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Abstract

Respiratory distress syndrome is a major cause of mortality among infants. Current
therapies are limited in terms of invasiveness, cost, infrastructure, and leads to long term
morbidities such as bronchopulmonary dysplasia. As a result a form of respiratory
support termed as “artificial placenta” has been developed that allows natural
development of lungs and avoids long term morbidities. The artificial placenta is
connected via the umbilical vessels and provide pumpless respiratory support and is
characterized by non-invasiveness, low cost and low infrastructure. Our group previously
reported on a development of porous PDMS membrane artificial placenta. To build upon
its development, one of the objectives of this thesis was to reduce the variation in the
oxygen saturation of the input blood for testing the oxygenator. Another objective was to
setup a mathematical model to predict the oxygen uptake in an oxygenating unit and use
the model to optimize the geometric parameters of a design. The final objective was to
improve the oxygen uptake of the oxygenating unit of the artificial placenta by

redesigning the blood flow path and the membrane material.

The experimental setup was improved to employ an active controller that actively
maintained the oxygen saturation of the input blood for testing the oxygenator within a
variation of +3% of the set point for at least an hour. As compared to previous

experimental setup the blood deviated from the set point by 9%.

Later, the blood flow path in the oxygenator was redesigned from a flat height profile to a
sloping height profile; and the PDMS membrane was reinforced with a thin steel mesh.

Such changes improved the oxygen uptake at the operating pressure of 30 mmHg from 16
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pL/min in case of an oxygenator with flat height profile and PDMS membrane to 26

pML/min in case of an oxygenator with flat profile and composite membrane.

Finally, a mathematical model was developed that coupled oxygen uptake, pressure drop
and membrane expansion. The model was validated against experimental results and was
later used to optimize the configuration of the oxygenator with sloping profile and

composite membrane. The predicted oxygen uptake of the optimized configuration at the

operating pressure of 30 mmHg was 78.8 pL/min.



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

Acknowledgements

I would first like to thank my supervisor Dr. Ravi for giving me the opportunity to work
on this unique project. Dr. Ravi has been immense help throughout my masters. His
guidance and advice has been useful and extends beyond academics, to life in general.
Secondly, | give my gratitude to Dr. Christoph Fusch for his valuable advice. Also, |
would like to thank Niels Rochow and Dr. Gerhard Fusch for the initial training and

guiding me through the health sciences aspect of the project.

My master would have been devoid of any meaning if it was not for my lab mates. | was
fortunate to have the support of two different groups of students, who made it enjoyable
to work around them. A special thanks to my family for always encouraging me to be the
best version of myself. Lastly, | want to thank my friends for celebrating my

achievements and just making Canada an overall fun experience.

vi



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

Table of Contents

o ] T PPN iv
ACKNOWIEAZEIMENES. ...eoteeeecereeriteeseeecese st esse st sss bbb bbb s a e bbb e bbb vi
LASE Of FIGUIES ..reuecereeeneesseeseessesse e sssesssessss s ssss bbb s s bbb SRR X
0] o) L) (=3P xvi
Chapter 1 - Motivation & OrganiZation ... eouneeseensesresssesssssesssesssssesssessssssesssssssssssssssssssssssesssssssnes 1
1.1 ODJECLIVES wovuerrrererssesssssesssssessssssssssssss s ssssss st ssss s s s e sss s s e e 3
1.2 ThesSiS OrZaniZatioN....cociereereesreeeessesssessessessesssesssssses st sssssessessse st s ssss s bbb s bbbt 4
Chapter 2 — INTrOAUCLION ... s st 6
2.2 Assisted Ventilation. ... s s 8
2.1 Surfactant Replacement Therapy (SRT) eeesneemneememseesseesssesssessseesseessesssssssesssessssssssees 10
2.3 Extracorporeal Membrane OXYZENatiON ......ouecereererseeseseessessessesssessssssessssssessesssesssessesssesees 10
2.4 ATtIfiCIal PIACEINTA .. ceueeeeeseeseeeseesrees s seeessesssesssees s sssesssees s ssse s sssesssessssessss s smsesssessssssssees 12
Chapter 3 — Literature REVIEW ... seeseessesssessseesssesssesssesssessssssssssssssssessssssssssssssssesssssassssnes 16
3.1 Historical DeVElOPIMENT ... ssessssssssssssssssssssssss s sssssssssssssaseseas 16
3.2 MeMDIane OXYZENALOT ... ereesreeseesseesssesssesssessseesssesssesssesssessssesssesssesssessssssssesssesssesssessssssssesssassssssssees 17
3.2.1 SPITAl OXYGENALOT ..cuvvereueeeeneeeesseessessesssesssessssssesse s sssssessssssessssssesssessssssessssssessesssesssssssssssasasessees 17
3.2.2 HOIlOW FIDEI OXYZENATOT ... iuuceieueeeenreeeesseeeessesssesseessessesssesssessesssessesssesssssssssassssssssssssssssesasessses 18
3.2.3 MiCTOfluidiC OXYZENALOT . ..coureureeeeerrersreeseesseesseessesssesssessssesssesssesssesssessssssssssssssssessssssssesssessssssseseas 20

3.3 Mathematical MOAEING ..ot es s sssesses e es s ss s s sasesees 29
Chapter 4 - Design, Fabrication, and Experimental SEtUD ......c.ueereenmeeeesneessseesseesseesseesssessesnnes 32
4.1 DeSigN CONSIIAINTS c.uceurieuereesereesrersesessses s ssessssssess s s sssesssessesssss s s s ssssssessesssesssssssssessesas 32
4.2 DBSIZIIS couirieieieseseseses e ses s s s ss bbb AR AR RS S R 33
4.3 Fabrication & QUAlity TESTING .....cuvererrmerreesreesseeseeeseessessseesssessesssessseesssssssssssssessssssssssssesssessseeens 38
4.4 EXPETriMENTAl SETUPS c..ceueeeeereereesretseeseiees et sssese s sss st 43
4.4.1 Experimental Setup for Burst Pressure Measurement .........oocoeneeseensesseesseessesseens 43
4.4.2 Membrane EXPAnSION .. ssesssssssssssssssssssssssssssssssssssssssssssssessssssasssanes 44
4.4.3 Hydraulic Resistance With Water........eneseseisesseessssssssssesssesssssssssessssssssssssesns 46
4.4.4 Measurement of Oxygen Uptake and Hydraulic Resistance using Blood................... 47
Chapter 5 - Mathematical MOAEINEG .......cuueereemeerreeeeerseesesssees s seesessse s sssssssssssesssessssasesanes 56
5.1 Mechanism 0f OXYZEN UPLAKE ......ccrieriureereereeererreesseiecsseessessesssesssssessssssessessssssssssssssssssssssssssssasessees 56
5.2 Governing Equations, Assumptions and Boundary Conditions ... 58

vii



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

5.3 OXYZEN UPLAKE ..o icurerurenieseeseeisessseessees s s sssssssss s ssssssse s s ssss s sssesssssssss s sasasssasssasssnnes 65
5.3.1 MOAEL ettt et esse s s sse s b bR 65
5.3.2 SOLVET ettt bbb s s s AR e R bR 74
5.3.3 VaAlIAATION coeuveererreeseesseceeeeseesseeseesessse e sssees s s ssse s s s bbb 75

5.4 PIrESSUIE DIOP .ucceuieurieneueenseeseessessesssessesssesssessssssesssssse s ssss s sesssssssssss s tssessssse s s sbssessesasessssssessssssasasessnes 81
5.4.1 Pressure Distribution in Micro Vascular NetWorK.......enennsnecnsenseenseeseesseenns 81
5.4.2 Pressure Drop at the Inlet and the OULIEt.......coinneininer s 83
5.4.3 VAlIAATION vttt et sss s e s s s s bbb s bbb 84

5.5 Membrane EXPanSion ... ssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssnes 85
5.5.1 MOAELoriiieieeereirereiseessesssiss s ssss s sesse s s s bbb s bbb 85
5.5.2 SOLVET ottt ssss st s s s bR R bbb 89
TS TC T V£=1 1 Ua - U (o) s TSP 90

5.6 INteGrated MOGEL ... .. secr s ssess s s s sees s s s s snes 91

Chapter 6 — Experimental RESUILS ... ssssssssssssssssssssesns 95

6.1 RESUILS & DISCUSSION ..eueureereeuieeeseeseesreessessesssesssessesssessessessessse s s es s sses s sses e st s ssssssssssessssasesanes 95
6. 1.1 BUISE PrESSUTIE ..o ssss s ssse e s s s st s sssssessessessens 95
6.1.2 Hydraulic Resistance of the device to flow of Water........coenenneenneeneeeneeenneeseesseenns 98
6.1.3 Performance Characteristics of various configurations of oxygenator using Blood
.......................................................................................................................................................................... 100

Chapter 7 — Parametric ANALYSIS ... eereeeseeseesessessessesssesssessssssessssssessesssessssssesssessssssesssssssssassssssees 108

7.1 ANalysis MethOAOLIOZY ...ccveureereemreeseereeessermsessseesssessesssees s sssssssessssesssssssesssessssssssesmsesssessssssseens 108

7.2 Oxygenator with Flat Profile and PDMS Membrane .........oceeeemeesseesseesmsessessseessseesseens 110
7.2.1 Channel HEIGNt. ...t cs e s s s s eees 110
7.2.2 Membrane ThiCKNESS ... sssssss st ssssssssssssssssssssssssssssanees 113
7.2.3 DEVICE WAt ..ottt s e e s s e 115

7.3 Oxygenator with Flat Profile and Composite Membrane........ennneneeenseenneens 117
7.3.1 Channel Height. s ssssssssssssssssssssssssssssssssssssssssssssses 117
7.3.2 MemDbrane ThiCKNESS ... seeseiseesseiesssessesssssesssssse st sessss s s ssse s sasees 119
7.3.3 DEVICE WAttt s s sssssssssssssssaness 122

7.4 Oxygenator with Sloping Profile and PDMS Membrane..........eeeerneeneesnseenseens 124
7.4.1 Maximum and Minimum Height ... ssesseseees 124
7.4.2 Membrane ThiCKNESS ... sssssssssssssssssssssssssssssssasess 127
7.4.3 DEVICE WAL ...ttt ss s 128



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

7.5 Oxygenator with Sloping Profile and Composite Membrane........ooeneeseeeseeenneens 129
7.5.1 Maximum and Minimum Channel Height ... 130
7.5.2 MemMbIrane ThiCKNESS ..ot seeseiseesseiessseeses e sssssse st ssssss s s sass s sasees 133
7.5.3 DEVICE WHATN ..ottt ssss s ss e ss s st ssnas b 134

S T0 0 E 00 U7 (o) o VT 136

(00 0= 1=t R 001 s ol 10 3 o) o FO0H PP 142

8.1 KEY CONLIIDULIONS .uvvueeirerssesesisssesssssssssssssssssss s sssssssssss s sssssssssssssssssssssssssssssssssssassssssssssssssssaness 142
8.1.1 Experimental Setup Redesign to Reduce the Experimental Error ... 142
8.1.2 Introduction of a Reinforced Thin Membrane to Improve Oxygenation ................ 143
8.1.3 MathematiCal MOAE] ... ss s sssss st sanees 144

8.2 Recommendation for Future Work: Large Sloping Device with Composite Membrane

............................................................................................................................................................................... 144

8.3 Recommendation for Future Work: Double Sided Gas Diffusion .........cccouemeerneeeneeenneens 145
LG 0 T I T E) -4 o PP 145
ESTCTIAN T 10) g Tor: Un 10) 010 53 0 ToL X T TSP 148
8.3.3 EXpected PerfOrmance......eerneeeeseesseessessesssessssesssesssesssessssssssssssessssssssssssssssessssssans 149

8.4 Recommendation for Future Work: All Sided Gas Diffusion .........uocneenneenneeseeeseeenneens 150
e O D 1= (g PP 150
8.4.2 FaDIiCation PrOCESS ..ttt sss st sssss s sasees 152
8.4.3 EXpected PerfOrmance......ineeneieesssessseessissssssssssesssssssssssssssssssssssssssssssssssssssssessssssans 152

REFETEIICES ..oorvueeieereeeiseese st essss bbb bbb £ bbbt e 155
2N 0] 03 0 U § U PPN 168

Appendix A: Micro-Vascular Network Fabrication.......coneneenseneenseseesesseeseessesseseesseenes 168

Appendix B: PDMS Membrane FabriCation ..o eereeeeseesseesnsessessseesssessesssessssessesssesssessees 169

Appendix C: Composite Membrane FabriCation ... eeneneenscneeseseeseeseesseessesseseesssenes 170

Appendix D: Bonding Vascular Network with the Membrane.........coooneerenecneenseenenecseennns 171

ix



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

List of Figures

Figure 2.1 Schematic representation of the process of spontaneous breathing .................. 6

Figure 2.2 Illustration of the conducting zone and the gas exchange zone of a lung.
Terminal bronchiole shown in the gas exchange system, belongs to the conducting zone
and is used as a reference in the diagram............cccoov e 7

Figure 2.3 Schematic representation of the use of ECMO in a clincial setting. ............... 11

Figure 3.1 Illustration of a spiral membrane oxygenator as shown in [2]. The blood flows
parallel to the core and the gas flows inside the membrane envelope. ...........cccocvevvrienee. 18

Figure 3.2 Diagram contrasting structural difference in (a) shell/tube type oxygenator and
(b) cross flow oxygenator as ShOWN iN [36]......cccveiieiiiiiiieecieseee e 19

Figure 3.3 Illustration of various types of designs by Lee et al [42] (a) Circular channels
embedded in a gas permeable membrane, (b) Rectangular channel with gas permeable
membrane, (c) Wide rectangular channels with support posts, (d) Screen filled
rectangular CRANNEIS. ............cov i 22

Figure 3.4 Illustration of oxygenator device by Hoganson et al [46] (a) Shows the top
view of the fluid path and (b) Computer aided drawing of the mold. Notice the variable
depth of the channels in the computer drawing. .........ccoceveierenienineneeee s 26

Figure 3.5 Illustration of the oxygenator design by Wu et al [49]. ..o 28

Figure 4.1 Illustration of a flat device. (a) Shows the front view of the device and it
shows membrane connected to blood channels (b) Shows the top view of the device
showing the array of uniformly spaced square pillars. ..........ccccooeiieiiiiiic i 35

Figure 4.2 lllustration of a sloping profile (a) Shows the front view of the device and it
shows membrane connected to blood channels. It also illustrates sloping profile of the
blood channels and side inlets. (b) Shows the top view of the device showing the array of
uniformly spaced SQUAre PIHIATS. ........oouiiiiiii i 36

Figure 4.3 Illustration of the steel mesh. (a) Shows the top view of the mesh illustrating
its opening area. (b) Shows the side view of the mesh illustrating the thickness of woven
STEEI MBS ... e e e e be et ra e 38

Figure 4.4 Fabrication process of a device (la) Mold is prepared. (Ib) PDMS is poured on
the mold, (Ic) Once cured, the PDMS is peeled off and holes are punched for inlet and

X



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

outlet, (I1a) PDMS is poured on to substrate, (11b) the substrate is spun, (lic) PDMS is
cured, (111a) The vascular network and the membrane are exposed oxygen plasma, (I11b)
Vascular network and the membrane are brought in contact, (I1lc) The device is peeled
OFF the SUDSIIALE. ... .ottt e 40

Figure 4.5 SEM picture of the cross-section of a composite membrane. The picture is

false colored to distinguish PDMS (blue) from steel mesh(red) ........ccoccoeoevvviieiennenns 42
Figure 4.6 Experimental setup for burst pressure measurement. ...........cccceeevererennnnnne. 44
Figure 4.7 Experimental set up for measuring membrane expansion. ..........c.cccccvevvereenne. 45
Figure 4.8 lllustration of zones for which the maximum deflection is measured............. 46

Figure 4.9 Experimental setup to measure hydraulic resistance of an oxygenator for

Figure 4.10 Experimental setup to set the oxygen saturation of the blood....................... 49

Figure 4.11 Variation of oxygen saturation of the blood in the system with time for
passive controller. The oxygen saturation is set at 46% also the maximum deviation (sO>

= +5%) from the set point is indicated on the graph by red line........................c..... 50
Figure 4.12 Tllustration of the experimental setup of the modified setup.................... 52
Figure 4.13 Variation of oxygen saturation of the blood in the system with time using

ACHIVE CONTIONICT. ... i e e e 53
Figure 4.14 Experimental setup to test the oxygenator................ccoeeviiiiniiiienann.n.. 54

Figure 5.1 Illustration of the mechanism of oxygen uptake. The membrane expands as a
result of the applied hydrodynamic pressure. The oxygen flows in the device as a result of
the gradient in partial pressure 0f OXYgEN. ......ocoviiiiiieiece e 57

Figure 5.2 Process flow for the development of the mathematical model ................. 59

Figure 5.3 Process of the simplification of the geometry is illustrated. (I) Actual geometry
is shown. (I1) The pillars are removed to reduce the geometry to a simpler form .......... 65

Figure 5.4 Process of meshing is demonstrated. ...............coooviiiiiiiiiiiiii e, 67

Figure 5.5 Variation of the change in oxygen saturation of the blood with the flow rate
for Lee's device with straight rectangular channels [75]. ...l 77

Figure 5.6 Validation of oxygen uptake model against the results of Lee et al [1]....... 79

xi



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

Figure 5.7 Variation of total oxygen uptake with the blood flow rate for Potkay's
branched network of rectangular channels [76]........cccooeiveiiiieiieciice e 79

Figure 5.8 Validation of the oxygen uptake model against the experimental results of

POLKAY BT Al [76] ..ot 80
Figure 5.9 Illustration of the geometry used to simulate pressure drop at the inlet.......... 84
Figure 5.10 Validation of pressure drop model against experimental results................... 85

Figure 5.11 Process of calculating membrane expansion is illustrated. At any location X,
the membrane expansion is calculated by assuming a circular membrane....................... 86

Figure 5.12 Validation of the model for membrane expansion. Maximum deflection is
USed t0 Validate the FESUITS. ........ccviiiieieieie e e 91

Figure 5.13 Variation of oxygen saturation with blood flow rate is plotted. In the plot,
experimental results and mathematical predictions have been plotted. ............ccccovnvnens 93

Figure 5.14 Variation of pressure drop with blood flow rate is plotted. In the plot,

experimental results and mathematical predictions have been plotted. ............ccccoocvvveens 94
Figure 6.1 Burst pressure for various deSIGNS..........coueiverrererererineeieiese e 96
Figure 6.2 Figure illustrating membrane under pressure. ........cocovevevveveeieseese e 98
Figure 6.3 Pressure drop of various designs for water.............ccccccvevevveve e ciece e 99

Figure 6.4 Variation of change in oxygen saturation and pressure drop with flow rate for
flat device with PDMS membrane. The height of the channels and the width of the device
are 100 um and 43 mm at rest as previously explained in section 4.2 of chapter 4. ...... 102

Figure 6.5 Variation of change in oxygen saturation and pressure drop with flow rate for
sloping device with PDMS membrane. The height of the device varies from 170 pum to 60
pum and the device width is 43 mm as previously explained in section 4.2 of chapter 4.

Figure 6.6 Variation of change in oxygen saturation and pressure drop with flow rate for
flat device with composite membrane. The height and the width of the device are 100 um
and 43 mm as previously explained in section 4.2 of chapter 4. ......................... 106

Figure 6.7 Variation of change in oxygen saturation and pressure drop with flow rate for
sloping device with composite membrane. The height of the device varies from 170 um
to 60 um and the device width is 43 mm as previously explained in section 4.2 of chapter

Xii



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

Figure 7.1 Illustration of oxygen saturation characteristic curve (Blue) and Pressure drop
characteristic curve (brown). Point of intersection of these two curve is the optimal point
OF PEITOIMANCE. ... et e et e e sreers 109

Figure 7.2 Variation of characteristic curves for varying height of a flat device with
PDMS membrane. The optimal points are marked by red dots. Notice its downward
trajectory as the height IS INCrEASEU. .........coviiiiiieieiee e 111

Figure 7.3Variation of characteristic curves with increasing membrane thickness for flat
device with PDMS membrane. Pressure curve moves upwards, while oxygen saturation
change curve remains stationary. As a result, the optimal point, marked by red dot, moves
towards the top left corner as the thickness is increased ..........c.ccoccevvevvevciieseece s 114

Figure 7.4 Variation of characteristic curves with varying device width for flat device
with PDMS membrane. Both curves move upwards as the device width is increased. As a
result, the optimal point, marked by red dot, moves towards the top right corner as the
WAL 1S INCIEASEU. ......eiiee ettt ettt e e sreenteenee e 116

Figure 7.5 Variation of characteristic curve for flat device with composite membrane
with varying channel height. Both curves move downwards as the height is increased.
Notice as the height is increased, the optimal point moves towards to bottom-right corner.

Figure 7.6 Variation of characteristic curves for flat device with composite membrane
with varying membrane thickness. The pressure curve remains unchanged, while oxygen
saturation curve moves downwards as the membrane thickness is increased. ............... 120

Figure 7.7 Variation of characteristic curves for flat device with composite membrane
with varying device width. Both curves move upwards as the device width is increased.
This causes the optimal point to move towards the top-right Corner. ............cc.ccocvvvneee. 122

Figure 7.8 Variation of characteristic curve for sloping profile device with PDMS
membrane for varying maximum channel height. Both curves move downwards as the
height is increased, causing the optimal point to move towards the bottom-right corner.

Figure 7.9 Variation of characteristic curve for sloping profile with PDMS membrane for
minimum channel height. Both curves move downwards as the height increased, causing
the optimal point to move towards the bottom-right corner. .........c.ccccooeveveieivncecienne. 126

Figure 7.10 Variation of characteristic curves for sloping profile device with PDMS
membrane for varying membrane thickness. Both curves move downwards as the

xiii



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

thickness is increased. This causes the optimal point to traverse towards the top-left
(070 ] 131 PP TR UP PR PRSPPI 127

Figure 7.11 Variation of characteristic curves for sloping profile with PDMS membrane
for varying device width. Both curves move upwards as the width is increased. This
causes the optimal point to traverse towards the top-right corner. ...........cccocvvvvviennne. 129

Figure 7.12 Variation of characteristic curves for varying maximum channel height for
sloping device with composite membrane. Both curves move downwards as the height is
increased. Notice the optimal point traverses a horizontal path before moving downwards

Figure 7.13 Variation of characteristic curves for varying minimum channel height for
sloping device with composite membrane. Both curves move downwards as the height is
increased. Notice the optimal point traverses a horizontal path before moving downwards

Figure 7.14 Variation of characteristic curves for varying membrane thickness for sloping
device with composite membrane. Pressure curve remains unchanged, while oxygen
saturation curve moves downwards as the membrane thickness is increased. Notice the
optimal point does NOt MOVE at all. ..........cccoveiiiiiiicie e 133

Figure 7.15 Variation of characteristic curves for sloping profile with composite
membrane for varying device width for sloping device with composite membrane. Both
curves move upwards as the width is increased. This causes the optimal point to traverse
towards the top edge before it moves towards the top-left corner.........c.ccooevvevvrenee. 135

Figure 7.16 Illustration of the vector joining the optimal points at the maximum value and
the minimum value of the parameter by a straight line. ... 137

Figure 7.17 Characteristic curves for the optimized configuration of sloping device with
COMPOSITE MEMDIANE. .....c.viiiiiitieie ettt te e e reeste e s beenteeneesaeenas 140

Figure 8.1 Illustration of a device with double sided diffusion. ............cccccoovevieiennn, 146

Figure 8.2 Process of preparing the vascular network and the rim and bonding them
together using OXYQEN PIaSMA. .........eciiiiicie e 147

Figure 8.3 Expected performance of the double-sided diffusion device compared with the
performance of a device with one-sided diffusion with same configuration.................. 149

Figure 8.4 Illustration of a device with all-sided diffusion............c.ccccocviviiiinciinnnn, 151

Xiv



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

Figure 8.5 Performance comparison of a device with all-sided diffusion with the
performance of devices with one-sided and two-sided diffusion. ...............ccccceeveinennns 153

XV



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

List of Tables

Table 3.1 List of range of the performance and the geometric parameters of hollow fiber
oxygenators at different POINS IN tIME. .. sssssssssssssssssssssssnssnssanees 19

Table 3.2 List of parameters of oxygenator designs. Geometrical parameters, membrane material,
testing fluid, and performance parameters are listed. The estimated values are marked with an
ASEEIISK(®). cevurreurrereesnssresssesssessssssssssssssssssnsssesssssssssssessasesasesssnsssnssssesssesssesssessasesssesssnssnssssesssesssnsssnssasesaesssnsssnssanees 23

Table 5.1 List of governing equation for various models ..........cooceereriinniineinicn e 60

Table 7.1 Table listing effect of various geometric parameters on the movement of optimal point.

XVi



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

Glossary

Arteriovenous

Cardiopulmonary
Bypass

Extracorporeal

Hemorrhage
Hypercarbia
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Chapter 1 — Motivation & Organization

Respiratory distress syndrome (RDS) is recognized by any signs of difficulty in breathing
in an infant. The severity of the disease vary from low to lethal. In the US alone, around
40,000 infants get affected by RDS every year. Over the past 60 years, neonatal care has
taken huge technological strides in reducing mortality related to RDS in neonates.
Neonatal mortality rate related to RDS has also significantly reduced in high-resource
countries from 2.89 per 1000 live births between 1969 and 1973 to 0.4 per 1000 live
births in 1995 [2]. However, in developing countries, RDS occurrence and its related
mortality remain very high. For example in India, RDS occur at a greater frequency with
200,000 infants getting affected every year. RDS related mortality ranged from 57% to
89% in 1990s [3], [4]. Regardless, availability of technologically advanced equipment in

developing countries has shown improvement in neonatal mortality rates [5].

Current modalities of respiratory support for RDS include surfactant replacement therapy
(SRT), assisted ventilation, and extracorporeal membrane oxygenation (ECMO). During
SRT, exogenous surfactants are administered to an infant’s lungs to assist in breathing.
SRT has shown improvement on neonatal mortality rate [6]. SRT improves the ability of
the lungs to accept oxygen; however additional respiratory support is required to fully
compensate for the lack of lung maturity, which can be done through various means. One
of such means is assisted ventilation, the goal of which is to provide adequate
oxygenation to the lungs and ventilate them. The disadvantage of assisted ventilation is
that it leads to long term morbidities such as bronchopulmonary dysplasia (BPD). BPD is

characterized by arrested lung development causing long term pulmonary complications
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which lead to re-hospitalization of the patient in the subsequent years. BPD affects almost

all infants with RDS treated with assisted ventilation [7].

To eliminate BPD, extracorporeal membrane oxygenation (ECMO) techniques were
developed. In ECMO support, the blood is withdrawn from the infant and is oxygenated
externally in a device. Once oxygenated, the blood is returned to the body. ECMO has
shown to significantly improve mortality rate over assisted ventilation [8]. However, the
main disadvantage of this method is that it requires surgery to connect the device to the
circulatory system. There is a potential for blood loss that could lead to complications

such as hemorrhage, intracranial hemorrhage, and neurological complications [9].

To eliminate potential blood loss, a non-invasive technigue that mimics placental
environment to provide respiratory support has been under development. The technique is
similar to ECMO, but the blood is withdrawn from the umbilical vessels. The technique
has been used on various animals with up to 3 weeks of support [10]. In the experiments,
commercial hollow fiber oxygenator and spiral coil oxygenators have been used.
However, such devices have high priming volume and cannot be used for neonatal

respiratory support.

In an attempt to reduce the priming volume, artificial placentas that use microfluidic
oxygenating units have been developed [11]. Such units have low priming volume, high
surface area to provide adequate oxygen, and can be designed to have low pressure drop.
The work presented in this thesis contributes to the development of such an artificial

placenta that uses microfluidic oxygenating unit.
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1.1 Objectives

The main goal of the thesis are to contribute to the development of an artificial placenta
that uses microfluidic oxygenators as the oxygenating unit. The work is specifically

focused on developing such oxygenating units. The objectives of the work are as follows:

1) Build an experimental set up that keeps the oxygen saturation of the blood
constant with time so that it could be used to measure the performance of an
oxygenator to uptake oxygen.

2) Improve the performance of the oxygenating unit by increasing its oxygen
saturation capability at improving its ability to handle high flow rates under the
operating pressure provided by the neonate’s vascular pressure.

The following are the unique contributions of this thesis to the specific body of

knowledge in this field:

1) Blood is to be used to measure the oxygen uptake performance of devices;
however precisely controlling oxygen saturation of blood proved to be difficult. A
closed loop system was built that controls the oxygen saturation of the blood. The
blood from the loop can be withdrawn and used to test an oxygenator device.

2) The oxygenator is a two-part device consisting of blood channels and a gas
permeable membrane. The performance of the oxygenator depends on the
geometry of the blood channels and the material of the membrane. In the work,
the performance of the oxygenator was improved by 44%.

3) A thorough understanding of the mechanism of oxygen uptake is necessary for the

development of the device. A mathematical model was developed to be able to
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predict the performance of a conceived design prior to experimental testing. This
contribution will help the future students in fine tuning the design to meet

performance requirements.

1.2 Thesis Organization
In total, there are 8 chapters in this thesis.

Chapter 2 delves into the functioning of lungs and the cause of respiratory distress
syndrome. Subsequently, various modalities of treatment in a clinical setting are

discussed. Finally, development of microfluidic oxygenators in research is reviewed.

Chapter 3 presents literature review on various types of membrane oxygenators and

mathematical modeling used to predict the performance of a microfluidic oxygenator.

Chapter 4 details the design constraints and various designs of oxygenator tested in our
study. Subsequently, the fabrication process to manufacture these designs is described.
Later, experimental methods to measure burst pressure, membrane expansion, hydraulic
resistance of the oxygenator with water, and performance of the oxygenator with the
blood is presented. Finally, redesign of the experimental setup to measure oxygen uptake
of a device is presented. In the new experimental setup, the oxygen saturation of the input
blood remains within a range of +5% of the set value. This feature allows reliable
measurement of the performance of an oxygenator device by passing the input blood

through the device and measuring the increase in oxygen saturation.

Chapter 5 presents the mathematical model developed to predict the performance of an

oxygenator. It is a multiphysics model that takes in geometrical parameter of the device
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and measure the oxygen uptake and pressure drop as a function of flow rate.

Subsequently, the model is validated against the results of the oxygenators in research.

Chapter 6 presents experimental results of in-vitro testing of the designs detailed in
chapter 4. The results are also compared against the mathematical predictions using the

model explained in chapter 5.

Chapter 7 presents parametric analysis of the designs explained in the chapter 4. Only
geometric parameters are analyzed. The analysis will be useful for the future researchers

in fine tuning the performance of the device.

Chapter 8 concludes the thesis and sets up the stage for future work.
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Chapter 2 — Introduction

Lungs are organs responsible for exchanging gases between the blood and the atmosphere
through breathing. Spontaneous breathing happens through a two staged process:
inspiration and expiration. During inspiration, the pressure inside the lungs is lower than
the atmosphere pressure due to the forces generated by the respiratory muscles and vice-

versa during expiration as shown in figure 2.1 [11].

Exhaust
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Figure 2.1 Schematic representation of the process of spontaneous breathing

Lungs have two functional areas: conducting system and gas exchange system [12]. The
conducting system is responsible for delivering and withdrawing gases to and from the gas
exchange system. The gas exchange system is responsible for exchanging gases between
the blood stream and the atmosphere. As shown in figure 2.2, the conducting system
consists of nasal passages, pharynx, larynx, trachea, bronchi, and bronchioles until terminal
bronchioles. These bronchioles are supported by cartilage to prevent it from collapsing on
expiration. Gas exchange system contains respiratory bronchioles, alveolar sacs, alveolar

ducts, and alveoli. The gas exchange system is a non-cartilage system that interfaces with
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a gas permeable membrane that consists of connective tissues, epithelial cells, endothelial
cells, pericytes etc. Also, the surface of alveoli that is exposed to atmosphere is covered
with plasma and surfactant. The alveolar surfactant changes the surface tension of the
plasma to stabilize the lungs. Without the surfactants, the lungs would collapse upon
expiration [13]. Avery and Mead [13] showed the surface tension of plasma depends on

the surface area of the lung, which changes upon expiration and inspiration. The surface

tension was found to vary from 5 dynes/cm? to 60 dynes/cm?.
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Figure 2.2 Illustration of the conducting zone and the gas exchange zone of a lung.
Terminal bronchiole shown in the gas exchange system, belongs to the conducting zone
and is used as a reference in the diagram.

Lungs are one of the last organs to develop in fetal development. Therefore, preterm infants
often suffer from pulmonary complications. There are about 4.1 million infants born every
year in the US, out of which 12% are affected by preterm birth [14]. The lungs of a

prematurely born infant may lack lung maturity causing difficulty in breathing. The
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complication is also called Respiratory distress syndrome (RDS). It is caused by lack of
surfactants in lungs. Lack of surfactant causes difficulty in expansion and contraction
during breathing, which in turn causes poor gas exchange between the air and the blood.
This causes complications such as hypoxia, hypercarbia, respiratory acidosis, and
metabolic acidosis [7]. Around 10% of babies born prematurely in the US are affected by
RDS [14]. The risk increases with prematurity. For babies born before 29 weeks, the risk
of developing RDS is 60% [14]. Birth weight also affects the risk of developing RDS. It

has been reported to affect 56% of infants weighing between 501 g and 1500 g in the US

[7]1.

Management of infants with RDS is complex and is done through various modalities such
as surfactant replacement therapy, mechanical ventilation, continuous positive airway
pressure, and extracorporeal membrane oxygenation. Introduction of antenatal steroid has

also proven beneficial in accelerating lung maturation.

2.2 Assisted Ventilation

Surfactant replacement therapy improves oxygen uptake by the lung; however lack of
structural maturity of lungs still causes oxygen deficiency and requires additional
respiratory support. Assisted ventilation is used in addition with SRT to compensate for
the oxygen deficiency. Goal of assisted ventilation is to provide adequate oxygenation to
the blood and ventilation to the lung by manipulating the air pressure and the air flow rate
inside the lungs. The air flow rate can be administered by various means such as through
endotracheal intubation, nasal prongs, or by creating an artificial airway in the trachea by

making an incision [11].
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The first mechanical ventilator was developed in 20" century. The ventilator applied
intermittent positive airway pressure (IPPV) using time cycled, pressure limited devices
[15]. The ventilator is relatively easy to use, leaving all the parameters such as frequency
at the discretion of the operator. However, frequency set by the operator may not
synchronize with infants breathing pattern causing asynchronous breathing causing

discomfort for the infant and risk of lung damage [16].

IPPV remained major mode of ventilation for three decades, before concerns of
asynchronous breathing led to the development of more advanced modes of ventilation
[16]. Newer modes of ventilation introduced non-invasive methods to deliver airflow such
as through nasal prongs [17]. Such methods have been used along with IPPV and
continuous positive airway pressure [17] & [18]. Concerns of asynchronous breathing were

also addressed by introducing synchronous intermittent positive pressure ventilation [16].

Ventilatory management has taken huge strides since its inception to provide adequate
oxygenation and decrease lung injury. Nevertheless, ventilatory management still induced
associated pulmonary complications [19]. Riyas et al [20] showed 51% of 102 babies on
mechanical ventilation survived. 58.8% of 102 babies developed complications. Such
pulmonary complications include barotrauma, bronchopulmonary dysplasia, and chronic
lung disease. Furthermore, ventilation is likely to fail in the cases of pulmonary
hypertension of the newborn and congenital diaphragmatic hernia. These limitations of

assisted ventilation calls for an alternative treatment, which is discussed in the next section.
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2.1 Surfactant Replacement Therapy (SRT)

In 1950s, Avery and Mead reported the role of surfactant deficiency in pathophysiology of
RDS [13]. Soon after that, surfactant replacement therapy (SRT) was conceived. It is the

administration of exogenous surfactants to a neonate’s lungs through endotracheal tube.

SRT has been shown to significantly decrease mortality among infants born at less than 30
weeks gestation with birth weight less than 1250 g [21]. Fujiwara et al successfully treated
10 mechanically ventilated infants with diagnoses of RDS with modified bovine surfactant
extract [6]. Soll [22] identified six randomized controlled trials of SRT to neonates with
established RDS, and found synthetic surfactants to significantly improve pulmonary gas

exchange and decrease requirement for ventilator support in premature infants.

However, the incidences of other medical morbidities remain unchanged. Such morbidities
include bronchopulmonary dysplasia [23]. Also, it has been hypothesized that
administration of synthetic surfactants to infants born at 27 weeks’ gestation may have

increased incidences of pulmonary hemorrhage [23].

2.3 Extracorporeal Membrane Oxygenation

In extracorporeal membrane oxygenation (ECMO), the blood is taken out of the body and
passed through the respiratory support device, which compensates for the
underperformance of the lungs by exchanging the gases between the blood and the
atmosphere. Figure 2.3 demonstrates a simplified version of the circuit used to provide
respiratory support through ECMO in a clinical setting. A bypass is made by making an
incision where the blood is withdrawn from using a pump. The pump pushes the blood
through an ECMO device that exchanges gases between the blood and the atmosphere. The

10
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oxygenated blood is subsequently returned back to the body. ECMO works as an
alternative to assisted ventilation and must be administered with SRT. SRT is essential for

natural development of the lung.

ECMO Device

Pump

Exhaust
(CO,) Pressurized Oxygen

Oxygen rich blood

0

Oxygen Deficient Blood

Patient's Heart

Figure 2.3 Schematic representation of the use of ECMO in a clinical setting.

In 1976, Barlett et al [24] demonstrated efficacy of ECMO by saving 4 out of 13 critically-
ill infants. O’Rourke et al [25] recruited 39 neonates with 85% likelihood of dying and
randomly assigned them with assisted ventilation or ECMO as the respiratory support. The
mortality rate for ventilation and ECMO were 40% and 3% respectively. Kanto et al [26]
reported 83% survival rate for neonates with RDS and 80% likelihood of dying, when
treated with ECMO. Mugford et al [8] analyzed four trials comparing ECMO with assisted
ventilation and reported that use of ECMO had a significant effect on mortality. They found
that ECMO provided a risk ratio of 0.44 indicating that if ECMO rather than ventilation is

used for every three babies with respiratory failure, one additional infant will survive.

11



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

Despite lower mortality for ECMO as compared to assisted ventilation, it still causes some
morbidities. Neonates treated with ECMO are at a higher risk of intracranial hemorrhage.
Brain development is affected, and may be accompanied by neurological complications
[9]. Potential blood loss due to the invasiveness of the technique and its high dead volume
make it impossible to use to treat preterm neonates with this technique [11]. Downard [27]
reported 4.9% of 23,556 ECMO patients from Extracorporeal Life Support Organization
Registry, suffered from intracranial hemorrhage, out of which over 2000 patients had
significant cannula site and surgical site bleeding. Also, surgical site bleeding was
prominent after cardiac procedures, with more than 30% incidence of significant

hemorrhage.

2.4 Artificial Placenta

Artificial placenta uses ECMO devices to oxygenate the blood, but the devices are
administered through umbilical cords instead. This feature avoids the complexities
related to cardiopulmonary bypass techniques and some morbidities such as hemorrhage.
One of the earliest reported cases of artificial placenta is by Zapol et al [10], who
provided two days of total extra-uterine support to an isolated premature lamb fetus using
a spiral coil ECMO device with 70 ml priming volume and 0.4 m? gas exchange area. The
rate of blood flow in the device was 70 — 100 ml/min/kg using a pump. The device was
found to be capable of providing sufficient oxygenation when the input venous oxygen
saturation varied between 55 % and 75 %. However, there was no information reported
on the oxygen uptake and the output oxygenation level achieved. In a later reported case,

the survival time was extended to 3 weeks.

12
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The first pump-less circuit where the flow through the device was powered by the arterio-
venous pressure difference was reported by Awad et al [28]. The animal was kept alive
for up to 6 hours using a microporous hollow-fiber membrane oxygenator with 90 ml
priming volume. The partial pressure of oxygen in blood increased by estimated average
of 490 mmHg from the inlet to the outlet of the oxygenator. Information on increase in

oxygen saturation was not reported.

Reoma et al [29] used neonatal lamb model and provided support for the fetuses for up to
4 hours. High cannula resistance and declining device flow hampered prolonged support.
The device flow rate reduced from 382490 to 17624 ml/min over 4 hours. As a result,
the oxygen uptake reduced from 13.55+4.91 ml/min/kg to 5.01+£0.87 ml/min/kg. The
baseline oxygen saturation was set at 61.23% =+ 16.76%. The oxygen saturation at the
outlet ranged from 92.5% to 99.7%. Also, in the study, the fetuses were submerged into

artificial amniotic fluid to simulate placental environment.

Gray et al [30] provided support for neonatal lamb for 24 hours through extracorporeal
life support as artificial placenta. In this study, polypropylene hollow fiber oxygenator
with surface area of 0.5 m? were used. Information on the oxygen uptake was not

reported. The mean circuit flow for five survivors was 94+20 ml/kg/min.

Miura et al [31] supported premature lamb on a pumpless arteriovenous extracorporeal
life support for 18+3.2 hours. The oxygenator used was able to deliver oxygen transfer in
the range of 10.5 — 12.2 mL/min for circuit blood flow rate in the range of 25 — 125
mL/min/kg. However, the circuit volume was 60 mL, which is high for clinical

application for neonates. Hence, additional development is needed.

13
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Manan [11] conceptualized an artificial placenta with focus on microfabricated
oxygenating units. In this study, microfluidic devices made out of Polydimethylsiloxane
(PDMS) with PDMS, polycarbonate (PC), and porous PDMS membranes were tested.
Each unit had a gas exchange area of 13.6 cm? and a dead volume of 0.11 ml. Later, the
units made with PDMS membrane were stacked in a parallel flow configuration and
tested on a piglet. The device demonstrated an average O, transfer of 3.5 uL/min/cm? at a
flow of 14 ml/min. Current study builds up on the works of Manan [11] in developing a

microfluidic oxygenator.

Bryner et al [32] treated extremely premature lambs with an artificial placenta using an
ECMO device and compared the results with the control of similar lambs treated with
high-frequency oscillatory ventilation. The artificial placenta model involves a pump-
driven veno-venous system with a targeted circuit flow of 75-100 mL/min/kg and a pO:
of 35-50 mmHg. The lambs treated with ventilation survived for 2-8 hours, while the
ones treated with artificial placenta survived for 1 week with hemodynamic stability and
adequate gas exchange. The artificial placenta proved promising however, the priming
volume for the whole circuit was 200 ml, which twice the blood volume of a neonate.

Hence, additional development is needed.

Schoberer et al [33] treated premature lamb with an extracorporeal membrane oxygenator
for 6 hours. The oxygenator device increased partial pressure of oxygen in the blood from
20£16.6 mmHg to 446.2+104.6 mmHg at device flow rates of 109.3+11.8 mL/h
(1.82+£0.1967 mL/min). Also, the total circuit volume was 21 ml out of which 14 ml was
contributed by the oxygenator device. As the device operating flow rates are significantly

lower than the desired flow rate (30 mL/min), it requires additional development.

14
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The artificial placenta type membrane oxygenators are suitable for neonatal respiratory
support. Such device would reduce complications, long term morbidities, and mortality.
However for the devices so far been used had high priming volume for neonates. Manan's
[11] device is the one with low priming volume, but the oxygen uptake capacity is low.
So the challenge is to improve the oxygen uptake while maintaining the low dead

volume, which is the focus of this thesis.

15
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Chapter 3 — Literature Review

This chapter provides a broad overview of the historical development of oxygenator
technology which began in the early 20" century. Earliest oxygenator applied direct contact
between the blood and the atmosphere to oxygenate the blood which tended to contaminate
the blood and led to alternate approaches. Later, the designs were modified to separate the
blood and the atmosphere by means of a gas permeable membrane. Since then many
membrane oxygenator designs have been developed. Such designs include spiral
membrane oxygenator in which blood flows in a thin film in a spiral form, hollow fiber
oxygenator in which the blood either flows into or over hollow fibers, and microfluidic
oxygenator in which dimension of the blood channel is less than 100 um. All these designs

have been explained in greater detail in the rest of the chapter.

3.1 Historical Development

Initial prototypes of oxygenator applied direct contact between the blood and the gases.
The gas exchange was achieved by either forming a thin film of blood exposed to
atmosphere or introducing gas bubbles in the blood. The former design is called film
oxygenator, while the latter is called bubble oxygenator [11]. Both these designs exchanged
adequate amount of gases. In 1956, DeWall et al [34] introduced a bubble oxygenator
capable of fully oxygenating venous blood up to 3 L/min. Later on, a modified version of
the oxygenator was used on 50 adult patients in the same study. The oxygenator was able
to maintain the mean oxygen saturation of the arterial blood at 96.2%. However, prolonged

exposure of the blood to the gases caused significant damage to the blood through trauma

16
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or/and air embolism [35]. This led to the development of membrane oxygenators, in which

a permeable interface was introduced between the blood and the gases.

3.2 Membrane Oxygenator

Membrane oxygenator is the state-of-the-art technology for respiratory care. The
oxygenator types differ from each other in terms of fluid path as well as the gas flow. Some
of the key types of such oxygenators have been discussed in detail in the following sub

sections.

3.2.1 Spiral Oxygenator

Spiral oxygenators were some of the first oxygenator that were developed as far back as in
1956 [36]. The design is shown in figure 3.1. Kolobow and Bowman [37] introduced a
spiral membrane oxygenator with a dip-coated silicone membrane in 1963. Several
different configurations of the device were tested. The oxygenators had surface area of 1.2
m? with priming volume from 80 ml and 110 ml, with maximum O uptake of 120
ml/min/m? and 82 ml/min/m? respectively. In a later study, a number of spiral oxygenators
were used to give respiratory support to unanesthetized lambs for up to 16 days. The
oxygenators had a surface area ranging from 0.88 to 1.62 m?. The flow rate ranged from
400-700 ml/min. Later, Barlett et al [38] reported treating 45 newborns with 23 survivors.
Also, the device proved reliable in a study of 50 infants, however prolonged usage led to a
decrease in platelet count and fibrinogen by 50% and 31% respectively [39]. This effect is

likely observed as a result of high shear rates in the device.

17
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Figure 3.1 Illustration of a spiral membrane oxygenator as shown in [2]. The blood flows
parallel to the core and the gas flows inside the membrane envelope.

3.2.2 Hollow Fiber Oxygenator

First introduced in 1972, development of hollow fiber oxygenator marks a big step in the
history of oxygenators. Hollow fiber is the structural unit of the oxygenator to separate
blood from the atmosphere. In the beginning, the fibers were micro porous to allow gas
exchange [36]. In a later developmental stride, the fibers were coated with silicone to avoid

leakage.

There are two designs of hollow fiber oxygenator available: shell/tube and cross flow [40].
These designs are illustrated in figure 3.2. In a shell/tube type oxygenator, the blood flows
inside the hollow fiber while the gas flows outside of it. In a cross flow oxygenator, the
blood flows outside of the hollow fiber and the gases flow inside of it. For similar gas
exchange rates, cross flow oxygenator has lower hydraulic resistance and requires 2-2.5

times less amount of surface area of gas exchange [40].
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Figure 3.2 Diagram contrasting structural difference in (a) shell/tube type oxygenator
and (b) cross flow oxygenator as shown in [40].

Table 3.1 lists the range of performance and the geometric parameters of commercially
available oxygenators at different points in time. The range for gas exchange area has
changed from 1.8 — 5.4 m? in 1988 to 0.5 — 2.5 m? in 2016. This can be attributed to the
improved oxygen uptake in the devices, which required less amount of gas exchange area
to oxygenate similar blood flow rates. Also, the range for priming volume has also reduced
from 320 — 730 ml in 1988 to 43 — 260 ml in 2016. This can be attributed to need for lower
gas exchange area and the development of advanced manufacturing techniques which
allowed fabrication of fibers with high surface to volume ratio. The pressure drop has also
reduced. Limited data on oxygen flux also shows significant improvement in gas exchange

from 1988 to 1994.

Review Area Priming Oxygen Flux | Max Flow | Pressure
(m?) Volume (ml) | (ml/min/m?) Rate (mmHg)
(ml/min)
Gaylor 1988 [40] 1.8-54 320-730 | 55.5-181.5 6.5-7 50.9 - 266
Gaylor 1994 [41] 1.7-37 220 - 560 119 -221 - 60 — 260
Voorhees 1997 [42] | 1.7 -2.5m? 299 — 479 - - 70— 148
Current 2016 0.5 -2.5m? 43 - 260 - 4-7 -

Table 3.1 List of range of the performance and the geometric parameters of hollow fiber
oxygenators at different points in time.
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Hollow fiber oxygenator is the state-of-the-art oxygenator technology. However, the
problem of plasma leakage through micropores still exists [36]. Also, it requires large
volumes and mechanical pumps, which implies that it can only be used for infants greater
than 24 weeks and weight more than 2000 grams, thereby excluding preterm population

[43].

3.2.3 Microfluidic Oxygenator

Advent of electronic computers spurred development of advanced manufacturing
technology that allowed fabrication of parts at a micro-scale. The adaptation of this
technology to fluid mechanics led to the development of microfluidics that deals with small
fluid volumes — of the order of uL to pL — flowing in channels with small characteristic
dimension (1-1000 um) [44]. One of the applications of microfluidics is in cell culture,
which required development of custom oxygenators to maintain dissolved oxygen

concentration in culture media [45].

These oxygenators have been adapted in research to provide respiratory support. Lee et al
[46] developed theoretical models of microfluidic artificial lungs with eight different
geometries and assessed their suitability for oxygenation. Four types of designs, as shown
in Figure 3.3 were assessed in the study: circular channels embedded in a flat sheet,
rectangular channels with gas permeable walls, broad open rectangular channels with
support posts, and screen filled channels. Flow rate of 4 L/min, pressure drop of 10 mmHg,
and the blood saturation of 66% at the inlet and 98% at the outlet were imposed as the

boundary conditions.
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Figure 3.3 (a) shows the design of circular channels embedded in a gas permeable
membrane. The blood flows into the circular channels and the gas permeates from the sides.
Figure 3.3 (b) shows the design of rectangular channels with gas permeable membrane.
The blood flows into a series of parallel rectangular channels and one of the walls is gas
permeable where gas exchange happens. Figure 3.3 (c) shows the design of wide
rectangular channels with support posts. In this design, the channels are wider than the
previous case, hence support posts are introduced to stabilize the membrane. Figure 3.3 (d)
shows the design of screen filled rectangular channel. The presence of screen introduces
transverse mixing, improving overall gas exchange area. The study found circular channels
of diameter 12 um to be the most attractive at a priming volume of 13 ml and the oxygen

flux of 6.6 pl/min/cm?,

Table 3.2 lists the geometric and the performance parameters of the other designs
conceived by Lee et al [46]. The table also compares various types of microfluidic
oxygenator designs in their ability to oxygenate the testing fluid at different flow rates. The
table lists geometrical parameters, membrane material, testing fluid, and performance

parameters.

In the second paper of the series by Lee et al [46], Kung et al [47] manufactured a scaled
down version of the oxygenator with screen-filled wide rectangular channels. The device
integrated a stainless steel screen of 40 um and 80 um thickness into blood channels of the
same height. A combination of devices with a capillary length of 3 mm or 6 mm were
tested. For devices with 40 um channel height, the gas exchange surface area was 1.27 cm?.
For the devices with 80 um channel height, the surface area ranged from 1.16 to 2.38 cm?.

The estimated oxygen uptake was in the range of 14.79 — 22.15 uL/min/cm? for 40 um

21



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

high devices and 9.85 — 18.46 pL/min/cm?for 80 um high devices. The maximum pressure
drop reported for 40 um high devices was 5.8 mmHg; pressure drop for 80 um high devices
was not reported. Also, the estimated blood flow rates was in the range of 0.8 — 2.4 ml/min
for 40 um high devices and 0.5 — 2 ml/min for 80 um high devices. The devices used

pressurized 100% oxygen.
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Figure 3.3 Illustration of various types of designs by Lee et al [46] (a) Circular channels
embedded in a gas permeable membrane, (b) Rectangular channel with gas permeable
membrane, (c) Wide rectangular channels with support posts, (d) Screen filled
rectangular channels

In the second paper of the series by Lee et al [46], devices with rectangular channels were
manufactured and tested [48]. In particular, two designs containing rectangular channels
were tested. One of the designs exhibited wide rectangular channels with support posts as
shown in figure 3.3(b) while the other had straight parallel rectangular channels (figure

3.3(c)). The gas exchange area for the devices were 0.83 cm? ml at 0.00124 ml of dead
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volume and 1.16 cm? at 0.00174 ml of dead volume for straight rectangular channels (SC)
and wide rectangular channels with support posts (SP) respectively. Also, the design with
support post more efficiently uses the area as it exhibited higher ratio of surface area to
nominal area (0.84). The dead volumes reported here are for the blood volume exposed to
oxygenation. The dead volume for inlet and outlet were not incorporated. The blood flow
rates varied within 1.6 — 1.9 ml/min and 0.5 — 2.0 ml/min for SC and SP respectively at
pressure drop lying in between 2 — 4 mmHg. Also, the maximum oxygen uptake for SC
and SP was 26.2 and 24.7 uL/min/cm? respectively. The maximum oxygen uptake by the
devices presented in this series will translate to a maximum increase in oxygen saturation
by 10% at a flow rate of 2 ml/min. The devices use pressurized oxygen as the ventilating

gas, hence they cannot be used as a lung assist device

Table 3.2 List of parameters of oxygenator designs. Geometrical parameters, membrane
material, testing fluid, and performance parameters are listed. The estimated values are
marked with an asterisk(*).
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In 2009, Potkay [49] introduced a micro-machined artificial lung with dimensions
comparable to natural lung. The device featured 30 pum high channels. The device was
25
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tested by oxygenating deionized water. However, the experimental study was limited that
the setup only measured the diffusional resistance of the membrane. The membrane

resistance to oxygen diffusion was found to be 27 X 103 mls.cm?.cmHg.

In 2010, Hoganson et al [50] developed a micro-machined artificial lung featuring a
microvascular network of blood channels with variable depth. Figure 3.4 illustrates the
geometry of the device. The depth of the channels varies in the streamline direction. This
design feature was introduced to mimic similar flow distribution as in lungs. The design
also featured alveolar chambers on the other side of the membrane to introduce high
pressure gas. This was done to enhance gas exchange. The operating flow rate varied from
0.5 — 6.3 ml/min at which pressure of 7-19 mmHg were reached. Resulting oxygen uptake

was 3.4 pL/min/cm?.

Figure 3.4 Illustration of oxygenator device by Hoganson et al [50] (a) Shows the top
view of the fluid path and (b) Computer aided drawing of the mold. Notice the variable
depth of the channels in the computer drawing.

The device has low pressure drop, and high operating flow rate, but low oxygen flux as
compared to Lee’s [48] device. However, the device uses pressurized 100% oxygen as
input, which makes the device resource intensive and bulky. Also, the design inefficiently
uses the nominal area, as it uses just 30% of the nominal area. Hence, the device is not
suitable to be used for a lung assist device
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In 2011, Potkay et al [52] addressed issues of portability by doing a theoretical analysis of
branched network with varying channel heights. Later, devices with optimal performance
were fabricated for experimental study. The result showed high oxygen flow rate in the
range of 6.3 — 20.8 pL/min/cm? The device has high gas exchange area and uses
atmospheric air to oxygenate the blood. However, the device has extremely high pressure
drops (>100 mmHg) at such dimensions and operating flow rates, which makes it

unsuitable for use in a lung assist device.

Later, Kniazeva et al [51] introduced a parallel plate multilayered oxygenator. Each layer
featured a branched microvascular network sitting on top a thin gas permeable membrane
with alveolar chambers for gas on the other side to enhance gas exchange. The device was
tested using phosphate buffered saline. The resulting oxygen uptake was in the range of
0.3 — 0.53 pL/min/cm? at flow rates of 0.12 — 0.33 ml/min. Since the devices were not
tested using blood, the study lacks enough evidence to prove the applicability of the device

in a lung assist device for neonates.

In 2013, Wu et al [53] reported a microvascular network with square pillars. The defining
feature of the device was that it was exposed to atmospheric air instead of pressurized gas.
Various types of membranes were tested in the study. The oxygenator achieved a maximum
gas exchange rate of 1.46 pL/min/cm? and 5.27 puL/min/cm? for Oz and CO respectively
at 4 ml/min of blood flow rate for porous PDMS membrane. The devices demonstrate low
pressure drop (32 - 60 mmHg) at the operating flow rate. Also, the devices use atmospheric
ambient air to oxygenate the blood. Hence, such devices may be suitable to be used in a
lung assist device.
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Figure 3.5 Illustration of the oxygenator design by Wu et al [53].

The device with porous membrane has an oxygen transfer of 1.46 pL/min/cm?at the flow
rate of 4 ml/min, which translates to an estimated increase in oxygen saturation by 2.5%.
This does not meet the requirement as a lung assist device for preterm neonates as the
device needs to produce an increase in oxygen saturation by 30% at the operating flow rate.

Hence, additional development is needed on the device.

In 2015, Kovach et al [54] introduced an oxygenator with biomimetic flow. Biomimetic
flow promotes uniform wall shear rate and minimizes blood trauma. The oxygenator used
pressurized oxygen to oxygenate the blood. The oxygenator achieved oxygen uptake of
0.78-1.33 pL/min/cm? at blood flow rates of 0.2 - 1 ml/min. The pressure drops at such
flow rates was in the range of 2 — 10 mmHg. The device is unsuitable to be used as a lung

assist device as it uses pressurized 100% oxygen to oxygenate the blood.
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3.3 Mathematical Modeling

It is essential to understand the effect of various geometric features on the performance of
the device. Hence, a mathematical model was developed to simulate the oxygenator. This

section provides the historical development of mathematical modeling of an oxygenator.

One of the earliest attempt to model the oxygen uptake by blood in a membrane oxygenator
was that by Weisman et al [55]. In the study, blood flowing in a round tube was modeled.
First, oxygen uptake by blood flowing in a straight round tube was studied. Later, various
modifications were made to the tube to introduce mixing to enhance the oxygen uptake. In
particular, effect of a manifold that divides into smaller streams and recombines the flow
downstream was modeled and studied. Later, effect of turbulent mixing was also modeled.
Finally, the axis of the tube was bent into a helical coil and its effect on the oxygen uptake
was studied. In all cases, sedimentation was assumed to have no effect on the velocity
profile. For oxygen uptake, the blood was assumed homogenous with red blood cells
uniformly distributed. Red cells were also assumed to uptake the oxygen instantaneously.
The oxygen uptake was numerically solved using mass balance equation for oxygen. The
information on the type of solver and mesh was not available. The solver solves for the
distribution of oxygen saturation at any cross-section of the tubing. Experiments were
performed to measure the oxygen saturation of the blood at the outlet of circular tubes of
various lengths. The results closely agreed with numerical prediction. The model proves
useful for predicting oxygen saturation of blood flowing in a round tube. However, it can

only be applied to simple geometries.

29



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

In 1971, Weissman and Hung [56] modified the model of round tube to simulate diffusion
of oxygen in blood flowing in a rectangular channel. Mass balance equation was used to
simulate the diffusion. The model would solve for three-dimensional distribution of oxygen
saturation in the domain. Later, Hung [57] applied the same model to numerically predict
the oxygen uptake by the blood flowing in rectangular channels. The predicted
performance agreed with the experimental results. The model is useful in predicting oxygen
uptake and oxygen saturation distribution. However, the model can be computationally

intensive when applied to complex geometries. Hence, simpler models were sought.

In 1998, Hewitt et al [58] set up a mathematical model to predict oxygen uptake by blood
flowing in a cross-flow type hollow fiber oxygenator. Unlike previous models,
computationally less intensive equations were used. Instead of resolving distribution of
oxygen saturation in the device, overall oxygen uptake was solved. This was done using
transport equations such as Fick’s law that uses equivalent permeability of the blood film
as well as the membrane. In 2008, Lee et al [46] used a similar model to predict oxygen
uptake of blood flowing in various types of microfluidic devices. In 2013, Potkay [59] used
similar strategy to find oxygen uptake by blood flowing in straight channels. The

mathematical model formed an analytical solution to find the overall oxygen uptake.

None of these models can fully simulate an oxygenating unit of a lung assist device in the
case when the gas permeable membrane expands under operation. This effect was observed
in designs where one side of the membrane is exposed to ambient atmosphere and does not
have a dedicated gas flow channels with pressurized air or oxygen flow. Since the vascular
channels on the other side of the membrane is pressurized, it leads to membrane expansion

which changes the geometry of the channels. As a result pressure generated by the blood
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and membrane deflection need to be calculated prior to the oxygen uptake is solved. Such

a model is developed and presented in chapter 5.

The chapter reports historical development of microfluidic oxygenator. The chapter begins
with initial prototypes of direct oxygenators such as bubble oxygenator and film
oxygenator. Such devices could provide enough oxygenation, but high dead volume and
observed cases of blood trauma discouraged usage of such devices and required additional
development. Subsequently, various types of membrane oxygenators were introduced.
Hollow Fiber Oxygenator is currently state of the art technology used in clinical setting for
respiratory support. Such devices could provide enough oxygenation to the blood, but they
exhibit high pressure drop and high dead volume. As a result, further development was
needed. Later, research in microfluidics introduced a new form of oxygenators with
dimensions closer to the ones in a natural lung. Such devices feature small priming volume,
high surface area, and high gas exchange. For this reason, microfluidic approach has been
pursued in the development of artificial placenta. However, currently available devices fail
to provide enough oxygenation with a maximum change in oxygen saturation of 2.5% at
the operating pressure and also the devices studied so far often exhibited have high pressure

drop.
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Chapter 4 — Design, Fabrication, and
Experimental Setup

This chapter introduces various designs investigated in this thesis along with the device
fabrication process and experimental setup to test the devices. The designs were
categorized based on the type of vascular network and the type of membrane used.
Subsequently, the fabrication process for each of these designs have been described.
Finally, the setup for various experiments have been presented. In particular, these setups
were used to measure the burst pressure of a device, membrane expansion, hydraulic
resistance of a device for water, and oxygen uptake and hydraulic resistance of a device for

blood.

4.1 Design Constraints

The development of an oxygenator for neonates with RDS is a constrained optimization
problem. The constraints for the problem are derived from the operating conditions in a
clinical setting such as blood pressure, blood flow rate and initial oxygen saturation.
Another important parameter is the dead volume of the device although it is not as critical

as the pressure, flow rate and the oxygen saturation level that needs to be obtained.

The perfusion pressure used for extracorporeal membrane oxygenation in a
cardiopulmonary bypass surgery varies between 20 — 50 mmHg [60] and is similar to
arterio-venous pressure drop required for a pumpless artificial placenta. The mean pressure

was taken as 30 mmHg.
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Systemic blood flow rate in a neonate is 200 ml/min/kg [61]. The flow rate for the artificial
placenta will be a fraction of the systemic flow rate. Rochow et al [62] proposed maximum

flow rate for the artificial placenta to be 30 mL/min/kg, which is the maximum a neonate can

sustain in the case of ductus arteriosus.

The design of this artificial placenta is modular and is made up of multiple oxygenating
units that could be added or removed to accommodate neonates of various weights. Each
oxygenation unit is required to oxygenate blood at the flow rates more than 1 ml/min so
that the total number of oxygenation units that are combined together to form the artificial

placenta device can be kept manageable at less than 30 units.

Also, the constraint for the oxygenating capacity of the device comes from the guidance
for cardiopulmonary bypass oxygenators by FDA [63]. The device should be able to
increase the oxygen saturation of the blood from 65% to 100%. Though it should be noted
the in-utero arterial oxygen saturation is 62% in healthy fetuses [64]. Since the baby inside
the womb is hypoxic a smaller increase in oxygen saturation provided by the oxygenator

would be sufficient although a higher increase in desirable.

4.2 Designs

In this section, various designs have been discussed. All the designs studied in this thesis
featured a microvascular network of fluid channels that sits on top of a gas permeable
membrane. The task of the network is to facilitate distribution of the blood and formation
of a thin layer of blood adjacent to a gas permeable membrane to enable oxygenation. The
designs are categorized based on the type of vascular network and the type of membrane

used. In this study, two types of vascular network and two types of membrane were used.
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The two types of vascular network that were tested in the study are termed as flat and
sloping profile. Flat and sloping profile devices differed in terms of their cross-sectional
height profile. The height of the flow distribution network remains constant between the
inlet and the outlet in the flat device while it varies in the stream-wise direction (decreases

till the mid-point and then increases back to the original height) in case of sloping design.

The design for flat device is similar to a previous design published from our group and is
used for comparison purposes [53]. Figure 4.1 illustrates anatomy of the device. The blood
enters the device through a circular tubing (4.1 mm I.D) as inlet and takes a 90 degrees
sharp turn and enters the vascular network. The vascular network featured an array of
square support pillars that separates microfluidic channels. The purpose of the pillars is to
provide support to the large area thin membrane made of Polydimethylsiloxane (PDMS)
that is highly oxygen permeable and which enables oxygenation of blood in the
microfluidic channels. Without the support from the pillars, the PDMS membrane which
is thin and elastic and could collapse to the bottom during fabrication or balloon out
significantly when a positive pressure is applied to the oxygenator during operation.
Furthermore, presence of uniformly spaced pillars promotes uniform distribution of the
flow as the fluid path length from inlet to outlet is independent of the path. A gas permeable
membrane sits at the bottom of the channels which facilitates gas exchange between the

blood and the atmosphere.

The dimensions of the device are shown in the figure 4.1. Initially, devices with 500 um
pillar size and 500 um pillar spacing were fabricated and tested. However, the membrane
would delaminate under operation conditions described above, in such devices. Hence, the

pillar size was increased to 1x1 mm which prevented delamination. The height of the
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device was chosen at 100 um as it was in the range of heights that could be fabricated using
photolithography. Furthermore it matched with the previous design and could be used to
compare the various design modifications made in this thesis [53]. The photolithography
equipment available at McMaster could accommodate Silicon wafers up to 3 inches (76.2
mm). These wafers were used as a substrate of the molds in the fabrication of the
oxygenator and therefore restricted the maximum width of the oxygenator to 1.5v2(53.8

mm). Also, an additional clearance of 5 mm is needed to allow cutting of the device. Hence,

the total width was taken as 43 mm to cover the maximum area on the mold.

Inlet
QOutlet

Blood Channels’
Gas Permeable Membrane

' Channel Height = 100um

Pillars

Pillar Size =1 mm

Pillar Spacing= 1mm

(b)

Figure 4.1 Illustration of a flat device. (a) Shows the front view of the device and it shows
membrane connected to blood channels (b) Shows the top view of the device showing the
array of uniformly spaced square pillars.
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Figure 4.2 Illustration of a sloping profile (a) Shows the front view of the device and it
shows membrane connected to blood channels. It also illustrates sloping profile of the
blood channels and side inlets. (b) Shows the top view of the device showing the array of
uniformly spaced square pillars.

The sloping design, as shown in figure 4.2, was derived from the flat design. In this design,
the height of the channels decreases linearly at a rate of 5.12 um/mm in the stream-wise
direction from 170 um at the inlet to 60 um at the center of the device after which the
height starts to increase linearly at a rate of 5.12 pum/mm back to 170 um at the outlet. The
support pillars were 1 mm square. For comparative analysis, the total width was 43 mm to
keep the gas exchange area for the device equal to that of a flat design. Also, the device
features horizontal inlet and outlet. Such geometry eliminates sharp bends in flow which

causes pressure drop to reduce.
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The performance of two types of membranes on both these oxygenator designs was also
investigated. The first type consisted of a double layered sandwich of PDMS membrane,
which was 50 pum in total thickness. The second type was a 50 pum thick composite
membrane with a 39+2 um thick fine steel mesh (MS-400/19, Asada Mesh Co. Ltd.), made

out of 19+1 pum steel wire embedded into a thin PDMS membrane.

The membrane plays an important role in oxygenator by separating the blood from external
environment. Gases can easily permeate through the membrane while other contaminants
including bacteria or dust particles from ambient are kept away. The choice of material for
membrane depends on various criteria such as permeability to gases, mechanical strength,
and ease of fabrication. PDMS is a material of choice due to its high gas permeability

(6.0x10° ml Oz-cm-s~t-cm™2-mmHg ™).

However, PDMS is also elastic and thin membranes formed of it exhibit significant
deformation under pressure which contributed to poor oxygenation in earlier designs.
Therefore, alternate membranes that demonstrate high stability, low deformation under
pressure, and high gas exchange was desired. One way to fabricate such a membrane was
to embed a fine steel mesh as a reinforcement into a thin PDMS membrane. But such a
mesh will reduce the gas exchange area for the membrane, which may adversely affect

oxygen uptake.

Figure 4.3 shows the orthographic views of the mesh. The mesh has 45 pm square open
units and has an overall open area of 51%. The mesh is woven from a thin steel wire of

diameter 19+1 pum. Mesh with a thickness of 39+2 pum was chosen.
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Figure 4.3 Illustration of the steel mesh. (a) Shows the top view of the mesh illustrating
its opening area. (b) Shows the side view of the mesh illustrating the thickness of woven
steel mesh.

In total, there are 4 types of designs tested in this study: sloping with PDMS only
membrane, flat with PDMS only membrane, sloping with composite membrane, and flat
with composite membrane. In the next section the fabrication of such devices is covered.
Later, performance characterization strategy, and experimental set up to test them is

discussed.

4.3 Fabrication & Quality Testing

The fabrication of an oxygenator device is a multi-staged process. The two parts of the
oxygenator, namely, the vascular network and the membrane are fabricated separately.

After this step, the two parts are activated using oxygen plasma and brought in contact to
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make a strong bond. Subsequently, the devices undergo integrity testing, in which they are

tested to determine if they can withstand pressure up to 50 mmHg for 30 minutes.

Process of fabrication of the vascular network of flat design is laid out in figure 4.4. First,
a mold which is a negative template of the desired microfluidic network, is fabricated as
shown in figure 4.4(la). For the case of the flat design, the mold was made by exposing a
negative photoresist (SU8-100, Microchem) spun on a Silicon wafer (Universal Wafers -
3 inches) through a mask which defines the pattern of the microfluidic network, by
photolithography. After exposure the wafer is developed in the photoresist developer and
dried. Next, Polydimethylsiloxane (PDMS) pre-polymer was cast on the mold as shown in
figure 4.4 (Ib). The PDMS pre-polymer (2 part kit Sylgard TM 184 from Dow Corning)
was prepared by mixing the base and the curing agent in 10:1 ratio by weight. The mixture
was degassed in a vacuum chamber for 10 minutes to eliminate hydrogen released during
the mixing process. Silicone tubing (MasterFlex Platinum Cured Silicon L/S 16, Cole-
Palmer) was cut into 4 mm long tubes and placed on top of the diagonally opposite corner
of the square pattern as inlet and outlet. Subsequently, 10 grams of the mixture was poured
onto the mold. The mold was placed in an oven at 80° C for 2 hours. The liquid pre-polymer
cross links forming an elastomer via hydrosylilation reaction between the base and the
curing agent [65]. Once solidified, the PDMS was cut out, peeled and the inlet/outlet were
cleaned of any residual PDMS (figure 4.4 (Ic)). The detailed process flow is provided in

the appendix A.
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Figure 4.4 Fabrication process of a device (la) Mold is prepared. (Ib) PDMS is poured
on the mold, (Ic) Once cured, the PDMS is peeled off and holes are punched for inlet and
outlet, (11a) PDMS is poured on to substrate, (I1b) the substrate is spun, (I1ic) PDMS is
cured, (111a) The vascular network and the membrane are exposed oxygen plasma, (I11b)
Vascular network and the membrane are brought in contact, (I1ic) The device is peeled
off the substrate.

The process of fabricating the vascular network for sloping design is similar to flat device.
PDMS is prepared by mixing the base and the curing agent in 10:1 ratio and is used to cast

the device on the mold. The mold for sloping design is machined on an aluminum block
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using a tool of diameter 500 pum on a 5-axis micro-milling machine (Matsuura LX-1,

Matsuura) available at the McMaster Manufacturing Research Institute.

PDMS membrane is fabricated by spin-coating a thin layer of PDMS pre-polymer on a
substrate (figure 4.4 lla — llc). The substrate was made of a teflon sheet (2278793, Bytac
surface protection laminate, Sigma Aldrich) adhered on top of a silicon wafer for an easy
release of the membrane. First, 1 ml of PDMS is measured and poured on the substrate as
shown in figure 4.4(11a). Second, the substrate is spun at 4000 RPM for 30 seconds. PDMS
is forced to move radially outwards because of centrifugal forces as shown in figure
4.4(11b). As a result, a thin layer of PDMS pre-polymer is formed on to the substrate. The
substrate is then placed in an oven at 60° C for 5 hours to cure PDMS into an elastomer

(figure 4.4(11c)). The thickness of the resulting membrane is 25 pm.

Composite membrane is prepared by spin coating a thin layer of PDMS on a substrate at
4000 RPM for 30 seconds. A piece of 39 + 2 um thick steel mesh cut into 50 cm X 50 cm
dimension is gently laid on the uncured PDMS layer. The resulting product is cured in an
oven at 60° C for 5 hours. Later, another layer of PDMS is spin-coated on top of it at 4000
RPM for 30 seconds and cured at 60° C in an oven for 5 hours. The thickness of the

membrane is 50 pum.

Once the vascular network and the membrane are fabricated, they are bonded to each other
by exposing their surfaces to oxygen plasma at a 500-550 mTorr of pressure and 50 W
power for 2-2.5 minutes, as shown in figure 4.4(111 a). The exposure activates the surfaces
and when brought in contact form a strong bond with each other as shown in figure 4.4(111
b). The device is placed in an oven at 60° C for 4-6 hour to strengthen the bond before it is
released off the Teflon substrate (figure 4.4(I11 c)). Two PDMS membrane are bonded in

41



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

the case of device with PDMS membrane while a single membrane is bonded in the case

of devices with composite membrane.

SEM HV: 20.00 kV WD: 11.25 mm 7 Y O VEGA\ TESCAN
View field: 442.8 ym  Det: SE 100 um 7
SEM MAG: 816 x Date(m/d/y): 04/05/16 n

SEM HV: 20.00 kV WD: 11.15 mm L ove pbps's 3 VEGAW TESCANSEM HV: 20.00 kV WD: 10.86 mm VEGA\ TESCAN
View field: 1085 um  Det: SE 20 ym fView field: 2709 ym  Det: SE 4
SEM MAG: 3.33 kx Date(mvdly): 04/05/16 " SEM MAG: 1.33 kx Date(m/dfy). 04/05/16 n

Figure 4.5 SEM picture of the cross-section of a composite membrane. The picture is
false colored to distinguish PDMS (blue) from steel mesh(red)

Once prepared, the devices undergo integrity testing. This step is done to ensure reliability
and consistency in performance of the device in the subsequent testing. Water is made to

flow through the device at the operating pressures and flow rates. Devices able to withstand
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such conditions are promoted to subsequent testing with blood. In the next section,

experimental procedure to measure oxygen uptake capacity and pressure drop is detailed.

4.4 Experimental Setups

Experimental setups used to test the performance of the fabricated devices have been
presented in this section. In particular, the setups are used to measure burst pressure,
membrane expansion, hydraulic resistance for water, oxygen uptake of an oxygenator and
hydraulic resistance for blood. The setup to measure oxygen uptake and hydraulic

resistance for blood are identical, while for other applications separate setups are used.

4.4.1 Experimental Setup for Burst Pressure Measurement

Burst pressure is a critical parameter that determines the operational range of the device.
Typically the operating pressure range is set to a factor smaller than the measured burst
pressure. This factor is known as the factor of safety and typical values range from 2-3.
Therefore, required operating pressures of (20 — 50 mmHg) require the burst pressure to be

higher than 100-150 mmHg.

In order to measure the burst pressure of the device, a serial fluidic circuit containing a
syringe, pressure transducer, and oxygenator connected by PVC tubing was used (figure
4.6). The syringe was filled with water and was used to perfuse the circuit. A pressure
transducer (TruWave Transducer, Edwards Lifesciences LLC, Irvine, CA, USA) is used to
measure the pressure in the system. The pressure transducer was connected to a pressure
monitor (SpaceLabs 90369 Patient Monitor, SpaceLabs Medical Inc) which reports the
pressure value. At the end of the circuit, a 3-way connector was added at the outlet to

control the flow of water.
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Figure 4.6 Experimental setup for burst pressure measurement.

First, the 3-way connector was kept open to the atmosphere and the circuit was perfused
with water using syringe. Once the circuit was perfused, the outlet was tightly closed by
closing 3-way connector and the pressure was set to zero. Now, water was manually forced
into the circuit using syringe causing pressure to rise and oxygenator membrane to expand.
The process is continued till the device failed. The pressure at failure was recorded with an

error of £1 mmHg

4.4.2 Membrane Expansion

The membrane used in the current study is made out of silicone and is flexible in nature.
As a result, when a device is under operation the membrane expands under hydraulic
pressure. It is essential to gather data on membrane expansion to further the understanding

of oxygen uptake. As a result, a setup to measure membrane expansion was built.

The setup is shown in figure 4.7. A fluidic circuit containing syringe, pressure transducer,
and oxygenator connected with PVC tubing was built. The syringe was filled with water
and was used to perfuse and pressurize the system. The pressure transducer (TruWave
transducer, Edwards Lifesciences LLC, Irvine, CA, USA) was used to measure the pressure
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in the circuit. The oxygenator was laid out flat under an optical surface profiler (Newview
5000, Zygo) for inspection. A 3-way connector was added at the outlet of the oxygenator

to control the flow.

Optical Surface Profiler

Pressure Monitor

syringe

Pressure Transducer

Oxygenator

3-way Connector

Figure 4.7 Experimental set up for measuring membrane expansion.

In the beginning, the outlet of the oxygenator was open to the atmosphere and the circuit
was perfused with water. Once the circuit was perfused, the outlet of the oxygenator was
tightly closed using 3-way connector and the pressure was set to zero. The coordinates of
the plane of the membrane were measured using the surface profiler for reference. Then,
water was forced into the circuit using syringe. As a result, the pressure rose and the
membrane expanded. Then maximum height was measured in two different zones (figure
4.8) by measuring the difference between the coordinates of the plane of the membrane
when it is at rest and the plane that touches the membrane surface profile in different zones.
Zone 1 represents the area at the center of four adjacent pillars located on the corner of a
square. Zone 2 represents the region between any two adjacent pillars in the horizontal or

the vertical direction.
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Pillars

Figure 4.8 Illustration of zones for which the maximum deflection is measured.

4.4.3 Hydraulic Resistance with Water

The flow characteristics of each of the fabricated oxygenator device was tested using water,

to ensure that they were similar and could sustain similar flow under the pressures applied.

The setup is shown in figure 4.9. A closed circuit containing water container, peristaltic
pump (ISM832C, Ismatec), pressure transducer (Edwards Lifesciences LLC, Irvine, CA,
USA), and oxygenator connected with tubing was built. The water was withdrawn from
the container using peristaltic pump and passed through the oxygenator. The water coming

from the outlet of the oxygenator was returned back to the container.

Water flow rate was increased at a constant rate from 1 ml/min up to 20 ml/min and
corresponding pressure was recorded. Once the pressure reached the maximum operating
pressure (50 mmHg), the flow rate was maintained for 30 minutes. If the device did not fail
during the operation and its hydraulic pressure was within £5 mmHg of the mean of the
pressure drop of all the devices in that design, the device was considered to have passed

the integrity testing.
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Figure 4.9 Experimental setup to measure hydraulic resistance of an oxygenator for
water.

4.4.4 Measurement of Oxygen Uptake and Hydraulic Resistance using Blood

The experimental procedure to measure the performance of an oxygenator is presented in
this section. This is an essential step in the development of oxygenator as it lays down the
framework to test, validate, and compare various designs of oxygenators. The key
performance indicators are the change in oxygen saturation of the blood from the inlet to
the outlet of the device, and the pressure drop generated. The performance of an oxygenator

is characterized by measuring these indicators at a number of flow rates.

However, before oxygen uptake can be measured, the oxygen saturation of the blood at the
inlet needed to be maintained at a set oxygen saturation level during the entirety of the
testing duration. The average length of each experiment to measure the performance of a
device was between 30-45 min. Therefore, it would take ~2-3 hours to make complete

measurements on 4-5 devices that were typically required. Various configurations of
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experimental setups were considered in order to maintain oxygen saturation levels in blood

for this duration of time and are described below.

4.4.4.1 Deoxygenated Static Blood in a Container

The first configuration considered is shown in figure 4.10. It consisted of a closed loop
containing a blood reservoir, a peristaltic pump, a hollow fiber oxygenator, appropriate gas
supply and 3 way valve for sample extraction. The blood (Bovine 7200807-500ML,
Lampire Biologics) was stored in a reservoir from which it was withdrawn by a peristaltic
pump (ISM832C, Ismatec) at a flow rate of 4 ml/min. The pump pushed the blood through
a hollow fiber oxygenator (OXR, Living Systems Instrumentation) where it was exposed
to a mixture of 5% carbon dioxide and 95% nitrogen at 5 L/hr. This caused the oxygen in
the blood to diffuse out leading to a drop in oxygen saturation as a result. The blood at the
outlet of the oxygenator was fed back to the reservoir. The blood was sampled from the
reservoir and its oxygen saturation was measured at regular intervals using a blood-gas
analyzer (GEM3000, Instrumentation Laboratory). Once the oxygen saturation decreased
to a desired level, the connection between the reservoir and the pump is closed and all the

blood in the system was delivered to the reservoir.

The set point for oxygen saturation in the reservoir for all cases was chosen as 46%. This
was done because the relationship between oxygen saturation and the partial pressure of
oxygen is linear at 46% oxygen saturation. After achieving the set oxygen saturation level
in the reservoir, the system was kept unchanged and the oxygen saturation levels in the

reservoir monitored every 5 min for about an hour. This procedure was repeated 5 times.
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Figure 4.10 Experimental setup to set the oxygen saturation of the blood

The results are plotted in figure 4.11. The set oxygen saturation (46%) was reached using
the experimental setup in all 5 cases, with time taken to reach the point varying between 1-
2 hours (data not shown). Nevertheless, when the blood in the reservoir was maintained
static over an hour the oxygen saturation was found to increase with time and changes by
more than 9% from the set point. The increase in oxygen saturation was due to the diffusion
of oxygen from the ambient where its partial pressure is 156 mmHg into the blood where
its partial pressure is only 27 mmHg at 46% saturation. It can be seen that the variation of
saturation over the duration of just one hour crossed the limit of +/-5%. Therefore, this
configuration was found unsuitable to maintain the oxygen saturation levels in the blood

reservoir over the intended duration of time required for the experiments.
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Figure 4.11 Variation of oxygen saturation of the blood in the system with time for
passive controller. The oxygen saturation is set at 46% also the maximum deviation (sO2
= +5%) from the set point is indicated on the graph by red lines.

4.4.4.2 Active Controller

The new experimental setup is termed active controller is shown in figure 4.12. The system
consisted of a reservoir containing bovine blood, peristaltic pump, an oxygenator, oxygen
gas flow regulator, 3-way connectors for sampling, carbon dioxide/nitrogen mixture flow
regulator and a deoxygenator. Blood (Bovine 7200807-500ML, Lampire Biologics) was
stored in a container and a peristaltic pump (ISM832C, Ismatec) was used to pump it
through two hollow fiber oxygenators connected in series at a flow rate of 4 ml/min. The

first oxygenator (CAPIOX RXO05, Terumo) immediately next to the pump used 20 L/hr of
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oxygen and fully oxygenated the blood (100% saturation). In the second oxygenator that
is located downstream (OXR, Living Systems Instrumentation), the blood was
deoxygenated to the desired setpoint by controlling the flow rate of carbon dioxide and
nitrogen (5%/95% v/v) to it. The flow rate of the deoxygenating gases in the second
oxygenator was titrated by measuring the oxygen saturation of blood at the sampling point

every 5 min till it reached the set point and remained steady.

The active controller was later tested for its ability to keep the oxygen saturation at the set
level for an hour. The oxygen saturation is set at 46%. The test was repeated n=5 times for
reliability for different blood samples. If a variation of +5% was observed, then the

controller was shut off.

Peristaltic Pump

Flow Meter (0,)

g Oxygenator

T r——— Pressurized Oxygen

_@ 1 Junction 1(Sampling)
: Flow Meter (CO,/N,)

1 Pressurized (CO,/N,)

Deoxygenator

Junction 2(Sampling)

Reservoir

Figure 4.12 Illustration of the experimental setup of the modified setup.
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The results are shown in figure 4.13. The oxygen saturation remained within the limit of
+5%, represented by two parallel horizontal red lines, for at least an hour for active
controller. Maximum deviation observed from the set point was £3%. The results aligned
with the expectations as the controller balanced oxygen uptake by the ambient atmosphere
and the oxygenator, and oxygen release by the deoxgenator. It was established that active

controller is a reliable method to test the devices in subsequent experiments.
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Figure 4.13 Variation of oxygen saturation of the blood in the system with time using
active controller.

Once the oxygen saturation was set, the performance of an oxygenator characterized by

change in oxygen saturation and pressure drop as a function of flow rate could be measured.
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4.4 4.3 Performance Measurement
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Figure 4.14 Experimental setup to test the oxygenator

Figure 4.14 shows the experimental set up consists of an active controller as previously
described, a peristaltic pump, a 3-way connector as a junction for sampling, pressure
transducer, pressure monitor, microfluidic oxygenator, and a sink. The blood (Bovine
7200807-500ML, Lampire Biologics) was contained in a reservoir and its oxygen
saturation was maintained at a set point using active controller as explained above. The
blood withdrawn from the reservoir using a peristaltic pump (ISM832C, Ismatec) with flow

rate ranging in between 0.5 — 4 ml/min and pushed through the oxygenator device. Blood
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was sampled at the entry and the exit of the device, and analyzed using a blood gas analyzer
(GEM3000, Instrumentation Laboratory). Difference between the oxygen saturation of the
blood reflected the oxygen uptake capacity of the device at the given blood flow rate. Also,
a pressure transducer (TruWave Transducer, Edwards LifeSciences LLC, Irvine, CA,

USA) was connected immediately before the device to measure the pressure drop.

In summary, the chapter discussed various designs tested in this study. Each design
featured a vascular network that sits on top of a gas permeable membrane. The height
distribution of the fluid channels in the network may have a sloping or a uniform profile.
Two different configuration of the gas permeable membrane - homogenous PDMS

membrane or steel mesh reinforced PDMS membrane - were considered.

The fabrication process of the microfluidic device was discussed. The vascular network
was fabricated by conventional molding technique, by curing PDMS onto a mold.
Membrane was fabricated by spin coating PDMS on a Teflon substrate and subsequently
curing it in an oven. For the composite membrane, the mesh was placed on the uncured
PDMS immediately after spin coating the substrate. Once parts were fabricated, they are

exposed to oxygen plasma and joined by bringing them in contact.

The first step in the experimental procedure to test these devices was to set the blood
oxygen saturation level. The blood was then pumped through the device at a set of flow
rates. The device performance was characterized by the change in oxygen saturation of the

blood and the pressure generated across the device.

Finally, the experimental setup to control the oxygen saturation level was tested in the

chapter. The results showed the setup to be unreliable and hence, a new setup was
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developed. The new setup featured a pair of hollow fiber oxygenators, oxygenating and
deoxygenating the blood in conjunction. The oxygen uptake by the oxygenating units was
balanced by the deoxygenating units. The results showed the modified system to be

reliable.

In the next chapter, development of a mathematical model is presented and validated. The
model was developed to be able to choose the optimum geometrical parameter for a certain

design.
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Chapter 5 — Mathematical Modeling

A mathematical model was built to simulate the oxygen uptake and the pressure drop in
an oxygenator device. In this chapter, the mechanism of oxygen uptake inside the
oxygenator and the processes involved are detailed first. In particular, the four processes
at play that affect oxygen uptake: oxygen diffusion, oxygen uptake by hemoglobin,
membrane deflection, and generation of hydraulic pressure are explained. Then, the
underlying governing equations for each of these processes are determined. Next, the
model is simplified by applying various assumptions. In later sections, modifications of
the model are developed to simulate various conditions encountered in the experiments.
Finally, the model is integrated and validated against the experimental results of a flat

device.

5.1 Mechanism of Oxygen Uptake

The mechanism of oxygen uptake in the device can be explained using the schematic in
figure 5.1. The blood flows in the channels from the left to the right through the network
of microchannels. A gas permeable membrane made out of silicone sits at the bottom of
the channels and it separates the blood from the external gas. The device exterior
(ambient atmosphere) is rich in oxygen and has a higher partial pressure of oxygen
compared to blood inside the device. The gradient in the partial pressure of oxygen
causes the external oxygen to diffuse through the gas permeable membrane and into the
blood plasma. The diffusing oxygen is initially taken up by the plasma and then
subsequently taken up by the red blood cells. This causes oxygen saturation and partial

pressure of the blood to rise.
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The oxygen diffusion and uptake critically depends on the height of the blood channel
and the membrane thickness. The membrane thickness remains unchanged during the
operation, however the channel height may change depending on the operating condition.
This effect is the result of the elasticity of the membrane. The applied pressure causes the
blood to flow through the device and the membrane to expand. The membrane keeps

expanding till the applied pressure balances the stresses generated in the membrane.

Membrane Expansion

Outlet

Blood Flow

BElood Channels

Gas Permeable Membrane

}}}llllllfﬂ@ﬂ,ﬁoﬂﬁﬁf&f

ARRRARRRRAARRARRARRARRRRARE!

9,

External Gas(Atmosphere)

Figure 5.1 Illustration of the mechanism of oxygen uptake. The membrane expands as a
result of the applied hydrodynamic pressure. The oxygen flows in the device as a result of
the gradient in partial pressure of oxygen.

As a result, it is necessary that the final model incorporates membrane expansion and
pressure drop, and couples them with the model to calculate oxygen uptake to accurately
predict the performance of the device. In the next section, an overview of the model and

the underlying governing equations have been explained.
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5.2 Governing Equations, Assumptions and Boundary Conditions

The development of the model followed a multi-step approach. A schematic diagram
illustrating the process flow of the development is shown in figure 5.2. First, a model to
calculate oxygen saturation is built and validated. Later, a model to calculate the pressure
drop is added to the existing code. Finally, a model to simulate membrane expansion is

added to the existing code.

Code to Measure Code Validation
Oxygen Saturation based on the
is Developed devices in literature

Code to Simulate
Pressure Drop

Code to Simulate
Validation Membrane
Expansion

Figure 5.2 Process flow for the development of the mathematical model

Table 5.1 summarizes various governing equations used to calculate oxygen uptake,
pressure drop, and membrane expansion. For oxygen uptake, Fick’s law is used to
calculate the total flux of oxygen diffusing in the blood (see equation (5.1.1)). For any
gas G, Fick’s law [66] expresses a relationship between the flux (/4) of the gas through a
membrane of permeability ., and thickness t,,, when a partial pressure AF, is applied
across it. Once the flux is calculated, corresponding rise in oxygen saturation and partial
pressure is calculated using the equation for the oxygen content of the blood and the
relationship between the oxygen saturation and the partial pressure of oxygen in the

blood. The oxygen content of the blood c0, is the sum of the amount of oxygen taken up
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by the hemoglobin and the amount of oxygen dissolved in the blood plasma (equation

(5.1.3)). The relationship between oxygen saturation and the partial pressure of oxygen in

the blood is given by Hill’s equation [67].

Table 5.1 List of governing equation for various models

Model Governing Equations
OXygen | Fick’s Law [66]: [, = fom -2 (5.1.1)
Uptake [66]: Jg = om=]
s . ) _  Knpo,[02] (5.1.2)
Hill’s Equation [67]: sO, = TKno,[02]
Henry’s law [68]: [G] = a¢ * pG (5.1.3)
Oxygen Content of Blood [69]: cO, = 1.34 * ch;, * sO, + 0.000031 * p0,  (5.1.4)
Pressure | Ohm’s law for Fluid Mechanics [70]: AP = Q * Ry, (5.1.5)
drop
_— p N l2u (5.1.6)
Hydraulic resistance of a rectangular channel [71]: R, Wh3(1_0.63%)
h ~ 121 517
If = <1, Ry ~ =5 (5.17)
Carreau Model for Blood Viscosity [72]: 4 = teo + (o — Heo)[ 1+ (5.1.8)
2t
ONIE
Membrane | Deflection of a membrane under uniform pressure [73]: W (r) = (5.1.9)
Expansion
7'2
w,(1-5)
Hooke’s Law in radial direction [73]: €,= GE—M +922 (5.1.10)

Eg

59



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

Hooke’s Law in angular direction [73]: €g= g_e + 9 Z—M (5.1.11)
[ r

The amount of oxygen taken up by the hemoglobin is given by the product of the
maximum amount of oxygen in ml taken up by a gram of hemoglobin (1.34 ml/ml),
concentration of the hemoglobin in the blood ch;,, and the oxygen saturation sO, [69].
The amount of oxygen dissolved in the blood plasma is given by Henry’s law [68](see
equation (5.1.4)). For any gas G, Henry’s law [68] relates the concentration of the gas
dissolved in the liquid [G] and the partial pressure of the gas pG by a proportionality
constant ag. For oxygen dissolved in blood, the constant of proportionality for Henry’s
law is 0.000031 ml/mmHg [69]. Hill’s equation relates oxygen saturation of the

blood sO, and the concentration of oxygen [O,] through a variable Ky, , Which
depends on partial pressures of gases in the blood and the temperature of the blood (see

equation (5.1.2)).

The pressure drop is calculated by applying Ohm’s law for fluid mechanics, which relates
the flow rate Q and the pressure drop AP through the hydraulic resistance, which depends
on the fluid viscosity, the characteristic dimension, and the length of the channel
(equation (5.1.5)) [70]. The blood channels analyzed in the study have a rectangular
cross-sectional area. For rectangular cross section area, the hydraulic resistance is given
by the expression in equation (5.1.6) [71]. In the expression, w, w, h and [ are the
viscosity of the blood, channel width, channel height, and channel length. If the channel
width is high compared to the channel width, then the expression can be simplified to the
one in equation (5.1.7). The viscosity of the blood is calculated using Carreau model [72]

(equation 5.1.8), which relates the viscosity p at any given shear rate y with the viscosity
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of the blood at zero shear rate u,, viscosity at infinite shear rate u., and given shear rate y

through a constant A and an exponent n.

As previously mentioned, the deflection of the membrane and the pressure drop in the
device is two way coupled. This is because, the deflection of the membrane leads to a
larger cross-sectional area which reduces the pressure drop across the device and
consequently the pressure difference across the membrane which then subsequently
affects its deflection. Ideally these equations are then solved in an iterative fashion. In
addition, the complex geometry of the membrane deflection due to multiple constraints
imposed by the pinning of the membranes to the pillars make simulation of the exact
membrane deflection profile computationally intensive. As a result, the membrane was
modeled by assuming the simplest form of geometry, by using the deflection of a circular
membrane under uniform pressure. The expression of the deflection of a circular
membrane W(r) at any given radial distance ‘»” under uniform pressure relates the
deflection with the radial distance ‘r’, the radius of the membrane ‘R’, and the deflection
at the center of the membrane W,, (see equation (5.1.9)) [73]. Hooke’s law is used to
develop relationship between the shear stress generated by the pressure in the membrane
and the deflection (see equation (5.1.10) and (5.1.11)) [73]. Hooke’s law for 2D gives
two equations. One of the equation relates the shear strain €, in radial direction with the
shear stress along the radial direction oy, the shear stress along the angular direction og,
the Young moduli in the respective directions (E, and Eg) , and the Poisson’s ratio 9.
Similarly, the other equation of Hooke’s law relates the shear strain €g in angular
direction with the shear stress along the radial direction, the shear stress along the angular

direction, the Young moduli in the respective directions, and the Poisson’s ratio.
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Many simplifications have been made about the physical reality of the oxygen uptake to
avoid capturing its microscopic details, while accurately calculating the performance of

the device. As a result, following assumptions have been made regarding the model:

1. The flow is uniformly distributed along the width of the device.
The fluid path length is independent of the path from inlet to outlet in the designs
being tested. As a result, the flow is uniformly distributed.

2. The diffusional boundary layer thickness on the blood side is equal to half the
channel height.
The oxygen attempts to travel from the bottom of the channel to the top of the
channel, but some of it reacts with hemoglobin on its way. At the beginning of the
device, the oxygen binds with hemoglobin as soon as it enters the device, hence less
of oxygen travels from the bottom to the top. But in the downstream location, the
oxygen has to travel some distance in the channel before binding with hemoglobin.
Hence, more oxygen gets travels from the bottom to the top of the channel. Hence,
it can be assumed that the average diffusional length of oxygen is half the channel
height.

3. Oxygen uptake by red blood cells is instantaneous.
Once the oxygen diffuses into the blood, it gets dissolved in the plasma. From there,
it may remain dissolved in the plasma or bind with hemoglobin. It takes around 20
ms for the oxygen to react with hemoglobin and reach equilibrium. It is assumed
the reaction time of oxygen with hemoglobin is negligible as compared to the time
oxygen takes to diffuse from the atmosphere. The assumption may not be applicable

as the channel dimension reach that of a cell.
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4. Partial pressure only varies in the stream-wise direction.
Averaged partial pressure of oxygen along the height is used to calculate oxygen
flux. Partial pressure of oxygen is a 3D function. Since the flow is uniform, partial
pressure of oxygen is unlikely to get affected in the span-wise direction. The
gradient in partial pressure along the height produces oxygen flux. To simplify the
analysis, the partial pressure is averaged over the height and is used to compute
oxygen uptake. Hence, the partial pressure can be assumed to vary in the stream-
wise direction only.

5. Variation of solubility and diffusivity of blood with partial pressure has little effect
on the oxygen uptake.
Effective solubility and effective diffusivity are used [74]. These values are obtained
by averaging the solubility and the diffusivity over a range of partial pressure of
oxygen blood is likely to develop in the device. The averaging is done to simplify
the analysis.

6. The geometry can be simplified by removing the pillars for the simulation (see
figure 5.3 for illustration).
As stated earlier, the flow has been assumed to be uniformly distributed. Since the
blood flow in individual stream is the same, the streams will oxygenate at the same
rate. As a result, multiple branches can be combined into a single equivalent one
for analysis. Similarly, pressure drop of a rectangular stream is the function of its
height, aspect ratio, length, and flow rate. Since an individual stream has the same
blood flow, and geometric parameters, the pressure drop will be also the same. As

a result, the streams can be combined into a single equivalent one for simulating
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pressure drop. Hence, the reduced geometry works for both the models to calculate

oxygen uptake and pressure drop.

Width{W, | WiHW,+HWoHW

(a) Tap View
¥=0 X=Xy (b) Side View
Actual Geometry Reduced Geometry

in T

Figure 5.3 Process of the simplification of the geometry is illustrated. (I) Actual
geometry is shown. (I1) The pillars are removed to reduce the geometry to a
simpler form.

Various boundary conditions have been applied for the simulation based on the
assumptions above. To calculate oxygen saturation, the properties of the blood such as
temperature, partial pressure of oxygen and carbon dioxide, and pH are fixed at the inlet
and are given as input to the simulation. The properties of the input blood depend on the
simulation; their values are prescribed later as the model is validated. Also, the partial
pressure at the interface of the external gas and the membrane is equal to the partial
pressure of oxygen in the external gas. To calculate pressure drop, the pressure at the
outlet of the device is equal to zero. The flow rate is fixed and given as input to the
simulation. To calculate membrane expansion at any location, the applied pressure is

given by the hydraulic pressure at that location. Also, condition of no deflection on the
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walls is applied. The boundary conditions will be expressed mathematically when the

solvers for various model are explained.

In the next few sections, the governing equations explained in this section will be used

along with the assumptions to model various parts of the oxygenator.

5.3 Oxygen Uptake

5.3.1 Model

As per the assumptions stated previously, there is no variation in pressure, flow rate and
oxygen saturation in the span wise directions. Hence, the actual geometry with pillars can
be simplified to a channel with varying rectangular cross section by removing the pillars
in the actual geometry (figure 5.3). The width at any cross section of simplified geometry
is the sum of the width of all channels in the cross-section of the actual geometry at the

same stream-wise location.

The model uses an explicit technique to calculate the oxygen saturation at the outlet of
the device. The domain is divided into small elements in the stream-wise direction as
shown in figure 5.4. The simulation begins at the element at the inlet of the device. It uses
the given oxygen saturation of the blood at the inlet and step-by-step calculates the

oxygen saturation of the blood in the elements downstream.

At each step, the oxygen diffusing through the respective element is calculated using
Fick’s law. Based on the amount of oxygen diffusing in, the blood oxygen saturation and
partial pressure are updated in the following element. The code continues till the blood

properties at the outlet of the device are calculated.
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Figure 5.4 Process of meshing is demonstrated

The domain is first divided into smaller elements. Fick’s law of diffusion is applied to
these individual elements and it is used to calculate the oxygen diffusion. Membrane and
blood plasma are regarded as layers providing resistance to the flow of oxygen. Based on
the oxygen uptake, change in oxygen saturation and partial pressure of oxygen are

calculated.

The flux of any gas(J) through a membrane of permeability (,,) and thickness (t,,) is

given by Fick’s law as follows:

AP (5.3.1)

Here AP, is the difference in partial pressure of the gas ‘G’ on the either sides of the

membrane.

In the case of an oxygenator, two such permeable layers exist in series; they are gas
permeable membrane made out of silicone and blood layer. The permeability of the blood
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layer is the product of its solubility and its diffusivity. As previously mentioned, the
effective thickness of the blood for oxygen diffusion is equal to the boundary layer
thickness, which is assumed to be half the channel height. The oxygen flux is then given

by the following equation:

APy,

Jo, = @eqm

(5.3.2)

Here, §.q, AP, h and t, are the equivalent permeability of membrane and blood layer,

difference in partial pressure, channel height, and membrane thickness.

Since the gas diffuses through the membrane and the blood in series, the equivalent
permeability will be the harmonic mean of the ratio of the permeability and the
thickness of both the membrane and the blood layer, multiplied by the sum of their

thicknesses. The equivalent permeability will be given by the following equation:

(5.3.3)
1

soeq:(h/z‘l'tm)* 1 1
P/ tm | (S5 * D)/ (0/2)

Here ., S, and D,, are the permeability of the membrane, effective solubility, and
effective diffusivity of blood. Substituting expression of equivalent permeability from
equation (5.3.3) in (5.3.2), following expression for the oxygen flux is obtained:

Poz,e bl POZ (X) (534)
tm *Sp* Dy, + h/2 x o,

Jo, = #m * Sp * Dy,

Here, Py, ,and Py, (x) are the partial pressure of oxygen in the external gas and the partial

pressure of oxygen in blood at the stream-wise location "x’.
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As mentioned before, solubility and diffusivity of the blood depends on the partial
pressure of oxygen and other factors. However, as shown by Potkay [74], using effective
solubility and effective diffusivity accurately predicts the oxygen uptake. Similarly in this
study, their effective values are used. They are defined as the averaged value over a range
of pressures likely to be experienced by the blood. Effective solubility and effective

diffusivity are defined as follows:

pO2 1 5.35
N prZ‘L SozdeZ ( )
b pO;y — pOyy,
pO2» 5.3.6
Dy, = J'poz,L DOdeOZ ( )
b PO, —pOyy,

Where, p0, ; and pO, ; are the highest and the lowest partial pressure of the blood in the
device. Sy, and Dy, are solubility and diffusivity defined at the specific p0,. Vaslef et al

[75] defined the diffusivity at a specific dp0, by the following equation:

Dpy,0, (5.3.7)

Do =
%271+ crlo,/Spr0,

Here Dp, 0, and Sp;, o, are the diffusivity of oxygen in blood plasma (1.8 x 107° cm?/s)
[74] and the solubility of oxygen in blood plasma (3 x 10° ml Oz/ml blood/mmHg) [74].
Similarly, Hewitt et al [76] defined effective solubility at a specific dp0O, by the

following equation:
SOZ = SPL,OZ + CT)\OZ (538)

Ao, is the slope of oxy-hemoglobin equilibrium curve (ds0,/dp0,) depends on the

partial pressure of oxygen. c; is the oxygen binding capacity of the blood. It is
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proportional to the concentration of hemoglobin(ch,) and is given by the following

equation [76]:
cr = 1.34 * chy, (5.3.9)

Now, the total amount of oxygen flowing inside the device through any infinitesimal
element at stream-wise location ‘x’ is the product of the flux at that point and the area in
contact with the oxygen. The area in contact is the product of the width and the length of
the element. Since, the device is sliced along span-wise planes, the area in contact will be

given by the following equation:
Contact Area = w(x) * Ax (5.3.10)

Here w(x) and Ax are the width and the length of an infinitesimal element at a stream-
wise location x. Hence, the resulting expression for the total amount of oxygen flow
through such an element will be as follows:

Poz,e — Poz(x) (5.3.11)
* W AX
tm*Sb*Db+h/2*gom

AQo, = #m * Sp * Dy

Here, w is the total width of the element.

The amount of oxygen flowing through an element can also be found by the product of
change in concentration of oxygen per ml of blood in an element, volume of the blood in
the element, and inverse of the time taken by the volume of the blood to pass through the

element. Following equation is obtained:

change in concentration * volume of blood (5.3.12)

oxygen flow rate = -
ygen f time

The equation can be restructured as follows:
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change in Concentration * volume of blood (5.3.13)

oxygen flow rate = volume of blood/blood flow rate

Hence, the equation reduces to the following:
oxygen flow rate = blood flow rate * change in Concentration (5.3.14)

As previously mentioned, the concentration of oxygen in blood (ml/ml) at a given oxygen

saturation and partial pressure of oxygen is given by the following equation:
c0, = 1.34 * chy, * sO, + 0.000031 * pO, (5.3.15)

Here, hct, sO,, and p0, are blood hematocrit, oxygen saturation, and the partial pressure
of oxygen respectively. The change in concentration of oxygen across any element can be

written down in terms of oxygen saturation and partial pressure as follows:
AcO, = 1.39 * chy, * AsO, + 0.000031 * ApO, (5.3.26)
Substituting the expression for AcO, from equation (5.3.16) in equation (5.3.14), we get:
AQo, = Qp * (1.39 * chy, * AsO, + 0.000031 * ApO,) (5.3.37)

Rearranging equation 5.3.17, the change in the partial pressure of oxygen can be
expressed as:

AQo, (5.3.48)

AsO,
Qp * (1.39 «chy * 300 + 0.000031)

ApO, =

Similarly, the change in oxygen saturation can be expressed as

70



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

AQo, (5.3.59)

ApO
Qy * (1.39 % chy, + 0.000031 = AEOZZ)

ASOZ =

The equations 5.3.18 and 5.3.19 will give the increase in the partial pressure of oxygen
and the oxygen saturation, when the oxygen is flowing at Q,,inside an element of volume

w * h * Ax through which the blood is flowing at Q,,.

ApO 0]
Pzand 2

. As
To find 250, 290,

a separate code was built to calculate the relationship between the

oxygen saturation and the partial pressure of oxygen. The methodology is adapted from
Dash et al [77]. A number of biochemical reactions are assumed to be happening inside
red blood cells. Based on the equilibrium constants and rate constants for each of these
reactions, an equation relating oxygen saturation and partial pressure of oxygen is built.
As previously mentioned, the equation describing relationship between oxygen saturation
and partial pressure of oxygen is assumed to be similar to Hill’s equation, which is given

by the following expression:

Kitbo, [05] (5.3.20)
sO, =
1+ Kupo,[02]

Here Kypo, is a variable that depends on the partial pressures of oxygen and carbon
dioxide, temperature, pH, and equilibrium constants for all the different reactions taking
place in a red blood cell. The expression for Kyy,0, is given by the following expression

[77]:
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K} (Kg[coz] {1 + [111%]} + {1 4 [ij}) (5.3.21)

KHbo2 = " N
(K’z [CO,] {1 + [g—_{]} + {1 + [E—S]D

The equilibrium constants K., K5, K,, K5, and K, are 10 M, 106 M, 202123 M, 2.63 x

108 M, and 1.91 x 108 M. The equilibrium constants K, and K3 are 29.5 M* and 25.1 M-

! respectively [77]. The expression for K}, is given by the following equation [77]:

K, = Kl{[oz] } {[H+] }‘“1 { CO, }-nz {T}—% (5.3.22)

[02]s)  ([H]s [CO:]s Ts

Here, [0,]s, [H*]s, [CO-]s, and T are the concentrations and temperature at standard
physiological conditions; their values are 146 pM, 57.5 nM, 1.31 mM, and 310 K
respectively [77]. Here, n,, n,, n,, and n, are exponents and their values are 1.7, 1.06,

0.12, and 4.65 respectively [77].

Please note that in equation 5.3.22, concentrations of oxygen and carbon dioxide are used
instead of their partial pressure. The relationship between their concentration and partial
pressure can be described by Henry’s law. For any gas G, Henry law is given by the

following equation:
[G] = ag * pG (5.3.23)

a; 1s Henry’s constant and it varies with temperature. For oxygen and carbon dioxide,
Dash et al [77] used a quadratic expression to represent the relationship between Henry’s

constant and temperature. The relationships are as follows:
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_ (1.37 — 0.0137 = (T — 37) + 0.00058 = (T — 37)%) « 10°¢  (5.3.24)

%o, 0.94

co, = (3.07 = 0.057 * (T — 37) + 0.002 * (T — 37)%) » 107°/0.94 (5.3.25)
Here, the temperature is in Kelvin.
For any given set of blood properties, corresponding OHEC can be found using equation

ASOZ

(5.3.20). This OHEC can be used in calculating £2% and :
ASOZ APOZ

Since, s0, is a function of p0,, T and [H*], the total derivative 2;‘;2 is be given by the
2
following equation:
AsO, 3s0,  8s0, AT 3s0, A([H*]) (5.3.26)

ApO, ~ 9p0, © 9T Ap0, ' a(H']) ApO0,

Temperature and partial pressure are independent as increasing partial pressure of oxygen
does not add or remove the energy to the blood that may change the temperature. Also,
since the blood is buffered with sodium bicarbonate, its pH is unlikely to change with a

change in partial pressure of oxygen. The equation will reduce to the following:

AsO, 050, (5.3.27)
ApO,  dpO,

. . ds0 -
The derivative 6;_02 can be approximated as follows:
2

050, _ 50,([p0, +0.01,T,[H*]]) = s0,([p0,,T, [H*]]) (5.3.28)
ap0, 0.01
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An increase of 0.01 mmHg is used to approximate the derivative because the relationship
between the oxygen saturation and the partial pressure of oxygen is going to be linear in

any interval of size 0.01 mmHg

Using equation (5.3.30), the derivatives AA;ZZ and i’s’gz at any stream-wise location ‘x1’
2 2
can be written as follows:
(ASOZ) _ 50,([p02(x1) +0.01, T (x1), [H*](x1)]) — 50, (1) (5.3.29)
ApOy/ ey 0.01
(APOZ) B 1 (5.3.30)
AsO,/ _ — (AsO,
= (ApOz)x=x

Now that the derivative of oxygen saturation with respect to the partial pressure of
oxygen can be calculated, the model can be used to solve the change in oxygen saturation

of the blood from the inlet to the outlet of a device.

5.3.2 Solver

The section describes the solver for oxygen uptake.
The solver begins at x = 0 with given blood properties as follows:
[s0,,p0,,T, [H+]]x=o = [502,1': p0,,;,T;, [H+]i] (5.3.31)

Here subscript ‘i’ represents the properties of the blood at the inlet. Once the condition is
applied, the flux through the first element at the inlet is calculated using equation

(5.3.11). Then the oxygen flow through the first element is found using equation (5.3.11).

ASOZ

Then 390,

and AA’;% are found using equation (5.3.29) and (5.3.30). Then the oxygen flow
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and the derivatives are plugged in to find the increase in the partial pressure of oxygen
and the oxygen saturation using equation (5.3.19) and (5.3.20) respectively. Then, the
partial pressure of oxygen and the oxygen saturation of the blood in the adjacent element

can be found as follows:
SOZ(X + AX) = SOZ(X) + ASOZ (5332)
p0,(x + Ax) = pO0,(x) + ApO, (5.3.33)

The solver then runs in a loop incrementing ‘x’ by ‘Ax’ at each step and finding the
partial pressure of oxygen and the oxygen saturation of the blood in the adjacent element

using equation (5.3.33) and (5.3.32) at each step.

5.3.3 Validation

In this section, the model generated to calculate the oxygen saturation in the previous
section is validated. The model is applied to the experimental results of open rectangular
channel [1] and branched network of open rectangular channels [78] for validation. The
experimental conditions and geometrical parameters used in those papers were entered
into the model to obtain the simulated results. Later these results are compared with the

experimental results from those papers.

5.3.3.1 Application to Lee’s open rectangular blood channels [1]

Lee et al [1] used a microfluidic artificial lung with 15 um tall blood channel. The total
capillary length and width for the channels are 3 mm and 46 mm respectively. The
channels sit on top of a 130 um thick gas diffusion membrane. In this section, device is
simulated using the model above and compared with the experimentally measured

performance of the device.
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Lee's Straight Rectangular Channels
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Figure 5.5 Variation of the change in oxygen saturation of the blood with the flow rate
for Lee's device with straight rectangular channels [1].

The results of the experiments, taken from the paper, are shown in figure 5.5 as a
variation of the change in oxygen saturation of the blood form the inlet to the outlet with
the blood flow rate. As the flow rate is increased, the change in oxygen saturation
decreases as the residence time decreases and the less amount of oxygen is taken up by

the similar amount of blood.

Later, the device was simulated using the model developed and compared against the
experimental results discussed above Bovine blood is used for experimentation with 70%
blood oxygen saturation and 30% hematocrit. The solubility and diffusivity of the blood
at the operating conditions is calculated to be 1.013 x 10°* ml Oz/ml of blood/ mmHg and

1.02x10® cm?/s respectively are used for the simulation based on the estimated range (35
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— 80 mmHg) of oxygen partial pressures in blood in the experiment. The permeability of
the gas membrane is taken as 6 x 10 ml Oz/s/cm?/mmHg. Since pure oxygen was used
to oxygenate the device, the partial pressure of the oxygen in the device exterior is input
as 760 mmHg.

Lee's Open Rectangular Channel
30
I T T T T T T

Experimental Data

25r

Simulation Data

20

ASO, (%)

10

0 I I I I
0.5 1 1.5 2 2.5 3 3.5 4

Blood Flow Rate (ml/min)

Figure 5.6 Validation of oxygen uptake model against the results of Lee et al [1]

The experimental data taken from the paper and the results of the simulation of the device
using the model explained previously are plotted in figure 5.6 as points and line
respectively. The change in oxygen saturation of the blood as it passes through the lung is

taken as the performance indicating parameter and it is plotted as a function of flow rate.
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As the flow rate increases, the change in oxygen saturation decreases for both the
experiment and the simulation. This is in accordance with expectations as increasing
blood flow rate decreases the residence time for blood. Also, the oxygen flux is
dependent on the diffusion coefficient and thickness of the membrane and the plasma
layer, and the oxygen partial pressure gradient. The diffusion coefficients and the
thicknesses remain unchanged while the partial pressure gradient changes slightly with
increased flow rate. Hence, the oxygen flow changes slightly with the blood flow rate
while the blood residence time decreases greatly. As a result, the oxygen uptake by a
blood cell decreases. Also, the results from simulation closely agree with the

experimental results.

5.3.3.2 Application to the Branched Network of Open Rectangular Channels [78]
Later the artificial lung experimented by [78] is simulated and validated against.
Individual channel in this case is 20 um tall, 88 um wide, and 750 um long. There are
estimated 4400 such channels in bundle. The channels sit on top of a 15 um thick gas
permeable membrane. Potkay [78] introduced square pillars in the device to provide

stability to the membrane. This reduces the gas exchange area by 20%.

Results of the experimentation, taken from the paper, are presented in figure 5.7 as the
variation of the total oxygen uptake by the device with the blood flow rate. As the blood
flow rate increases, total oxygen uptake increases. It has already been established that
increased flow rate implies lowered residence time, which in turn implies lowered change
in oxygen saturation. Also, smaller change in oxygen saturation implies smaller change in
partial pressure of oxygen in blood. Referring to equation 5.3.11 the amount of oxygen

flowing in is directly proportion to the gradient in partial pressure of oxygen across the
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gas permeable membrane. Lowered change in partial pressure of oxygen in blood implies
higher partial pressure gradients across the gas permeable membrane, which in turn
implies higher amount of oxygen flowing in. Later simulation was done using the model
developed above. Bovine blood with oxygen saturation and hematocrit 0f70% and 34%
respectively was used. The solubility and diffusivity of the blood at the operating
conditions is calculated to be 9.63 x 10 ml Oz/ml of blood/ mmHg and 1.24 x 10°® cm?/s
respectively. The permeability of the gas membrane is taken as 6 x 10° ml

O2/slcm?/mmHg.

Potkay's Branched Network of Rectangular Channels
0.04 T T T T T T T T T

0.035- =

0.03+ 4

0.025+ -

0.02 - { =

0.015+ =

Oxygen Flow Rate (ml/min)

0.01+- 2

0.005 1 1 I 1 L L 1 1 L
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2

Blood Flow Rate (ml/min)

Figure 5.7 Variation of total oxygen uptake with the blood flow rate for Potkay's
branched network of rectangular channels [78].
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Figure 5.8 Validation of the oxygen uptake model against the experimental results of
Potkay et al [78]

The experimental results and its corresponding simulation results are plotted in figure 5.8.
In the plot, the amount of oxygen flowing in the device increases with increasing flow
rate. The simulation results follow the same trend as the experimental results, but
underestimate the oxygenation capacity of the device. As the simulation only takes the
smallest capillaries into account and ignore the distribution network that leads to the
capillaries. As a result, the oxygenation done in the distribution network is accounted and
the simulation underestimates the oxygenation capacity, but closely follow the

experimental results.
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5.4 Pressure Drop

Instead of calculating the minute details of flow to calculate pressure drop, an alternate
approach is employed. The calculation of overall pressure drop is done by simulating the
different parts of the oxygenator, calculating the pressure drop across these parts, and
subsequently adding them to get the total pressure drop. The parts are categorized based
on the nature of fluid path in it. There are three such parts identified in a flat design. Such
parts are inlet and outlet, and micro vascular network. At the inlet and the outlet, the fluid
takes a sharp 90 degree turn as it enters or exits the device, while in the vascular network
the fluid path is smooth. Different strategies are need to calculate the pressure drop across

them.

The approach to calculate pressure drop in vascular network follows slicing the geometry
into infinitesimal elements. Each of these elements can be assumed to be rectangular
channels. Their hydraulic resistance can be calculated using standard expression. If the
entry and exit effects of flow on these elements are small enough and the flow remains
fully developed through out, then the total pressure drop across the whole device will be

the sum of the pressure drop across the individual element.

5.4.1 Pressure Distribution in Micro Vascular Network
For a straight rectangular channel of length I, width w, and height h; the hydraulic

resistance is given by the following expression [71]:

12ul (5.4.1)
wh3 (1 —0.63 %)

ha
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As mentioned previously in section 5.2, the channel width is very high as compared to

the channel height. Hence, the expression can be simplified to the following:

_12u (5.4.2)
h wh3

Note that the above expression will give a lower bound for the resistance and the actual

resistance is likely to be higher.

As previously mentioned, since the channel width is high compared to the channel high,
the geometry can be reduced the same way as it was to calculate oxygen saturation. The
procedure has been shown in figure 5.3. As a result, the hydraulic resistance of an

element at location ‘x” will be given by the following expression:

12 % p = Ax (5.4.3)

R0 ~ Oy v h()?

Here, w(x) is the width of an element in a reduced geometry.

Since all the elements are in series, the total hydraulic resistance of the microvascular

network will be given by the following expression:

_ f 12pAx (5.4.4)
" ] woh(x)3

As previously mentioned in section 5.1, Carreau model [72] for blood viscosity is used

and it is given by the following expression:

1= o + (Uo — Heo)[ 1+ (Ay)Z]nT_l (5.4.5)

Here, y is the shear rate. u,, = 0.0035 and u, = 0.056 Pa-s are viscosities of blood at

infinite and zero shear rate respectively. Also, A = 3.133 s and n = 0.3568 are constants.
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The shear rate is approximated as the ratio of average velocity and height of the channel.
The average velocity can in turn be written in terms of the flow rate and the cross section

area. The resulting expression for the shear rate will be given by the following equation:

O (5.4.6)
~ w(x)h(x)?

14
Substituting the expression for shear rate (equation (5.4.6)) and the expression for
viscosity (equation (5.4.5)) into the expression for hydraulic resistance (equation (5.4.4)),

following expression is obtained:

. it (5.4.7)
12(too + (o — to) [ 1+ (W) ] )Ax
Rn :f WG

5.4.2 Pressure Drop at the Inlet and the Outlet

The pressure drop at the inlet and the outlet will require solving complex set of equations,
which will be computationally intensive and will slow down the simulation if the
equations are solved along with the existing. Hence, an empirical approach is taken to
predict the pressure drop at the inlet and the outlet and a relationship between the
characteristic dimensions of the geometry, the flow rate, and the pressure drop is built.
The geometry shown in figure 5.9 is simulated in COMSOL for a range of flow rates and
heights. The geometry includes the inlet tubing and a part of the micro vascular network.

The relationship is assumed to be of the following form:

AP = a,Q%h% (5.4.8)
Here a4, a, and a5 are constants. Their value is found using regression analysis. Also,
pressure drop, flow rate, and height are in mmHg, m/s, and m.
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Figure 5.9 Illustration of the geometry used to simulate pressure drop at the inlet

The simulation models blood flow as incompressible, laminar, steady and non-Newtonian
flow. Carreau model is used to simulate non-Newtonian behavior of the blood.
Tetrahedral mesh elements are used to mesh the geometry. The pressure drop increases
non-linearly as flow rate increases and as height decreases. The constants a,, a, and a;

are 0.0576, 0.946 and -2.717. Hence, the resulting equation is as follows:

AP = 0.0576 * Q0-946p=2.717 (5.4.9)

5.4.3 Validation

In this section, the model developed in the previous section is validated. For validation,

pressure drop across an oxygenator with flat design is measured for different flow rates.
The oxygenator is fabricated with a very thick membrane (>1mm) so that the membrane
expansion is virtually zero. Details of the experimental set up and the procedure have

been presented in chapter 6.

The results are plotted in the figure 5.10. There is a linear and positive correlation
between flow rate and pressure drop. This is in accordance with the theory as hydraulic
channels are analogs to electrical elements. If the resistance is kept constant, the increase
in pressure drop is proportional to the increase in flow rate. As can be seen from the

graph, the results obtained from simulation closely agree with the experimental results.
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The deviation increases as the flow rate is increased. This is likely the effect observed as
a result of the flexible nature of the membrane. Even though the membrane is thick, it

will expand under high pressure. As a result, the deviation is higher at high flow rates.
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Figure 5.10 Validation of pressure drop model against experimental results

5.5 Membrane Expansion

5.5.1 Model

PDMS membrane is used as the interface for gas exchange between the blood and the
atmosphere. PDMS is mechanically flexible and it deforms under pressure. In an
operating oxygenator, the pressure on inside of the device is higher than the pressure
outside. This disparity in pressure across the membrane causes it deform, which changes

the geometry of the device. The change in geometry in turn causes the pressure drop and
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the oxygen uptake to change. To accurately predict the oxygen uptake and the pressure

drop, the membrane expansion of the membrane in our device must be calculated.

Modeling membrane expansion proves challenging owing to the intricate shape of its
boundary. In a flowing medium, other factors such as non-uniform distribution of
pressure and two way coupling between pressure drop and membrane deformation causes
even more complications. A simpler model is chosen to minimize the computational cost.
The model is illustrated in figure 5.11. At any cross section, the membrane deformation is
modeled as a fixed membrane under uniform pressure. The pressure value came from the
calculated pressure at the cross section from the model. The membrane deformation was
assumed circular as it the simplest model possible. The model was validated by
comparing the simulation results with the experimentally measured deflection of the

membrane. When at rest the diameter of the membrane is equal to the pillar spacing.

The expression for the deflection of a circular membrane under uniform pressure [73] is

given by the following expression:

(5.5.1)

P=P(x,)

Pillar Spacing

Pillar Spacing

(b)

(a)

Figure 5.11 Process of calculating membrane expansion is illustrated. At any location X,
the membrane expansion is calculated by assuming a circular membrane
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Here, W,, r, R and W (r) are the maximum deflection, radial distance from the center,

radius of the membrane, and deflection at a radial distance r from the center.
Force balance on the membrane results into the following equation:

20y sina = AP *D (5.5.2)

Here gy, is the shear stress in the membrane. « is the angle representing the slope of the
membrane at the boundary. The angle is with the horizontal axis. Also, AP is the difference

between the pressures applied on either sides.

aw (5.5.3)
tana _ tana tana dr r-r

seca  sec2a 1+ tanla
1 +(

sina =

The expression for Z—VTV can be found by differentiating the expression for W (r) as given in

equation (5.5.1).

dw  —8W,r —4W, (5.5.4)
_— e
dr D2 r=R D
—4W,
sing — o (5.5.5)

VD% + W2

Hooke’s law is invoked to find the axial stress:

oM Og (5.5.6)
€. =—+09—
" Er * E9
% oM (5.5.7)
Eg=—+I9—
o E9 * Er
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Here 9, Eg, and E, are the Poisson’s ratio, Young’s modulus in tangential and radial

direction respectively.

Now, if tangential strain (€g) is assumed to be zero, then the following expression is

obtained:

€ E (5.5.8)

From equations (5.5.2), (5.5.5) and (5.5.8), following expression for pressure difference

across the membrane in terms of shear strain is derived:

€, E x/D? + W} (5.5.9)

AP = —
8W, * D * (1 —92)
e Al _lx—D (5.5.10)
"D D

Loy = f\/dWZ T dr? (5:511)

Here, lex and R are the length and diameter of the membrane under stress and at rest

/2
= /H(_dW)zd
ex — d r
A r (5.5.12)

respectively.

1/2
r

lee= | 14| s | ar (55.13)
| (o)
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(5.5.14)

| _4W,| D2 (D 2+ D% \?
ex " p2 4 \8w, 8w,

5.5.2 Solver

In most cases, pressure is already known and deflection is meant to be calculated. Here
expression for pressure in terms of maximum deflection is derived. The expression is
non-linear involving natural logarithms and square roots. To calculate deflection for a

given pressure, an iterative algorithm is used.
The code takes pressure, pillar size and structural properties of PDMS as input.

| = f(AP, P, E,9) (5.5.15)
Here, AP, P;, E and 9 are pressure drop, pillar size, Young’s modulus of PDMS and

Poission’s ratio of PDMS.
An initial value for deflection is assumed as W

W, =W, (5.5.16)

Extension in length is calculated using the equation (5.5.14) as follows:

2 2\2
R? (P_) LB
,_Awi o R? (R 2 /p? Zl 4 \8W, ) 2 (5.5.17)
ex_Psz S|4 8VVi n ) N2
™ (&) _&
¢ 7\8w) ~2

Shear strain is found using equation (5.5.10) based on extension in the length of the

membrane. Corresponding pressure is calculated using equation (5.5.9)
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€, E D2+ W2 (5.5.18)

AP, = —
' 8W, * D * (1 —92)

The calculated pressure is compared with the input pressure and the difference is

calculated as the error:

error = AP — AP; (5.5.19)

The error is used to update the assumed initial value of the deflection as follows:

W; = (1 —error) =W, (5.5.20)
Now the solver repeats the procedure from equation (5.5.15) to equation (5.5.20) till the

error reaches 1*10°.

5.5.3 Validation

Like other models developed in the earlier sections, it is essential to validate the model
for the membrane deflection to extend its applicability to an oxygenation under operation.
This section presents the validation of the model against the experimental results of the

deflection of a PDMS membrane under static pressure.

Experimental setup explained in section 4.4.2 was set up to measure the maximum
deflection of a membrane attached to a sloping profile oxygenator (section 4.2 of chapter
4) under different static pressure (10, 40, and 70 mmHg). The results were compared
against the simulation. Young’s modulus, Poisson’s ratio, the thickness and the radius of
the equivalent circular membrane were taken as 2.5 MPa [79], 0.5 [79], 50 pm, and 1

mm.
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Figure 5.12 Validation of the model for membrane expansion. Maximum deflection is
used to validate the results.

Figure 5.12 compares the experimental results with the simulation results for the
membrane expansion. The deflection increases as the pressure drop is increased. This is
in accordance with the expectations as increasing pressure will increase the stresses and
larger deflection will be observed. Also, the simulation results closely agree with the

experimental results, which validates the model.

5.6 Integrated Model

In the previous sections, separate parts of the model was validated with existing
experimental data available in the literature. This section combines the individual parts
into an integrated model to accurately predict the key performance indicators of
oxygenators of our interest. Flat profile device with PDMS membrane as explained in

section 4.2 of chapter 4 are modeled in this section. Experimentally measured
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performance of flat design is used to validate the integrated model. 5 oxygenator units
were tested using experimental procedure laid out in chapter 4. The oxygen saturation of

the input blood was set at 55% + 5%.

For the simulation, hematocrit, pH, pCOz, pO, temperature, and sO2 of the input blood
were taken as 32%, 7.41, 29 mmHg, 30 mmHg, and 55%. The range of partial pressure of
oxygen was 30 mmHg to 57 mmHg for which the effective solubility and the effective

diffusivity were taken as 9.6 X 10 mmHg™ and 1.2 X 10 cm?/s.

For experimentally measured performance, the oxygen saturation decreases as the blood
flow increases for both the designs (figure 5.13). The results agree with the expectations.
As increased flow rate indicates lowered residence time which in turn means the blood
cells will spend lesser amount of time in the device to accept oxygen. The mathematical
model also predicts similar behavior and agree within a maximum error of AsO, =
+10%. The difference between the experimental results and the simulation results is
high at lower flow rates and low at higher flow rates. It is unlikely that the cause of
deviation is the assumptions made in the oxygen uptake model, as it is previously seen in
subsection 5.3.3 the model to calculate oxygen uptake predicts the experimental results
with fair accuracy. The possible cause of deviation could be attributed to the model to
calculate membrane expansion. It is likely that the model overestimates membrane

expansion at low flow rates and hence the performance is underestimated as a result.
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Figure 5.13 Variation of oxygen saturation with blood flow rate is plotted. In the plot,
experimental results and mathematical predictions have been plotted.

The experimentally measured pressure drop increases as the blood flow increases (figure
5.14). The plot is non-linear in nature. The non-linearity of the plot is a result of the
flexible nature of membrane. The membrane expands as a result of high pressure because
of which the hydraulic resistance of the device is lowered and lower pressure drops are
observed. Since the mathematical model incorporate membrane deflection, the pressure
drops predicted by it agree with the experiment results within one standard deviation of

the mean.
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Figure 5.14 Variation of pressure drop with blood flow rate is plotted. In the plot,
experimental results and mathematical predictions have been plotted.

In summary, the chapter presents the mathematical model to simulate oxygen uptake of
the blood flowing in an oxygenator and the pressure drop generated across it. The model
also calculates the membrane deflection at the operating pressure and update the
geometry prior to calculating oxygen uptake. In order to develop the model, the models to
calculate oxygen uptake, pressure drop, and membrane deflection are developed and

validated separately and then integrated in a single model before validating.

Next chapter presents the results and the experimental testing of the devices explained in
section 4.2 of chapter 4. In chapter 7, the model developed here will be used in doing a

parametric analysis and optimization of those designs.
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Chapter 6 — Experimental Results

This chapter presents results of experimental testing of various designs discussed in chapter
4. In particular, the flat and sloping cross sectional designs have been tested. Both designs
were tested incorporating PDMS and composite membrane. First, results of burst pressure
measurement are presented. Then, hydraulic resistance of devices was measured using

water. Finally, oxygen uptake and hydraulic performance was characterized using blood.

6.1 Results & Discussion

6.1.1 Burst Pressure

Burst pressure for various devices was measured using the experimental setup described in
section 4.4.1 of chapter 4. In particular, burst pressure was measured for (a) flat design
with 500 um wide pillars, (b) flat design with 1000 um wide pillars, (c) sloping design with
170 pum maximum height and 60 um minimum height, (d) flat design with composite
membrane, and (e) sloping design with 170 um maximum height and 60 pum minimum
height and composite membrane with 10 devices tested for each design. Rest of the
geometric parameters of all the designs were the same as mentioned in chapter 4. Also,

PDMS membrane used for all devices unless otherwise specified.

The results for burst pressure for various designs are plotted along with their corresponding
standard deviation in figure 6.1. The error associated with the pressure transducer is +1
mmHg. The range of operating pressure normally encountered in actual operation is also

indicated on the plot as a red stripped band. As it can be seen, the flat design with 500 um
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wide pillars had the lowest mean burst pressure at 68.5 mmHg with a standard deviation

of 61.7 mmHg.

Flat design with 1000 um wide pillars had a higher mean burst pressure of 145 mmHg with
standard deviation of 51 mmHg. Increasing pillar size increased burst pressure as a result
of increased contact area between individual pillar and the membrane. Hence, higher

pressure needs to be applied to separate membrane from the pillars.

(a) Flat with 500 uim Wide Pillar

(b) Flat with 1000 im Wide Pillar > 250 > 250
250 (c) Sloping

(d) Flatwith Composite Membrane

(e)Sloping with Composite Membrane

200

150

100 i
50
/ Operating Pressure (20 - 50 mmHg
Vi L . - L
)

(a) (b) (c) (d

Burst Pressure (mmHg)

(e)

Figure 6.1 Burst pressure for various designs

Sloping devices had a mean burst pressure of 97.3 mmHg with a standard deviation of 29.7
mmHg, which is slightly lower than flat design with 1000 pum wide pillars. This reduction
may be due to the different manufacturing processes used for sloping design and flat
design. The mold for flat design was manufactured using photolithography, while sloping

design was manufactured using micromilling. Photolithography gives smoother surfaces
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as compared to micro-milling. Hence, bonding between membrane and pillars in sloping

design was weaker as compared to flat design.

Composite membrane devices outperformed all other devices with none of the devices
failing under the applied pressure ranging between 0 — 250 mmHg. The possible reasoning
behind the superior performance of composite membrane as compared to PDMS membrane
can be attributed to the high strength of composite membrane [80]. Figure 6.2 shows the
cross-section of a part of the membrane attached to the pillars under pressure ‘P’. A force
acts on the membrane that separates it from the pillars. The PDMS membrane has a lower
Young’s modulus and undergoes large deflection under pressure. As a result, the separating
force gets concentrated at the area near the periphery of the pillars. The composite
membrane has high Young’s modulus as it is reinforced with a steel mesh and hence it
undergoes negligible deflection under pressure. As a result, the separating force gets
uniformly distributed over the contact area between the membrane and the pillars. Since
the area near the periphery of a pillar is small as compared to the whole contact area
between the pillars and the membrane, the stresses separating the pillars and the membrane
in case of composite membrane is low compared to the PDMS membrane under same
applied pressure. Hence, the PDMS membrane has a low burst pressure as compared to the

composite membrane.
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Figure 6.2 Figure illustrating membrane under pressure.

6.1.2 Hydraulic Resistance of the device to flow of Water

Hydraulic resistance of devices with water was measured using the experimental setup
explained in chapter 4. The pressure drop was measured prior to performance
characterization of devices with blood. This step was done to pick the devices with similar
hydraulic resistance and to detect any potential device failure in the operating pressure

range (20-50 mmHg).

Figure 6.3 shows variation of pressure drop across different devices for different flow
rates of water. In particular, flat and sloping profile devices with PDMS membrane and
composite membrane are plotted along with the simulation for flat and sloping devices
with rigid membrane which does not undergo any deflection. The pressure drop increases
with increasing flow rate for all designs as shown in Figure 6.3. This is in accordance
with the expectations, as the pressure drop is the product of the hydraulic resistance of the
device and the flow rate. Hence, as the flow rate is increased, the pressure drop will also

increase.
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Figure 6.3 Pressure drop of various designs for water

Devices with composite membrane exhibit higher pressure drops as compared to the
devices with PDMS membrane. This is in accordance with theory, as the composite
membrane is stiffer as compared to PDMS membrane. As a result, composite membrane
undergoes smaller deflection as compared to PDMS membrane under operation. Since
hydraulic resistance inversely correlates with height, hydraulic resistance of devices with
composite membrane will be higher as compared to devices with PDMS. Also,
simulation results of flat and sloping devices closely match with the experimental results
of devices with composite membrane at low flow rates and slightly deviate at high flow
rates, indicating composite membrane undergoes negligible deflection under the

operating pressures and flow rates.

99



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

6.1.3 Performance Characteristics of various configurations of oxygenator

using Blood

In this section, performance for various designs have been characterized. In particular,
results for flat design and sloping design with PDMS membrane and composite membrane
have been reported. The designs have been discussed in detail in section 3.2 of chapter 4.
The performance has been characterized by measuring pressure drop and change in oxygen
saturation of blood for different flow rates. The experimental setup used to measure change

in oxygen saturation and pressure drop has been explained in section 4.4.4 of chapter 4.

Experimental results and results of simulation have been plotted on the same graph.
Pressure drop and change in oxygen saturation have been plotted for blood flow rates of
0.5, 1, 1.5, 2, 3, and 4 ml/min on the same graph. The experiment was repeated 5 times for
each design. Bovine blood was used for the experiment as stated in section 4.4.4 of chapter
4 and the blood hematocrit ranged between 28% and 32%. The oxygen saturation, partial
pressure of oxygen, partial pressure of carbon dioxide and pH of the input blood were in
the range of 42 — 51%, 37 — 44 mmHg, 51 — 61 mmHg and 7.07 — 7.13 respectively. The
effective solubility and effective diffusivity were taken as 1.03 X 10 mmHg* and 1.33 X
10 cm?/s for the partial pressure of oxygen ranging between 37 — 76 mmHg for the

simulations.

6.1.3.1 Oxygenator with Flat Profile and PDMS Membrane
As mentioned earlier in chapter 2, the current study develops the configuration of flat

profile by Wu et al [53]. Hence, initially the flat profile configuration was tested with
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blood. The design is explained in chapter 4 along with the geometric parameters prescribed

for the study.

Figure 6.4 presents the performance of the oxygenator of flat cross-sectional design at
various flow rates. Change in oxygen saturation and blood flow rate at the mean operating
pressure are used for comparative analysis. Here the operating pressure for the oxygenator
was set at 30 mmHg which represents the mean expected arterio-venous pressure
difference in a neonate. Since this is a driving source of the oxygenator and cannot be
changed, its value is set constant and the oxygenator has to be designed in such a way that
sufficient oxygenation of blood occurs in the design at sufficient flow rate to meet the needs

of the neonate.

The change in oxygen saturation for flat design with PDMS membrane was 5% at a flow
rate of 3 ml/min (figure 6.4) at 30 mmHg. In the case of flat design, the total oxygen uptake
was calculated as 18.1 pL/min by using equation 5.4. The requirement for an oxygenating
unit of an artificial placenta is to increase oxygen saturation by at least 35% while operating
at the mean pressure to provide adequate respiratory support. Hence, this device
configuration does not meet the requirement of an artificial placenta and will require

additional development.
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Figure 6.4 Variation of change in oxygen saturation and pressure drop with flow rate for
flat device with PDMS membrane. The height of the channels and the width of the device
are 100 um and 43 mm at rest as previously explained in section 4.2 of chapter 4.

6.1.3.2 Oxygenator with Sloping Profile and PDMS Membrane

The cross-sectional area and gas exchange area per unit length of a flat device increases
in the stream-wise direction from the inlet to the center of the device and decreases till
the outlet of the device. Hence, the region close to the inlet and the outlet has lower
contribution to the oxygen uptake and higher contribution to the pressure drop as
compared to the region near and at the center of the device. As a result, a new design was
conceived in which the flat height profile was redesigned to the sloping profile to
improve oxygen uptake and reduce pressure drop. In a sloping height profile, the height
of the device decreases linearly from the inlet to the center of the device and increases
linearly from the center to the outlet of the device. Hence, the cross-sectional area in the

region close to the inlet and the outlet is high. As a result, lower pressure drop would be
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observed. Also, the channel height is low at the center of the device. Hence the oxygen

uptake would also improve.

Sloping with PDMS Membrane
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Figure 6.5 Variation of change in oxygen saturation and pressure drop with flow rate for
sloping device with PDMS membrane. The height of the device varies from 170 um to 60
pum and the device width is 43 mm as previously explained in section 4.2 of chapter 4.

Figure 6.5 presents the performance of the oxygenator of sloping cross-sectional design at
various flow rates. Similar to flat cross-sectional design, change in oxygen saturation and
blood flow rate at the mean operating pressure (30 mmHg) are used for comparative

analysis

The change in oxygen saturation and blood flow rate at the operating pressure for sloping
design with PDMS membrane was less than 2% and more than 4 ml/min respectively.
The total oxygen uptake would likely to be around 9.6 pL/min. The sloping design was

developed with the expectation that it would perform better than the flat design.
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However, the designs were conceived under the assumption that the membrane does not
expand. In reality, the membranes undergo significant expansion under higher operating
pressures and the sloping design offers lower flow resistance and hence allows much
larger flow rate. This reduces the residence time of the blood in the oxygenator
significantly and affects the amount of increase in oxygen saturation that can be achieved
under the operating pressure. Therefore, the sloping design does not fulfil the requirement
of an artificial placenta as the change in oxygen saturation is 2% and the required change

in oxygen saturation is 35%.

6.1.3.3 Oxygenator with Flat Profile and Composite Membrane
A composite membrane with steel mesh reinforcement was designed and used in order to
prevent expansion of the gas exchange membrane under the operating pressure that led to

the poor performance of the PDMS membrane as described in the previous section.

Figure 6.6 presents the performance of the oxygenator of flat cross-sectional design with
composite membrane at various flow rates. Similar to devices analyzed so far, change in
oxygen saturation and blood flow rate at the mean operating pressure (30 mmHg) are used

for comparative analysis

The flat design with composite membrane exhibited a change in oxygen saturation of 18%
at a flow rate of 1.2 ml/min at the operating pressure of 30 mmHg. In case of flat device
with composite membrane, the total oxygen uptake is 26 pL/min, which is 44% higher than
the oxygen uptake of flat design with PDMS membrane. The increase in oxygen uptake
can be attributed to higher stiffness of composite membrane as compared to PDMS
membrane because of which channels do not expand, which in turn causes the flow rate to

reduce, which results in an increase in residence time that aids with the oxygenation. In
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addition, the smaller expansion of the stiffer composite membrane maintains the oxygen
diffusional length in the blood which also aids with the higher oxygenation. As a result,
higher overall oxygen uptake was observed as compared to device with PDMS membrane,

but the operating flow rate is lower.

Flat with Composite Membrane
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Figure 6.6 Variation of change in oxygen saturation and pressure drop with flow rate for
flat device with composite membrane. The height and the width of the device are 100 um
and 43 mm as previously explained in section 4.2 of chapter 4.

6.1.3.4 Oxygenator with Sloping Profile and Composite Membrane
Similar to flat device, the sloping device was also used with composite membrane to
improve the performance. Also, change in oxygen saturation and blood flow rate were

measured at mean operating pressure (30 mmHg) for comparative analysis.

The change in oxygen saturation and blood flow rate at 30 mmHg pressure drop for
sloping design with composite membrane is 8% and 2 ml/min respectively (figure 6.7).

The overall oxygen uptake is 19.6 uL/min, which is 115% higher than the oxygen uptake
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of the sloping design with PDMS membrane. This increase in performance can be
attributed to the higher stiffness of the composite membrane because of which membrane
deflection is avoided. When the channel height is maintained, the device offers high flow

resistance and hence much smaller flow rates.
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Figure 6.7 Variation of change in oxygen saturation and pressure drop with flow rate for
sloping device with composite membrane. The height of the device varies from 170 um to
60 um and the device width is 43 mm as previously explained in section 4.2 of chapter 4.

This increases the residence time of the blood in the oxygenator significantly and improves
the oxygen uptake. Flat profile device with composite membrane exhibited better
performance than flat profile device with PDMS membrane because of the same reason.
Hence, the designs with composite membrane performs better than the designs with PDMS
membrane. The sloping design with composite membrane have similar performance as the

flat design with composite membrane as both devices have similar oxygen uptake, but the
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sloping design has higher operating flow rate and the flat design has higher change in
oxygen saturation. Also, even though the performance has significantly improved by
introducing composite membrane, the devices with composite membrane does not
completely fulfil the requirement of an artificial placenta as the maximum change in
oxygen saturation achieved at the operating pressure was 8% while the requirement is 35%.

Hence, the designs need further optimization.

The chapter presents results of the experimental testing of various designs. Burst pressure
testing show devices with composite membrane have the lowest failure rate as compared
to devices with PDMS membrane. Performance characterization with blood show devices
with composite membrane to have higher oxygen uptake at the operating pressure as
compared to the devices with PDMS membrane. Therefore, it can be concluded that the
use of a steel mesh reinforced PDMS composite membrane not only provides greater
structural integrity but also provides higher oxygenation of blood. The flat-composite
design provides higher oxygen saturation increase albeit at lower flow rate, while the
sloping-composite design provides a slightly lower oxygen saturation increase at a slightly
higher flow rate. Fabrication complexity of the sloping design is significantly higher than
that of the flat design and must be taken into consideration when choosing an optimal
design for the device. Nevertheless, a simulation based optimization of the dimensions of
these designs will be needed to determine the right design choice and dimensions that can

meet the oxygenation needs of neonates.

In next chapter, mathematical model will be used to do parametric analysis of flat and
sloping design. The analysis will entail various strategies to improve the performance of a

device.
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Chapter 7 — Parametric Analysis

In this chapter, the mathematical model developed in chapter 5 has been applied to the
sloping design and the flat design. A parametric analysis of the geometry of both the
designs has been done. The analysis identifies trends device performance like change in
oxygen saturation and pressure drop, to changes in the geometrical parameters such as
channel height, membrane thickness, and device height and helps optimize the design to

achieve better performance.

7.1 Analysis Methodology

Effect of geometric parameters of various designs has been analyzed using the model
developed in chapter 5. The analysis was done for one parameter at a time, while the other
parameters are kept constant. The analysis was done by assuming that the blood was at
standard physiological conditions: pH = 7.4, pCO2 = 27 mmHg, T = 37 degree Celsius.

The oxygen saturation of the input blood was taken as 65%.

All geometrical parameters (channel height, device width, and membrane thickness) were
analyzed in isolation; i.e. the parameter being analyzed was allowed to vary while the
others are kept constant. The parameter was analyzed by plotting the characteristic curves
representing variation of the change in oxygen saturation of blood and the pressure drop
with the blood flow rate, which are the output parameters on the same graph. In the
analysis, the axis for the change in oxygen saturation ranges from 0 — 35% and the pressure
drop axis ranges 0-30 mmHg. The limit for oxygen saturation was chosen based on the

physical limit. Typically the venous blood for neonates has an oxygen saturation of not less
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than 65%. Therefore, it cannot gain more than 35% in oxygen saturation. The limit for

pressure drop was chosen based on the observed artereo-venous pressure difference in
neonates.

30+ |

)
Pressure Drop (mmHg)

Flow Rate (ml/min)

Figure 7.1 Illustration of oxygen saturation characteristic curve (Blue) and Pressure
drop characteristic curve (brown). Point of intersection of these two curve is the optimal
point of performance.

Figure 7.1 illustrates typical characteristic curves for oxygen saturation and pressure drop
for an oxygenator. As the blood flow rate increases, the increase in oxygen saturation
achieved decreases and the pressure drop increases. This is a universal observation among
microfluidic oxygenators open to the atmosphere. The increase in saturation of blood as it
flows through the oxygenator reduces with increase in flow rate as its residence time

reduces. Pressure is the product of the hydraulic resistance and the flow rate. Hence, the

pressure drop increases as the flow rate increases.
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The point where the two curves meet is called the optimal point and can be used to assess
the effect of varying a particular parameter on the performance of the device. The most
desirable locus of the point is its movement towards the top-right corner of the graph, where
the blood is highly oxygenated at a high flow rate and the device operates at the mean
pressure (30 mmHg) for a neonate. If the point moves towards the bottom-right or the top-
left corner, there is a trade-off to be made between the desirable changes in oxygen

saturation and the flow rate.

The next few sections cover analysis of the effect of changes in geometric parameters on
the output parameters performed for the various designs under consideration, namely: flat
device with PDMS membrane, flat device with composite membrane, sloping design with

PDMS membrane, and sloping design with composite membrane.

7.2 Oxygenator with Flat Profile and PDMS Membrane

In this section, geometric parameters of flat device (figure 3.1) with PDMS membrane have
been analyzed. In particular, channel height, device width and membrane thickness are
varied from a standard geometry within a set range and their effect on oxygen saturation
and pressure drop as a function of flow rate have been analyzed. Also, pillar size, pillar
spacing, channel height, device width, and membrane thickness of the standard geometry

are kept at 1 mm, 1mm, 100 pm, 43 mm, and 50 pum respectively.

7.2.1 Channel Height

First, the channel height was varied from 20 um to 120 pum in equal increments of 20 pum
while keeping the other geometrical parameters of the oxygenator constant and the pressure

drop and oxygen saturation increases obtained at various flow rates was plotted. The range
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of channel height was chosen based on the manufacturability of the devices with such
heights. Also, the height was normalized with respect to 100 pm, which can be considered
as a characteristic dimension of channel height that can be fabricated using
photolithography at our fabrication facility. So, the normalized height was varied from 0.2

to 1.2.
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Figure 7.2 Variation of characteristic curves for varying height of a flat device with
PDMS membrane. The optimal points are marked by red dots. Notice its downward
trajectory as the height is increased.

Figure 7.2 shows the variation of characteristic curves for both pressure drop and oxygen
saturation increase for increasing channel height. As it can be seen from the graph,
increasing the height leads to minimal change in the characteristic curve for oxygen
saturation. The oxygen saturation curve first moves upwards, then moves slightly

downwards as the height is increased. This observation aligns with the expectations.
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Oxygen taken up by the red blood cells has to diffuse through the gas permeable membrane
as well as the blood film. As the channel height is increased, the thickness of the blood film
increases causing a longer diffusional distance for the oxygen. This effect causes a slower
overall uptake of oxygen. In addition, the channel height is also affected due to the flexible
nature of the PDMS membrane, which expands under pressure, increasing the effective
channel height. The magnitude of expansion depends on the applied pressure. Devices with
smaller channel height require higher applied pressure in order to generate the same flow
rate and therefore undergo larger membrane expansion than devices with larger heights.
The effect of membrane expansion is more pronounced at smaller height and offsets some
of the gains due to reduction in the blood film thickness at smaller channel heights.
Therefore the oxygen uptake curves shift slightly upwards, then downwards on decreasing

the designed height of the channel.

The pressure characteristic curve is affected by the change in height and moves downwards
as the channel height is increased. This behaviour also agrees with the expectations as the
pressure drop is inversely proportional to the channel height. So increase in channel height

will cause reduction in pressure.

The combined effect of oxygen saturation and pressure drop characteristic curve
downwards moving causes the optimal point to move in the bottom right direction as the
height is increased. The movement towards the right is desirable as it increases the optimal
flow rate and reaches the maximum allowed oxygen saturation of 35% and pressure of 30
mmHg at a channel height of 20 um. However, the flow rate is 0.1 ml/min at that point,

which is insufficient for an oxygenating unit of an artificial placenta.
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7.2.2 Membrane Thickness

Next, the effect of the variation of the membrane thickness on the performance of the
oxygenator was analysed. Membrane thickness was varied from 25 pum to 100 pm in steps
of 25 um while all the other geometrical parameters were kept constant and the pressure
drop and the increase in oxygen saturation of blood at various flow rates was plotted as
shown in Figure 7.3. The range was chosen based on the range of membrane thickness that
can be manufactured at our fabrication facility. Membrane thickness for each characteristic
curve was normalized with respect to 25 pm, which can be considered as a characteristic

dimension for thickness. So that the normalized membrane thickness varies from 1 to 4.

It can be seen from Figure 7.3 that as the membrane thickness is increased, the
characteristic curve for the change in oxygen saturation remains unchanged. This effect is
seen as a result of negligible change in the overall diffusional resistance to the oxygen due
to changes in membrane thickness. As described previously, the oxygen diffuses through
the membrane and the blood channels. Also, the membrane is flexible in nature and it
deforms under operation causing the channels to be larger than they are at rest. As the
membrane thickness is increased, it becomes less flexible and undergoes smaller
deformation under same pressure. So, the increase of the effective channel height is
smaller. Hence, the blood layer in devices with thicker membrane exhibit lower diffusional
resistance to oxygen as compared to devices with thin membrane. But, the diffusional
resistance to the oxygen from the membrane is higher for thicker membrane. The combined
effect of increased resistance from membrane and decreased resistance from blood film

compensates each other and causes negligible variation in diffusional resistance.
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Figure 7.3 Variation of characteristic curves with increasing membrane thickness for flat
device with PDMS membrane. Pressure curve moves upwards, while oxygen saturation
change curve remains stationary. As a result, the optimal point, marked by red dot,
moves towards the top left corner as the thickness is increased

As it can be seen in figure 7.3, pressure characteristic curve moves upwards as the
membrane thickness is increased. This effect is seen as a result of the flexible nature of
membrane. As discussed previously, thicker membrane undergo smaller deflection for
same applied pressure. Hence smaller expansion in channel height is observed. As
previously mentioned, pressure drop is inversely correlated with the height. So, the

pressure drop increases as the channel height increases.

The combined effect of pressure characteristic curve moving upwards and oxygen
saturation curve remaining stationary causes the optimal point to move in the top-left

direction. Increasing thickness moves the optimal point upwards which is desirable, but the
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optimal point is still in the bottom left corner of the graph. Hence, the configuration is still

needs to be improved in order to be suitable as an oxygenating unit of an artificial placenta.

7.2.3 Device Width

Finally, the effect of the variation of the device width on the performance of the oxygenator

was analysed. Device width was varied from 10.7 mm to 107.8 mm (device width that fits

in a 6 inch wafer) in steps of 10.7 mm (0.1+v/2 inches). The range was chosen to account
for the device width that can be manufactured. Currently, devices with width smaller than
43 mm are deemed possible to manufacture based on the equipment available at our
research facility. Recent endeavor has been focused on being able to manufacture devices

with width 107.8 mm or smaller. For this purpose, the upper cap to the range is chosen at

107.8 mm inches. Also, the width is normalized with respect 53.5 mm (1/+/2 inches),
which is the current maximum device width. So, the normalized width varies from 0.2 to

2.

Figure 7.4 shows the variation of characteristic curves for both pressure drop and oxygen
saturation for varying device width. The effect of increasing device width is the upward
movement oxygen saturation curve. This effect is observed as a result of increase in gas
exchange area and the residence time of blood. Gas exchange area and volume of the device
are directly proportional to the device width and the residence time of the blood in the
device is directly proportional to the volume of the device. Higher gas exchange area and
residence time of the blood implies higher oxygen uptake. Hence, increase in width
improves oxygen uptake, driving the oxygen saturation characteristic curve to move

upwards.
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Figure 7.4 Variation of characteristic curves with varying device width for flat device
with PDMS membrane. Both curves move upwards as the device width is increased. As a
result, the optimal point, marked by red dot, moves towards the top right corner as the
width is increased.

Pressure characteristic curve move upwards with increasing width. This effect is seen as a
result of increased hydraulic resistance. Since the device is a square shaped, increasing
width increases the distance between the inlet and the outlet. Also, increasing distance
between the inlet and the outlet increases pressure drop. As a result, increase in device

width increases pressure drop.

The combined effect of pressure and oxygen saturation characteristic curves moving
upwards with increasing width, causes the optimal point to move in the right and upward
direction, which contrasts from the movement of the optimal point in the right and bottom
direction on increasing channel height, and decreasing membrane thickness. The
movement in the upward-right direction is the desired locus for the optimal point. Hence,
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increasing width produces the desired effect. The change in oxygen saturation at the
optimal point increases to 18% at 1 ml/min of flow rate. That is a significant improvement
from the base configuration, however further development is needed to improve the

performance such that the change in oxygen saturation is ~ 35% from the inlet to the outlet.

7.3 Oxygenator with Flat Profile and Composite Membrane

The design configuration consisting of flat channel profile along with a composite
membrane was conceived so that membrane expansion at higher operating pressures can
be minimized and higher oxygenation can be achieved. In this section, effect of geometrical
parameters of a flat device with composite membrane on its performance has been
discussed. In particular, the geometrical parameters chosen for analysis are channel height,
device width, and membrane thickness. Also, pillar size, pillar spacing, channel height,
device width, and membrane thickness of the standard geometry are at 1 mm, 1mm, 100

pm, 43 mm, and 50 pum respectively.

7.3.1 Channel Height

Similar to flat device with PDMS membrane, the channel height was varied from 20 um to
120 pm in steps of 20 um and normalized against 100 um. Hence, normalized channel
height was varied from 0.2 to 1.2. The range was chosen to cover the whole spectrum of

channel heights that can be manufactured in the current facility.
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Figure 7.5 Variation of characteristic curve for flat device with composite membrane
with varying channel height. Both curves move downwards as the height is increased.
Notice as the height is increased, the optimal point moves towards to bottom-right
corner.

Figure 7.5 shows the variation of characteristic curves for both pressure drop and oxygen
saturation for varying channel height. Increasing the channel height shifts the oxygen
saturation characteristic curve downwards. This aligns with expectations. As previously
explained, the total amount of oxygen diffusing through the membrane and the blood film
is inversely proportional to its thickness. As the thickness of the blood film is increased,
the diffusing oxygen faces higher resistance. The thickness of the blood film is equal to the
height of the channel. Hence, smaller increase in oxygen saturation is taken up at the same

blood flow rate as the channel height is increased.

Pressure characteristic curve also shifts downwards as the channel height is increased. This

effect is observed because pressure drop across a device at any given flow rate is inversely
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proportional to the channel height. Hence, increase in channel height, decreases pressure

drop.

Also, the shift in characteristic curves is larger for devices with composite membrane as
compared to PDMS membrane. This effect is a result of inflexible nature of composite
membrane. PDMS membrane expands under operation. Increasing channel height will
have smaller effect on diffusional and hydraulic resistance as the channels are going to
expand under operation regardless. As a result, small shift in characteristic curves is
observed. Composite membrane does not expand under operation. Increasing channel
height has a large effect on diffusional and hydraulic resistance. As a result, shift in

characteristic curves is large.

The combined effect of pressure and oxygen characteristic curves moving downward with
increasing channel height causes the optimal point to move in the bottom right direction.
Also, because of the introduction of the composite membrane the device exhibits better
oxygenation characteristics as it inhibits membrane expansion and maintains channel
height under operation. However, the device exhibits lower flow rates as the composite
membrane maintains the channel height and as a result, the flow resistance is increased.
The change in oxygen saturation is 35% at the flow rate of 0.1 ml/min. However, this flow
rate is insufficient for an artificial placenta where design constraints dictate a minimum

required flow rate of at least 1 ml/min.

7.3.2 Membrane Thickness

Similar to flat device with PDMS membrane, the thickness of the PDMS only part of the

membrane was varied from 0 to 100 um. Membrane thickness was varied from 40 pm to
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140 pm in steps of 25 pum and normalized by 25 pm. The normalized membrane thickness

varies from 1.6 to 5.6.
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Figure 7.6 Variation of characteristic curves for flat device with composite membrane
with varying membrane thickness. The pressure curve remains unchanged, while oxygen
saturation curve moves downwards as the membrane thickness is increased.

Figure 7.6 shows the variation of characteristic curves for both pressure drop and oxygen
saturation for varying membrane thickness. As the membrane thickness is increased the
pressure characteristic curve remain stationary. This effect is observed as a result of the
inflexible nature of the membrane. Since the membrane does not expand when device is
under operation, the channel height remains unaffected. The channel height remains
unaffected even when the membrane thickness is increased. Pressure drop depends on the
anatomy of the blood channel network. Since the network is unaffected, the pressure drop

will be unaffected as well.

120



Master Thesis — H. Matharoo; McMaster University — Mechanical Engineering

Also, the pressure drop rise is steeper than in a flat design with PDMS membrane in
subsection 7.2.2. This effect is also seen as a result of inflexible nature of the membrane.
In case of a PDMS membrane, the membrane expands under pressure because of which
channels expands and some pressure is release as a result. Composite membrane is
reinforced with steel because of which it does not expand under pressure. As a result higher

pressure rise is observed.

Increasing membrane thickness moves the oxygen saturation curve downwards slightly.
This happens as the contribution of the membrane to the resistance to oxygen flow
increases, which slows down the oxygen uptake. Hence the curve moves downwards as the
membrane thickness is increased. It can be seen that none of the configurations simulated
here using the composite membrane are suitable for an artificial placenta, as the flow rates

and the change in oxygen saturation are less than 1 ml/min and 35% respectively.

The optimal point moves towards the left bottom corner of the graph as membrane
thickness is increased. In contrast, the optimal point moves towards the bottom-right corner
for the flat device with PDMS membrane. This contrasting effect is a result of difference
in flexibility of PDMS and composite membrane. PDMS membrane expands under
operation and increasing its thickness largely effect pressure characteristic curve, while
oxygen saturation curve remains stationary. Composite membrane does not expand under
operation and increasing its thickness only effect oxygen saturation curve, while the

pressure curve remains Stationary.
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7.3.3 Device Width

Similar to flat device with PDMS membrane, device width for flat device with composite
membrane was varied from 10.78 mm to 86 mm with steps of 10.78 mm and normalized
with 53.5 mm. The normalized device width varies from 0.2 to 1.6. The device width was

not increased beyond 86 mm because the pressure increases beyond the allowed range.
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Figure 7.7 Variation of characteristic curves for flat device with composite membrane
with varying device width. Both curves move upwards as the device width is increased.
This causes the optimal point to move towards the top-right corner.

Figure 7.7 shows the variation of characteristic curves for both pressure drop and oxygen
saturation for varying device width. Increasing width moves oxygen saturation
characteristic curve upwards. This effect is observed as a result of increase in gas exchange

area with increasing width. Amount of oxygen taken up by the blood is proportional to the
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area available for gas exchange. Gas exchange area is proportional to the square of the

device width. Hence, increase in device width drives oxygen saturation curve upwards.

Pressure characteristic curve also shifts upwards as the device width is increased. This
effect is seen as pressure drop is proportional to the length of the device. The length of the
device is proportional to the width of the device. Hence, the pressure drop increases as the

width of the device is increased.

Flat design with PDMS membrane show similar characteristic curve shifts as composite
membrane, but composite membrane exhibit larger shift in characteristic curve. This effect
is a result of inflexible nature of composite membrane. PDMS membrane expands under
operation. As previously mentioned, this effect relieves the hydraulic pressure and
adversely affect the oxygen uptake. Composite membrane does not expand under
operation. As a result, hydraulic and diffusional resistance are unaffected. As a result, shift

in oxygen saturation curve is smaller as compared to composite membrane.

The combined effect of characteristic curves moving upward with increasing width causes
optimal point to move in the top-right direction. This makes increasing device width an
attractive option to improve device performance. Also, the device configuration with a
normalized width of 1.6, the device exhibits 35% change in oxygen saturation, but the
device flow rate is only 0.5 ml/min. Although, the introduction of the composite membrane
did improve the capability of the device to effectively increase oxygen saturation, it did so,
by introducing a high pressure drop. Therefore, a modified device geometry is needed
where the pressure drop is not as high as the flat profile device to get the optimal device

performance.
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7.4 Oxygenator with Sloping Profile and PDMS Membrane

In this section, effect of geometrical parameters of a sloping profile device on its
performance is discussed. In particular, the geometrical parameters chosen for analysis are
the maximum channel height, minimum channel height, device width, and membrane
thickness. Also, pillar size, pillar spacing, maximum channel height, minimum channel
height device width, and membrane thickness of the standard geometry are kept at 1 mm,
Imm, 100 um, 25 um, 43 mm, and 50 pum respectively. Increasing maximum channel
height and minimum channel height causes the optimal point to move in the bottom right
direction. Similar effect is seen for decreasing membrane thickness. For increase in device

width, the point moves towards the top-right corner.

7.4.1 Maximum and Minimum Height

Maximum channel height was varied from 60 pum to 180 um, while minimum height varies
from 20 pum to 150 um and normalized against 100 um. Hence, the normalized maximum
and minimum channel height varies from 0.6 to 1.8 and 0.2 to 150 respectively. The range

is chosen to include the set of heights used for parametric analysis of a flat device.

Figure 7.8 and Figure 7.9 shows the variation of characteristic curves for both pressure
drop and oxygen saturation for varying maximum channel height and minimum channel
height respectively. Increasing the maximum channel height or the minimum channel
height moves oxygen saturation curve downwards. This effect is observed as a result of
increasing overall diffusional resistance to oxygen with increasing channel height. As the
maximum channel height or the minimum channel height increases, the average channel

height increases. As the average channel height increases, the oxygen diffusing in the
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device will face higher diffusional resistance from the blood film. Hence, lesser amount of

oxygen will be taken up.

Pressure characteristic curve moves downwards as the maximum or the minimum channel
height is increased. This effect is observed as a result of decreasing hydraulic resistance.
As previously mentioned, pressure drop is inversely correlated with the channel height. If
any of the maximum or the minimum channel height is increased, the average channel

height increases. Hence, the pressure drop decreases.
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Figure 7.8 Variation of characteristic curve for sloping profile device with PDMS
membrane for varying maximum channel height. Both curves move downwards as the
height is increased, causing the optimal point to move towards the bottom-right corner.

Also, shifts in pressure drop characteristic curve is smaller and the change in oxygen
saturation is larger in case of sloping profile as compared to flat profile. The pressure drop
characteristic depends on the height profile and changing height changes the height at all

points in the device by the same amount in case of a flat device, while changing either
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maximum height or minimum height changes the height by proportional amount at
different points in sloping device. As a result, effect of changing height in case of flat
profile is larger as compared to the sloping profile. Also, the shifts in oxygenation
characteristics is large in case of changing minimum height for sloping profile, as the
region in which the height is minimum has a large gas exchange area. As a result, the

oxygenation characteristic gets significantly affected by the minimum height.
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Figure 7.9 Variation of characteristic curve for sloping profile with PDMS membrane for
minimum channel height. Both curves move downwards as the height increased, causing
the optimal point to move towards the bottom-right corner.

The combined effect of the characteristic curves moving downwards is that the optimal
point moves in the bottom-right direction. Adjusting maximum or minimum channel height
places a trade-off between the oxygen saturation and the operating flow rate. Also, the
sloping profile has lower pressure drop as compared to the flat profile, but it also exhibits

lower oxygenation characteristics. Also, none of the configurations are suitable to be used
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for an artificial placenta as the change in oxygen saturation and the flow rate are less than

35% and 1 ml/min.

7.4.2 Membrane Thickness

Similar to the flat device with PDMS membrane, membrane thickness was varied from 25
pm to 100 um with steps of 25 um and normalized with 25 um. The normalized membrane
thickness varies from 1 to 4. As previously mentioned, the range is chosen based on their

manufacturability and commercial availability.
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Figure 7.104 Variation of characteristic curves for sloping profile device with PDMS
membrane for varying membrane thickness. Both curves move downwards as the
thickness is increased. This causes the optimal point to traverse towards the top-left
corner.
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Figure 7.10 shows the variation of characteristic curves for both pressure drop and oxygen
saturation for varying membrane thickness. Increasing membrane thickness causes the
characteristic curves to behave in the similar as they do for the flat device. Small decrease
in the overall diffusional resistance to the oxygen causes the oxygen saturation curve to
move slightly downwards. While increase in hydraulic resistance for thicker membrane
generates a higher pressure drop Also, the effect of changing membrane thickness on the
performance of the flat profile device is similar to its effect on the performance of the
sloping profile device. This is expected as the membrane deflection is independent of the
device geometry and is unlikely to show any difference in performance based on the
difference in geometry Also, it can be seen that none of the configuration simulated for the
sloping profile with PDMS membrane are suitable for an artificial placenta as they do not

exhibit required amount of change in oxygen saturation (35%).

Similar to flat device with PDMS membrane, the device width was varied from 10.78 mm
to 107.8 mm and normalized against 53.5 mm. The normalized device width varies from
0.2 to 2. The range was chosen based on current and potential future manufacturing
abilities. Increasing width produces similar effect with characteristic curves as it does with

the other devices. Increasing width causes the characteristic curves to move upwards.

7.4.3 Device Width

Figure 7.11 shows the variation of characteristic curves for both pressure drop and oxygen
saturation for varying device width. Increasing device width shifts the characteristic curves
upwards, which is a result of increase in gas exchange area and hydraulic resistance for
oxygenation and pressure characteristic respectively. The effect of increasing the device
width on its performance in case of sloping device is similar to the effect on the
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performance in case of the flat device, but the sloping device exhibit lower pressure drop.
As a result, the maximum oxygen saturation that can be obtained was 18% at a flow rate
of 2 ml/min as compared to 18% at 1 ml/min. This is a significant improvement over flat
device, but further development is needed to improve the oxygenation characteristics.
Therefore, the sloping profile design is combined with the composite membrane that

demonstrated promising characteristics and analysed in the net section.
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Figure 7.11 Variation of characteristic curves for sloping profile with PDMS membrane
for varying device width. Both curves move upwards as the width is increased. This
causes the optimal point to traverse towards the top-right corner.

7.5 Oxygenator with Sloping Profile and Composite Membrane

This section discusses the effect of geometrical parameters of a sloping profile device with
composite membrane on its performance. In particular, maximum channel height,

minimum channel height, membrane thickness, and device width are chosen for the
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analysis. Also, pillar size, pillar spacing, maximum channel height, minimum channel
height device width, and membrane thickness of the standard geometry are kept at 1 mm,

1mm, 170 pm, 60 pum, 43 mm, and 50 um respectively.

7.5.1 Maximum and Minimum Channel Height

Similar to sloping device with PDMS membrane, maximum channel height was varied
from 60 pm to 180 um and minimum height was varied from 40 um to 120 pum with steps
of 20 um and normalized against 100 pum. The normalized maximum channel height and
minimum channel height varies from 0.6 to 1.8 and 0.4 to 1.2 respectively. The range was
chosen to include the set of heights used for parametric analysis of a flat device, while

eliminating the values for which the pressure drop falls out of range.
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Figure 7.12 Variation of characteristic curves for varying maximum channel height for
sloping device with composite membrane. Both curves move downwards as the height is
increased. Notice the optimal point traverses a horizontal path before moving downwards
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Figure 7.12 and figure 7.13 show the variation of characteristic curves for both pressure
drop and oxygen saturation for varying maximum channel height and minimum channel
height respectively. Increasing maximum height produces similar effect with characteristic
curves as it does with the sloping device with PDMS membrane. Oxygen saturation curve
moves downwards as the diffusional resistance increases as a result of increase in average

channel height.

Similarly, pressure curve moves downwards as the hydraulic resistance decreases. As a
result, the optimal point moves towards the bottom-right direction. Also, the effect of
changing the height is stronger in case of a flat device as compared to a sloping device.
This is because the channel height increases by the same amount at all points in the device
in case of flat device as the height is increased while the channel height increases by
proportional amount at all points in the device in case of sloping device as the maximum
height or the channel height. For example, increasing maximum height in case of sloping
device will increase the height at the inlet and the outlet by the same amount the maximum
height is increased, while the height at the center of the device remains unaffected as the
minimum height is not changed. Also, for all the points in between the center and the inlet,
the height will increase proportional to the distance of the point from the inlet. As a result,
the effect of channel height on the performance is stronger in case of flat device as

compared to sloping device.

Similar effects are observed for minimum channel height. The characteristic curves move
downwards as the hydraulic resistance decreases and diffusional resistance increases with

increasing minimum channel height. High pressure drops at low minimum channel height
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causes the optimal point to occur at the top edge of the graph and it moves downwards the

height is increased.

Effect of Minimum Height on Cha

T T

racteristic Curves

7 T T
/ ! / 7

Pressure Drop (mmHg)

Flow Rate (ml/min)

Figure 7.13 Variation of characteristic curves for varying minimum channel height for
sloping device with composite membrane. Both curves move downwards as the height is
increased. Notice the optimal point traverses a horizontal path before moving downwards

The shift in characteristic curve is small for sloping device with PDMS membrane as
compared to sloping device with composite membrane. The reasoning behind this effect is
the same as for flat device and is explained in section 7.3. As a result, the oxygenation
characteristic has significantly improved. Nevertheless, none of the configurations that
have been simulated in this section and completely suitable as they exhibit flow rate lower

than 1 ml/min.
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Also, the sloping profile with composite membrane exhibits better oxygenation
characteristics and higher flow rates. This is in accordance with the expectations as the

sloping profile has varying height, which improves oxygenation and reduces pressure drop.
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Figure 7.14 Variation of characteristic curves for varying membrane thickness for
sloping device with composite membrane. Pressure curve remains unchanged, while
oxygen saturation curve moves downwards as the membrane thickness is increased.

Notice the optimal point does not move at all.

7.5.2 Membrane Thickness

Similar to flat device with composite membrane, the membrane thickness was varied from
40 um to 140 pm with steps of 25 um. The membrane thickness was normalized with 25

pm and normalized membrane thickness varied from 1.6 to 5.6.

Figure 7.14 shows the variation of characteristic curves for both pressure drop and oxygen

saturation. As the membrane thickness increases, the resistance to oxygen diffusion also
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increases which results in the downward shift of the oxygen saturation curve. In contrast,
the hydraulic resistance is unaffected by the changes in membrane thickness, in case of the

composite membrane, resulting in no change to the pressure curve.

The combined effect causes the optimal point to move in the bottom left direction as the
membrane thickness is increased, while the optimal point for sloping device with PDMS
membrane moves in the bottom-right direction of the graph. The reasoning is the same as
for flat design. The reasoning is based on the difference between the material properties of
PDMS membrane and composite membrane, and is explained in section 7.3.Also, the
movement of the optimal point is slight because of which none of the configuration reach

the required operating point for an artificial placenta.

7.5.3 Device Width

Similar to flat device with composite membrane, the device width was varied from 10.78
mm to 97 mm with steps of 10.78 mm. The device width was normalized with 53.5 and the

normalized device width varies from 0.2 to 1.8.

Figure 7.15 shows the variation of characteristic curves for both pressure drop and oxygen
saturation for varying. Increasing device width causes both characteristic curves to move
upwards. This effect is seen as a result of increase in gas exchange area and hydraulic
resistance. Increase in device width causes increase in gas exchange area, which in turn
increases the amount of oxygen taken up. Hence the oxygen saturation curve moves
upwards. Also, increase in device width causes increases in hydraulic resistance, which in

turn increases the pressure drop. Hence, the pressure curve moves upwards.
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Effect of Width on Characteristic Curves
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Figure 7.15 Variation of characteristic curves for sloping profile with composite
membrane for varying device width for sloping device with composite membrane. Both
curves move upwards as the width is increased. This causes the optimal point to traverse
towards the top edge before it moves towards the top-left corner.

The optimal point moves towards the upper-left corner of the graph as the device width is
increased. The slope of the line along which point moves is steeper than for the sloping
device with PDMS membrane. This difference in behavior is also seen between flat device
with PDMS membrane and composite membrane. The cause of this behavior is the
difference between the material properties of PDMS membrane and composite membrane.
This effect is a result of inflexible nature of composite membrane. PDMS membrane
expands under operation. As previously mentioned, this effect relieves the hydraulic
pressure and adversely affect the oxygen uptake. Composite membrane does not expand
under operation. As a result, hydraulic and diffusional resistance are unaffected. As a result,

shift in oxygen saturation curve is smaller as compared to composite membrane.
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Also, the sloping device with composite membrane exhibit 35% change in oxygen
saturation at a flow rate of 1 ml/min for a non-dimensionalized width of 1.8. Such a device
can be used as an oxygenating unit for an artificial placenta, as it fully oxygenates the blood

at a reasonable flow rate under operating pressure.

7.6 Discussion

In this section, parametric analysis is further discussed to identify the parameters with
significant effect on the optimal point. The extent by which the optimal point moves for
unit change in the parameter is of interest as it is an indicator of the dependence of the
performance depends on the parameter. Also, the direction in which the optimal point
moves is also of interest as it informs about the relationship between the change in oxygen

saturation and the blood flow rate at the optimal points for different values of a parameter.

The length of the vector joining the position of the optimal point for the minimum value
and the maximum value of the parameter, is used to represent the extent by which the
optimal point moves. Similarly, the angle the vector makes with the horizontal axis, is used
to represent the direction of the movement of the optimal point. Figure 7.16 illustrates the
vector on a graph, by joining the optimal point for the maximum value and the minimum
value of the parameter, by a straight line. The parameter varies from ‘h’ to ‘I’ for which
the change in oxygen saturation are AsO,, and AsO,, respectively and the blood flow
rates are Qp , and @, ; respectively. The normalized length of the vector is L* and the angle
it makes with the horizontal axis is ¢. The normalized length is the length of the vector,
obtained by dividing the horizontal component and the vertical component of the vector

joining the optimal points at the maximum and the minimum value of the parameter, by
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the length of the horizontal axis and the vertical axis respectively, and the difference in the
maximum and the minimum value of the parameter. The equation to calculate the

normalized length is given by the following:

(ASOZ,h - A$02,1>2 + (Qb,h — Qb,l)z
35 4

h—1
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Figure 7.16 Illustration of the vector joining the optimal points at the maximum value
and the minimum value of the parameter by a straight line.

Here, 35 and 4 are the maximum change in the oxygen saturation and the maximum blood

flow rate marked on the graph. The following equation is used to calculate the angle:
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Q= tan‘1<

AsO,, —AsO,; 4 >
* —
Qvn — Qb 35

Here @ is the angle the vector makes with the horizontal axis.

Table 7.1 lists the normalized length and the angle of the vector representing the optimal

point movement for the analysis of various parameters. It can be seen that the width and

the height have the most significant effect on the performance, with width producing

desirable effect while height producing neutral effect. Increasing width increases the

change in oxygen saturation and the blood flow rate at the optimal point, while increasing

height decreases the oxygen saturation and increases the blood flow rate at the optimal

point.
Device Membrane Max Min Width Membrane | Normalized Angle
Height | Height (mm) Thickness | Length (L") ‘@’
(m) | (um) (Hm) (Degree)
20-100 - 43 50 0.82 -81
PDMS 100 - 43 25-100 0.02 102
Flat 100 - 10.7-107 50 0.29 61
20-100 - 43 50 0.6 -76
Composite 100 - 43 40-140 0.02 -103
100 - 10.7-64.6 50 0.46 80
60-180 60 43 50 0.15 -49
PDMS 170 20-160 43 50 0.13 -66
170 60 43 25-100 0.02 141
170 60 10.7-107 50 0.36 47
Sloping 60-180 60 43 50 0.46 -79
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Composite 170 40-160 43 50 0.5 -79
170 60 43 40-100 0.02 -113
170 60 10.7-97 50 0.55 79

Table 7.1 Table listing effect of various geometric parameters on the movement of
optimal point.

Currently, the only configuration that fulfils the requirement of an artificial placenta is for
the sloping device with composite membrane with device width of 97 mm, maximum and
minimum channel height of 170 um and 60 um respectively, and membrane thickness of
50 um. At this configuration the device is expected to have a 35% change in oxygen
saturation, 30 mmHg pressure drop, and 1 ml/min flow rate. The performance can be
optimized by increasing the maximum height and increasing device width. As increasing
the maximum height reduces the pressure drop significantly and reduces the oxygen uptake
slightly and increasing device width increases pressure drop slightly and increases the
oxygen uptake significantly. First, the normalized device width is increased to 2. The
results are plotted in figure 7.17. The operating point now exhibits 35% oxygenation at 0.9
ml/min flow rate. This is slightly below the requirement as the operating flow rate is
required to be above 1 ml/min. Now, the maximum height is increased to its maximum
limit (200 um) to reduce the pressure drop. The device now exhibits slightly over 34%

oxygenation at 1.25 ml/min.
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Figure 7.17 Characteristic curves for the optimized configuration of sloping device with
composite membrane.

Any further changes in geometric parameters will adversely affect the performance.
Increasing height will reduce the pressure drop as well as the oxygenation characteristics.
As a result, the device will have a reduced oxygenation capability. Similarly, decreasing
height will increase the pressure drop as well as the oxygenation characteristics. The
oxygenation characteristic will remain unchanged as it is already at its maximum capacity,
but the operating flow rate will reduce. Also, reducing membrane thickness cannot improve
the performance either, as the membrane thickness only affects the oxygenation

characteristic and the oxygen uptake is already at its maximum capacity.

So the optimized configuration for sloping device within the current manufacturing
abilities has device width of 107 mm, maximum height of 200 pum, minimum height of 60

pm, and membrane thickness of 50 um. At this configuration the device operates at 1.25
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ml/min flow rate, 30 mmHg pressure drop and exhibits change in oxygen saturation of

35%.

In this chapter, parametric analysis of various designs have been done. In particular, flat
profile with PDMS membrane, flat profile with composite membrane, sloping profile with
PDMS membrane, and sloping profile with composite membrane have been analyzed. Each
parameter is studied in isolation by varying it within a set range, while keeping the other
parameters constant. Final analysis shows the width and the height of the device has
significant effect on the performance with width producing the desirable effect by

increasing the change in oxygen saturation and the blood flow rate at the optimal point.
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Chapter 8 — Conclusion

The chapter summarizes the key contributions to the project and suggests new designs for
future work that can improve the performance of an oxygenator. The fabrication process
of the design is conceptualized and the performance of the designs is predicted using the
model developed in chapter 5. In particular, the designs attempt to increase the gas

exchange area or/and reduce the diffusion length for oxygen by various means.

8.1 Key Contributions

Key contribution of this thesis are as follows:

8.1.1 Experimental Setup Redesign to Reduce the Experimental Error

An active control mechanism was developed to maintain the oxygen saturation property
of the blood in a reservoir so that its variation over 1 hour is reduced to +3% from >+/-

9%.

As mentioned in chapter 4, average time to test one device with blood is 30-45 minutes. It
is essential that the oxygen saturation of the input blood remains within £5% of the set

oxygen saturation during that time.

In the previous experimental setup, blood was deoxygenated to the desired point and
stored in a reservoir. In such a case, the blood would exchange gases with the ambient air
in the container and its oxygen saturation would change by at least 9% in an hour. As a

result, a new experimental setup was built.

In the new experimental setup, two hollow fiber oxygenators — one oxygenates the blood
while other deoxygenates the blood- were present that actively balance the oxygen taken
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up from the ambient air and the oxygenator with the oxygen released by the
deoxygenator. As a result, the oxygen saturation of the input blood deviated by +3% from

the set point within an hour.

8.1.2 Introduction of a Reinforced Thin Membrane to Improve Oxygenation

Previously, PDMS membrane was used, which is flexible in nature and would expand
under pressure adversely affecting the performance of the device. Hence, a new
composite membrane was developed that maintains the height profile of the device when

it is under operation.

The membrane of the device was reinforced with steel mesh for added mechanical
strength and the height profile was changed from a flat profile to a sloping profile to
reduce pressure drop. Such changes improved the oxygen uptake from 18 puL/min to 26
ML/min at an operating pressure of 30 mmHg for shifting from PDMS membrane to
composite membrane, and improved device throughput from 1.25 ml/min to 1.5 ml/min

for shifting from flat profile to sloping profile.

It was seen the PDMS membrane expanded under operation. As a result, the channel
height increased adversely affecting the oxygen uptake. A new composite membrane
made out of PDMS, reinforced with steel mesh was fabricated. The presence of steel

mesh maintained the channel height, which improved the oxygenation characteristic.

Later, it was realized that the area near the inlet and the outlet contributed significantly to
the pressure drop, while the area near the center contributed significantly oxygen uptake.
As a result, a sloping height profile was introduced to increase the height at the inlet and

the outlet to reduce the pressure drop, and to decrease the height near the center to
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increase the oxygen uptake. These changes lead to no changes in the oxygen uptake, but

the operating flow rate increased from 1.25 ml/min to 1.5 ml/min.

8.1.3 Mathematical Model

A mathematical model was developed that could simulate oxygen uptake, membrane
deflection and pressure drop in a device. The model was developed to improve the
understanding of the oxygen uptake and its dependence of various geometric parameters.
The sloping profile device with composite membrane was later used to optimize its
performance to the operating flow rate of 1.2 ml/min, change in oxygen saturation of
34%, and the operating pressure drop of 30 mmHg. The configuration of the device is as
follows: 107 mm width, 200 um maximum channel height, 60 pm minimum channel

height, and 50 um membrane thickness.

8.2 Recommendation for Future Work: Large Sloping Device with

Composite Membrane

The first improvement that could improve the performance of a device would be to
reconfigure the sloping profile with composite membrane to its optimum geometry as
explained in chapter 7. The performance of the device will be 34% of change in oxygen
saturation of the blood and 1.2 ml/min of blood flow rate at the operating pressure of 30
mmHg. The configuration of such a device will be as follows: 107 mm width, 200 pm
maximum channel height, 60 pm minimum channel height, and 50 um membrane
thickness. The mold for such a device can be fabricated using micro-milling operation.

Rest of the fabrication process will be the same as explained in chapter 4.
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8.3 Recommendation for Future Work: Double Sided Gas Diffusion

As it has been established in the previous few chapters, increasing gas exchange area and
shortening diffusion length improve the oxygenation characteristic, but such changes
increase the pressure drop at the same time. A new design has been proposed in this
section that improves oxygenation capacity and does not affect the pressure drop

characteristic. Such device is called double-sided diffusion.

8.3.1 Design

The double-sided diffusion device allows oxygen to diffuse in the blood from the top and
the bottom of the device contrasting from the device so far studied in the thesis which
only allows diffusion from the bottom. As a result, the double-sided diffusion device has
twice the area for gas exchange and half the diffusion length for oxygen as compared to

the devices studied so far.

The design of such a device is shown in figure 8.2. The blood enters the device through
tubing as inlet, into a microvascular network that hosts an array of uniformly spaced
square pillars to uniformly distribute the blood stream; the top and the bottom of the
pillars hold composite membranes. The blood flowing inside the device has lower partial
pressure of oxygen as compared to the partial pressure. As a result, a gradient of partial
pressure is developed that allows the oxygen in the atmosphere to diffuse through from

the top and the bottom of the device.
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Figure 8.1 Illustration of a device with double sided diffusion.
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Figure 8.2 Process of preparing the vascular network and the rim and bonding
them together using oxygen plasma.
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8.3.2 Fabrication Process

The device with double-sided diffusion consists of three parts: composite membrane,
vascular network, and a rim to hold the vascular network. The composite membrane is
fabricated by the same process laid out in section 4.3 of chapter 4. But for a device with
double-sided diffusion, the process of fabricating the vascular network is done by
spinning PDMS on a substrate. And the rim is fabricated by casting PDMS in a petri dish.

The process is laid out in figure 8.2.

Rim is fabricated by placing tubing with 3 mm inner diameter and 4 mm length in a petri
dish and 10 ml of PDMS is measured and poured into the petri dish (fig 8.2 1a) and is
cured in an oven at 60° C for 5 hours. Then, a large square hole is made by using a stencil

placed on top of the resulting product (fig 8.2 Ib and Ic).

The vascular network is prepared by spin coating a thin layer of PDMS over the mold at
2000 RPM for 30 seconds (fig 8.2 Ila and 11b). A piece of 39 £ 2 um thick steel mesh cut
into 50 cm X 50 cm dimension is gently laid on the uncured PDMS layer(fig 8.2 llc) and
the product is cured in an oven at 60° C for 5 hours(fig 8.2 11d). Later another layer of
PDMS is spun on top of the product at 4000 RPM for 30 seconds (fig 8.2 Ile) and the

resulting product is cured in an oven at 60° C for 5 hours (fig 8.2 IIf).

Finally, the rim is bonded to the vascular network by exposing their surfaces to oxygen

plasma and bringing them in contact to form a bond.

The rest of the process including membrane fabrication and its bonding to the vascular
network is done by spin coating and oxygen plasma respectively; the process is laid out

in section 4.3 of chapter 4.
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8.3.3 Expected Performance

The expected performance was calculated using the model explained in chapter 5 to
check if the proposed design could improve the performance. The analysis was done by
assuming that the blood was at standard physiological conditions: pH = 7.4, pCO, = 27

mmHg, T = 37 degree Celsius. The oxygen saturation of the input blood was taken as
65%. The geometric parameters of the device were 43 mm device width, 50 um
membrane thickness (of both membranes) and 100 um channel height. Also, the

performance of the device with double-sided diffusion was compared with the

performance of a device with one-sided diffusion with same dimensions.
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Figure 8.3 Expected performance of the double-sided diffusion device compared with the
performance of a device with one-sided diffusion with same configuration.
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Figure 8.3 shows the comparison of the performance of a device with double-sided
diffusion and with one-sided diffusion. Pressure drop and the change in the oxygen
saturation of the device is plotted on the same graph. The devices exhibit similar pressure
drop characteristic, but the device with double sided diffusion exhibits significantly better
oxygenating characteristics. At the operating pressure of 30 mmHg, the devices exhibit a
flow rate of 0.9 ml/min, but the one sided diffusion device exhibits 9% change in oxygen
saturation and the device with double sided diffusion exhibits 28% change in oxygen

saturation.

This improvement in oxygenation characteristics is a result of increased gas exchange
area and shortened diffusion length for oxygen. Since, the oxygen diffuses from the top
as well as the bottom of the channels, the gas exchange area becomes twice its original

size and the diffusion length becomes half its original value.

8.4 Recommendation for Future Work: All Sided Gas Diffusion

Similar to the device with double-sided diffusion, another design is conceived that further
increases oxygenation capacity and does not affect the pressure drop characteristic. Such

a device is called all-sided diffusion.

8.4.1 Design

The all-sided gas diffusion device allows oxygen transfer from all the walls that blood
gets in contact with in the device, contrasting from the device studied so far which only
allows diffusion bottom or/and top of the device. As a result, all-sided gas diffusion
device will have a higher gas exchange area and shorter oxygen diffusion length than the

devices discussed so far.
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Figure 8.4 Illustration of a device with all-sided diffusion.

Such a device is shown in figure 8.4. The basic anatomy of the device is similar to a
double-sided diffusion device except, the square pillars are hollow. The air present in the
hollow volume of the square pillars and outside of the device has higher partial pressure
of oxygen as compare to the blood flowing the device. As a result, a gradient of partial
pressure is developed that allows the oxygen in the atmosphere to diffuse through from

the top and the bottom of the device, and the sides of the pillars.
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8.4.2 Fabrication Process

The fabrication process of a device with all-sided diffusion is the same as the process for
the device with double-sided diffusion, except for the device with all-sided diffusion the
template is such that it produces hollow pillars. The process follows fabricating vascular
network by the process of spin-coating and bonding it to a PDMS rim by oxygen plasma.
The PDMS rim is made by casting PDMS in a petri-dish and cutting a hole in it. Once the
vascular network is prepared, it is bonded to a composite membrane by means of oxygen

plasma.

8.4.3 Expected Performance

The expected performance was calculated using the model explained in chapter 5 to
check if the proposed design could improve the performance. The analysis was done by
assuming that the blood was at standard physiological conditions: pH = 7.4, pCO, = 27
mmHg, T = 37 degree Celsius. The oxygen saturation of the input blood was taken as
65%. The geometric parameters of the device were 43 mm device width, 50 um
membrane thickness (of both membranes) and 100 um channel height. The thickness of
the wall of the hollow pillars was taken as 50 um. Also, the performance of the device
with all-sided diffusion was compared with the performance of a devices with double-

sided diffusion and one-sided diffusion with same dimensions.

Figure 8.5 shows the comparison of the performance of a device with all-sided diffusion
with the performance of devices with double-sided and one-sided diffusion. All devices
exhibit similar pressure drop characteristic, but different oxygenation characteristic.

Device with all-sided diffusion exhibit highest oxygenation as compared to double-sided
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and one-sided. At an operating pressure of 30 mmHg, all-sided diffusion exhibit change

in oxygenation of 30%, double-sided 28%, and one-sided 9%.

The improvement in oxygenation characteristic can be attributed to increase in gas

exchange area and shorter diffusion length for oxygen. But since the increase in gas

exchange area from double-sided diffusion is not as significant, a smaller improvement in
performance is seen.
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Figure 8.5 Performance comparison of a device with all-sided diffusion with the
performance of devices with one-sided and two-sided diffusion.

The increased gas exchange area in case of all-sided diffusion depends on the size and the

number of the pillars. In the current case, the added gas exchange area is 1.76 cm? for 1
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mm pillar size and 441 number of pillars. But if the pillar size is reduced to 100 pm and
the number of pillars increased to 44100, the added gas exchange area will be 17.6 cm?,
which will lead to dramatic increase in performance. However, such a device might be

too fragile and may fail under operation.

In summary, the chapter presents the key contribution made to the project. In particular
the contributions are redesigning of the experimental setup to measure the performance,
redesigning of the oxygenator device, and development of a mathematical model. Later, a
number of designs were proposed for future work to further improve the performance of
the device. In particular, such designs are large sloping profile with composite
membrane, device with double-sided diffusion, and device with all-sided diffusion. The
process to fabricate such devices and their expected performance were also briefly

discussed.
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Appendices
Appendix A: Micro-Vascular Network Fabrication

1. The mold for the micro-vascular network was prepared using soft-lithography for
flat profile device or micro-milling operation for sloping-profile design.

2. Preheat the oven to 60° C

3. Mix PDMS base and curing agent in a 10:1 w/w ratio.

4. Stir mixture well with a stirrer.

5. Place the mixture under vacuum for 10 minutes.

6. Place the mold on a levelled surface.

7. Cut two 5 mm long silicone tubing with 3 mm ID

8. Place the tubings at the inlet and the outlet of the SOU.

9. Pour 12 ml of PDMS mixture on the mold.

10. Place the mold in the oven at 60° C for 2 hours.

11. Remove the mold from the oven and cut the PDMS around the network.

12. Remove residual PDMS from the inlet and the outlet tubings.

13. Place the network in a clean petri dish.
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Appendix B: PDMS Membrane Fabrication

1.

2.

Prepare the substrate by placing Teflon sheet on top of a silicon wafer.

Prepare PDMS base and curing agent mixture in 10:1 w/w ratio as described in
appendix A.

Center the substrate onto spinner.

Set the spin rate at 500 RPM for 10 s and increase to 4000 RPM for 30 s.

Pour 1 ml of PDMS mixture on the substrate.

Run the spinner.

Place the resulting product in the oven at 60°C for 5 hours.
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Appendix C: Composite Membrane Fabrication

1. Prepare the substrate by placing Teflon sheet on top of a silicon wafer.

2. Prepare PDMS base and curing agent mixture in 10:1 w/w ratio as described in
appendix A.

3. Center the substrate onto spinner.

4. Set the spin rate at 500 RPM for 10 s and increase to 4000 RPM for 30 s.

5. Pour 1 ml of PDMS mixture on the substrate.

6. Run the spinner.

7. Place a 50 cm X 50 cm cut piece of a steel-mesh on the thin layer of PDMS.

8. Place the resulting product in the oven at 60°C for 5 hours.

9. Cut the steel mesh around the edge of the substrate

10. Place the product onto spinner.

11. Repeat steps 4 to 6 and 8 from appendix C.
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Appendix D: Bonding Vascular Network with the Membrane

1. Place the membrane and the vascular network in the plasma chamber.

2. Tightly close the chamber.

3. Turn on the pump.

4. Wait till the pressure inside the chamber reaches between 200-250 mTorr, turn on
the oxygen flow.

5. Wait till the pressure inside the chamber reaches between 500-550 mTorr, turn the
plasma on and turn power knob to ‘High’.

6. Now the surfaces of the network and the membrane are being exposed to plasma.
Wait for 2.5 minutes.

7. Turn the power knob to ‘Off’. Turn off the plasma. Turn off the pump in order.

8. Slowly vent the chamber.

9. Put vascular network in contact with the membrane.

10. Place the device in an oven at 60° C for 4 — 6 hours.

11. Gently peel the device off the substrate.

12. For the device with composite membrane, the device is ready. For the device with
PDMS membrane, repeat steps from 1 to 11 of appendix D with the resulting

product and another membrane.
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