169] Wet etching + 1 - Single-shaft Ext sytinge  Yes - - 05-1 - Amte in vivo
fused silica pump
catheter
5] Dry etching + 1-3 6-8 Dual-shaft Ext sytinge  Yes Yes Yes 0.75-37% 05-25 -
wafer bonding pump
55] Dry etching + 2 2.8 3D array Ext. syTinge Yes Yes - 2-10 2.7-16 -
Parylene sealing pump
133] Dry etching + 1-2 g 3D array Ext syringe  Yes - - 0.75-375 05-25 -
wafer bonding pump
120] Dry etching + 1 & Dual-shaft Thermal - - - 0.75-3.7% 05-25 Chronic in vivo
wafer bonding actuator
121] Dry etching + 1-2 15-70  Single-shaft Ext syringe  Yes Yes - 0.1-16 40-200 Arute in vivo
poly-5i sealing pump

Fekete, 2015, Sensors & Actuators B:Chemical

,The more complicated, the more likely users will be not able to use”

25



Tahle 4

Multipurpose polymer drug delivery electrodes

Flemable meural interfaces with integrated rmcrofludic fonetionality.

Authors Interface Substrate Channel Flowrate Releazerate In vivo anirnal Inwvitro Test Extra

type materials dimensions {pm  (plimin) (nmoljdays) model study duration features
X purmn)

[103] penetrating Polyirmide up to20x 200 up to 1200 - - yes - electrical recording

[107] penetrating Parylenes C up to 10 200 MNiA - rat - arute electrical recording

[100] penetrating Parylenes C 11.4=50 0.03 - - Ves 27 days -

[10] penetrating  Polyirmide/SU-2 50 45 240 - mouse - arute electrical recording,
waveguidesfor
optogenetics

[44] surface Polyimide/PDMS 502 200 - 0.1-0.5 - yes - electrical recording

[8] penetrating SU-3 40 20 40 - rat - acute electrical recording

[20] surface PDMS= 50:= 100 120-360 - rat/mouse - B weeks electrical shrnulation

[101]  surface FDMS/Parylens/FET 10 10 52 - mouse - B weeks wireless, wlEDs for

optogenetics

Fekete, 2017, Sensors & Actuators B:Chemical

,Thickness requirements limits the range of materials”
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Polymer coatings for drug delivery

e Solvent activated

(swelling- or osmotically-controlled devices)

e Chemically controlled
(biodegradable polymers)

e Externally-triggered systems
(Temperature, pH)

 Electrically activated
(conductive polymers)

Flow rate

—— CED

Time

Coatings



Case study 1

Fabrication & characterization of silicon
microelectrode for CED



Concept & design
How to integrated drug delivery channels?

Probe
designs

Neuro
Probe
0 8

Length [mm] 70 > 100 7

Diameter [um] 200 1270 Appx 150-
400 150 250

Nr of the Pt 4-16 4 32 4

electrical sites

Fluidic channel + - - +

29



Fabrication (Monolithic integration of fluidic channel in neural probes)

|. Fluidic channel

%

Il. Electrical wiring

Ill. Probe body

Process steps included: ; ;

* 4 photolithography steps . SIN,

 Lift-off (platinum wiring & sites) _ ot

* Low-pressure chemical vapour deposition . PoI i
of dielectrics y

* Deep reactive ion etching of channel & . PR

30



Dry etching - fundamentals

P RENERTOF
1) Etchant gases IR

enter c}l‘umbct

.
pl -
l‘-
S o T T i it € oo g
Y e
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Why dry etching?

Dry etching advantages

* Eliminateshandlingof dangerous acids and solvents

* Uses small amounts of chemicals

* Isotropic or anisotropic/vertical etch profiles

* Directional etching without using the crystal orientation of Si

* Faithful pattern transfer into underlying layers (little feature size loss)
* High resolution and cleanliness

* Less undercutting

* Better process control

Dry etching disadvantages:

* Some gases are quite toxic and corrosive.

* Re-deposition of non-volatile compound on wafers.

* Expensive equipment (5200-500K for R&D, few million for industrial tools ).

Types of dry etching:
* Non-plasma based - uses spontaneousreaction of appropriate reactive gas mixture.
* Plasma based - uses radio frequency (RF) power to drive chemical reaction.

32



Bosch ProCess (used to define channel depth and device contour)

hard mask

; ; passivation layer
1? SFg fragment }“, - ‘| , H
| n C4Fg fragment :
Q 5;:337 : T il Q 4 o T ? | T g
Paw i wp Q o
(1) (2) (3) (4) (5) (6) (7) (8)
etch passivation etch passivation etch passivation etch passivation

with bias without bias with bias without bias with bias without bias with bias without bias




Versatility of DRIE process

Two materials, four etching procedure, one machine

510; etch Deep Si etch—Bosch process  Highly anisotropic  Isotropic

(passivation/etch) 510, etch Si etch
Process step Step 3 Step 4 Step 7 Step 8
Pressure (mTorr) 8 30/40 30 40
ICP power (W) 2,000 —/750) - 750
LF power (350 kHz) - /8 W - 8 W
RF power (W) 100 - 200
C,F; flow rate (sccm) 36 100/— -
(O, flow rate (sccm) 4 - —
SFs flow rate (sccm) — /150 — 150
Ar flow rate (sccm) — - 20
CHF; flow rate (sccm)  — — 30
Time - 4/9 s (cycle tme) 5 min 5 min

34



Original process flow Improved process flow

1um EHT = 5.00 k¥
¥iD = 10.0mm

U 3a 5% S B SR BSOS e vt

Coating layer -
\.‘1 g lay um

yer Microchannel

\ o Poly-Si

Bulk Si

VW  De Soer et al, 2000 Fekete et al, 2012

Improved version: probe surface can be exploited to add further functional components

35




Step coverage

* Tailors the quality of forming buried/embedded components

in the substrate
B o

Uniform Non-uniform Aspect ratio=x/y

S —

Uniform: typically CVD; Non-uniform: typically PVD
* Chemical vapour deposition(CVD): PECVD, LPCVD, ALD
* Physical vapour deposition (PVD): evaporation, sputtering

36



Modelling of step coverage (evaporation)

p—————

¥ Rotatng IIIIIr Y
plan=carics II.-"
—%_ Substrate < ' a Na
heabters lIl.- I \\
m] - s
Resuleing sbep ol -8

coverage

_005 1 1 1 1 1 1 L L
0 10 20 30 40 50 60 70 80
aspect ratio



Cad

Fabrication — Fluidic channel

Poly-crystalline silicon (polySi) is deposited
inLPCVD chamber to fill up the trench

EHT ﬁl]l]k\l' 3

<o
n

log = 1000KX | M EHT = 200 1Y P

Before |sotrop|c etchlng

|

Fekete et al., 2012
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Effect of dry etching fabrication parameters on
channel location and profile

Aspect ratio

: : : 15 10 5
Investigated relationships: 25 . .
£ 20 v
. : , =z
* Trench width vs. Deep Si etching -
S 15
. . . o
* Aspect ratio vs Si etch in SF, plasma g m
a
. . £ J *»
 Trench width vs profile assymetry 5 10 -
g~ »
% 5 + Component X
]
B Component
[:l I 1
0 2 4 6

Trenchwidth (pm)

Fekete et al., 2013
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Chips ready for packaging

40



Optical inspections

Microchannels

l |

' /";‘U
1 11AN

Microchanne

Pongradcz, 2013
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Outlet of the drug

e delivery channel

.

Pt wires

Si substrate
Pt sites




Pt wires

/ Pt sites

¥

Outlets of 2 parallel drug
delivery channels




Characterization — Electrical properties

100um

Results of impedance spectroscopy

1Z] (k)
1200

1000

RO

[FIUI

200 -

200

a
1 2 3 4 L] b ! g Q 1 11 12

Channel number
WOrigingl W aAfter the st activation (500 mY]  mAfer the 2nd sctivation (1000 m|

Final impedance values at 1 kHz: 517 + 43 kQ.

Deep-brain probe after packaging
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Hydrodynamic characterization (chip-scale)

16 -
@15 mm ® 30 mm
1.4
m 50 mm m 70 mm [
— 1.2 <l
3 i .
2 o8 e : +
S 06 ] 4 n
\ é 04 . | e + + *(+ .
DI water flow ™\ droplet o " o T e
( > 02 1.;_'__'_',_'_._*--;:_': | ' & F
0 ‘_;!_'.-.' it
Setup: Pumping DI water through the 0 50 100 150 200
: . Pressure [ kPa ]
integrated drug delivery channel of a
single chip. Pressure vs flow rate

Hydrodynamic resistance is increasing with increasing
fluidic channel length

Flow rate is in the range 0.5 - 1.5 pl/min 45



Fracture mechanics

Fracture force [N]

g.00
4,00
2,00
1,00
0,50
0,25
0,13
0,06
0,03
0,02
0,01

O400x400

L200%200

< 400x200

© 200400

Role of second moment of inertial Lower in case
of a hollow structure than for solid structure of

the same cross-section

Probe length [em]

«— Force

Constraints:
Probe
Pt
Gauge «—— <<
~
Fixture
2.00
# Mon-hollow probe
1.00
"x.ﬂ__ B Hollow probe
0.50 -
z ~.
B ozs S
L) T,
£ 013 = —
g -l T
£ S *
0.06
-
0.03 - -
0.02 f f } f f .
0 1 3 4 5 6
Probe length [em]




Force [mN]

Buckling analysis

Critical buckling force in Euler
(a) beam theory:

nt.E.1
4-I°

| - second moment of area
(depends on cross-section)

Fy =

410E+03 .
o &) 4.10E+03
a . —~
102E+03 = s -
& .
o
2 56E+02 x T 2566402 > -
o E
O o B .
6.40E+01 = g 6.40E+01
®Buckling 400x400 - OFracture 200x400 g
1.60E+01 4| Frachure 400x400 L 6oEsgy || @Fracure 400x400 %
' OBuckling 200x400 OBuCking 200x400
OFracture 200x400 5 e Buckling 400x400
4.00E+00 . Y : . ; : 2 ] 4.00E+00 v > . : . X . X
0 1 2 P a 5 6 v 8 0 1 2 3 4 4 6 7 8
Probe length [cm)

Probe length [cm]
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In vivo testing — External fluidic interface

- 3 \ . —
y // // Electrical connections ' _

. R ETFE inverted cone
Fluidic ports . ~/\/
/
\
'\ b i —
' w“//f

https://www.omnifit.com

Omni-Lok Inverted Cone

Features of the final device:
* Probe length: 30 mm
* Probe cross-section:

400 pm x 400 pm L
 Configuration of recording sites:

tetrode (#4) http://www.precidip.com

. L. Preci Dip PCB socket connector

* Number of integrated fluidic components:

2 buried channels

48
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In vivo validation

Pongracz, 2013

Acute animal experiment
demonstrated  simultaneous
drug injection and neural signal
recording (LFP, MUA, SUA)

Resting state before Evoked activity after
ML 3.2 mm injection injection
Cortex
! |
K‘ L N\N‘\;\'VV'FNNW W\"\M\-u"”"wbw'/ m'r\.,..vw'm“&u\,\\vmvava/\ﬂ ."Ar""\('v‘f‘
v IRl ‘ e AANAA S Anorri M At A M AAANMA AN
Cortex | - : ANMAASAANS | AN MR Saya A AMAA AN
|| G , 4 MENAMAASAA AN A NN AN A AN
d (1 N E: TS e }
(‘f-‘; | Hippocampus \_&] seuvLLs 051000 4 SepVL_Ls 0510z p
3 4 s - n) " Thalamus
/ Y L. | = £
__Thalamus "~ L AAANANAAA AN | g Ay \,W\."\”N»A/‘ o~y Nw.,!
.= . : - AANATNANALAN g NNy ';,f"\‘,;""“\,r‘*"f"‘\p"”"*“.@f *-*‘,"v\mf'\m
. A w/\__# WA AN .‘(/\“‘A"W""‘A__\C“ /N.\v.’\o« Nl‘h/- ""‘"“A'&‘\'A'.“’\*’M
| |
AN a7 IN | sebypond poh e N Dy - »Jmﬂf,.‘“w{_
3 : o t 7 :
SI2pVL_Ls  0S-1001z SI2uV[_Ls 051000z S12uV_Ls 0.5-1000z |

Evoked potentials by administration of biccuculine through the integrated channels
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Case study 2

Characterization of hollow silicon microelectrode for
iontophoretic administration of pathway tracers



Motivation

 Bridging the gap between brain structure and function
 Mapping connectome in animal studies

S. W. Oh et al., Nature 508, pp. 207-214, 2014.

Goal
Validation of a combined tool for in vivo electrophysiology and

neuronal labeling through iontophoretic tracer injection .



Connectome

Anatomical connectivity vs functional connectivity

A Lesions Causing the Same Symptom

B Map of Anatomical Connectivity

C Map of Functional Connectivity

2

Connectome can be ,rewired” »

neuroplasticity




Neuronal labeling

Dendrite Axon
. terminal
Labeling molecules: .
Biotinylated dextran amine (BDA) mincholly o
Cell body

=
<-- Axon --> I A

Methods: a : =

Pressure or iontophoretic ejection

. Schwann cell
into the extracellular space

myelin
nucleus
/ High molecular weight BDA Low molecular weight BDA \
(10 kDa) (3 kDa)
higher anterograde sensitivity higher retrograde sensitivity

\ (axon & terminals) (cell bodies) /




lontophoretic tracer injection

Microiontophoresis

10 um
pipettes
tungsten
wire
£4700 5.0kV 12.8mm x3.00k SE(U) 10.0um
Thiele et al., ) Neurosci Methods. 2006 Budai, D, Carbon Fiber-based Microelectrodes and
158 pp. 207-211. Microbiosensors, Intelligent Biosensors, 2010

lontophoresis Convection enhanced
drug delivery
Control
Electric current External pressure
Injected medium
lonic solution Solution

54




lontophoretic drug delivery

* Governing equations: Faraday’s law

S

+ & drug molecule (cation)
@ counter ion (anion)

55



Labeling protocol

Procedure: Channelinlet \l/ Ag anode
1. Channel filling with BDA. \—
2. Implantation Ptrecordingsite o, it de
3. Pt electrode negatively biased
Silver electrode positively biased Siicon probe
4. Current injection (15 mins)
5. Electrophisiology (where applicable) Channel outlet
6. Histology

Targeted region: somatosensory cortex

Substance: 10% mixture of high & low MW BDA dissolved in 0.01M PBS (pH 7.4)
Survival time: 7 days

Histology: standard ABC protocol to visualize BDA in coronal vibratome sections

Additional control experiment: without any voltage bias

Challenge: probe dimension should be reduced to increase survivial rate of labelled neurons

56




Change in probe technology for limited tissue damage?

Thinning the probe with etching-before-grinding technology

Insulation
(2) _
(e)
Patterned metal

— Contacts —
o

[ — Front mask—l

(d)

Support f <

upport rrame

il UV-foil
(h)

Herwik, 2011

Issue: residual stress becomes
dominant as substrate is getting
thinner!

N
o
o

150

100

Tip deflection (um)

¢
o

T . | Probe thickness
® - - 3 200 [ 35 um ®
- | ==  c4 < < 50um o*
® 9 50 ™ ..
S 100 f ®
- 2 Y 5
A © 50 F L4 Qe
\£ o 0 Wogqﬂ";v:\w‘“ AR
e L 1 1
0 2 4 6 8
- \ x-position (mm)
.
— >~ & 2 i i
4 | il - 'r o e o e e
20 40 60 80 -/ 10

thickness tyrope (LM)



Grinding is compatible with the fab process?

Result: microchannel
outlets and surface quality
was not destroyed by
grinding!

Fekete et al., 2015

_-T_ 4.

si B poly-si [ sio, [l SN, i Pt *



Labeled neuronal cells




Control experiment

a. Labeled neuronal cell bodies b. Control experiment
(lin; = 4 LA, ON/OFF cycle =75 /7 s) (without injection current)

Conclusion: diffusion through pre-loaded channels compared to IDD is negligible
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Connectome labeling

lontophoretic injection (I = 4 pA, ON/OFF cycle = 5/5 s) & Electrophysiology

1mm

Green arrow: ipsilateral, red arrow: contralateral, blue arrow: thalamic connections.
61



Connectome labeling

m) : cell bodies
—> : axons

Fekete, 2016



Electrophysiology

In vivo extracellular recording after tracer injection in anaesthetized rats
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Questions

1. List five medical applications of microscale drug delivery.

2.  What parameters determines the flow rate in the case of
iontophoretic injection of charged particles?

3. What parameters determine hydrodynamic resistance in a
microchannel?

4. Draw the schematic process flow of surface-, bulk micromachining
approaches to fabricate microfluidic channels.

5.  Whatis the relationship between pressure and flow rate in a laminar
flow?

6. What dimensional and material parameters determine the buckling
force of a hollow needle?

7. How does the steepness of pressure flow rate curve changes if the
length of the microchannel increased?

8. What is the operation principle of thermally actuated integrated
micropump?

9. What s the effect of elastic components on flow profile?



