
3D-Printed Capillaric Circuits for

Autonomous Liquid Delivery

Author:

Ayokunle Oluwafemi OLANREWAJU

Biological and Biomedical Engineering Program

McGill University, Montreal

June 2017

A thesis submitted in fulfillment of the requirements

for the degree of Doctor of Philosophy

©Ayokunle Olanrewaju 2017

https://mcgill.ca/bbme/home
http://www.mcgill.ca


i

Contents

Abstract ix

Résumé xi

Acknowledgements xiii

Preface and Contribution of Authors xv

1 Introduction 1

1.1 Scope of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Background on Microfluidic Liquid Handling 9

2.1 Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Introduction to Microfluidic Liquid Handling . . . . . . . . . . . . . . . . 10

2.3 Actively-Powered Microfluidics . . . . . . . . . . . . . . . . . . . . . . . . 10

2.4 Self-Powered Microfluidics . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.5 Capillary Microfluidics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.5.1 Fibrous capillary microfluidics . . . . . . . . . . . . . . . . . . . . 15

2.5.2 Microchannel-based capillary microfluidics . . . . . . . . . . . . . 17

Positive pressure capillary microfluidics . . . . . . . . . . . . . . . 17

Negative pressure capillary microfluidics . . . . . . . . . . . . . . 19

Fibrous vs. microchannel-based capillary microfluidics . . . . . . 19

2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3 Capillary microfluidics in microchannels: from microfluidic networks to cap-

illaric circuits 31



ii

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Brief Historical Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2.1 1st wave capillary microfluidics: Mechanical Micromachining

and Lamination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.2.2 2nd wave capillary microfluidics: Cleanroom Fabrication . . . . . 39

3.2.3 3rd wave capillary microfluidics: Rapid prototyping . . . . . . . 40

3.3 Fundamentals Parameters and Equations . . . . . . . . . . . . . . . . . . 41

3.3.1 Capillary Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.3.2 Flow Resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.4 Capillaric Microfluidic Elements . . . . . . . . . . . . . . . . . . . . . . . 44

3.4.1 Flow Resistors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4.2 Capillary pumps . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.4.3 Stop valves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.4.4 Trigger valves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.4.5 Retention valves . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.4.6 Delay valves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.4.7 Capillary soft valves . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.4.8 Retention burst valves . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.5 Capillaric Circuits for Preprogrammed Liquid Delivery . . . . . . . . . . 57

3.5.1 Capillaric Circuits for Immunoassays . . . . . . . . . . . . . . . . 57

3.5.2 Capillaric Circuits for DNA analysis . . . . . . . . . . . . . . . . . 62

3.5.3 Preprogrammed Multi-Step Liquid Delivery . . . . . . . . . . . . 64

Air vents connected to inlets . . . . . . . . . . . . . . . . . . . . . 65

Combining Retention Burst Valves and Trigger Valves . . . . . . 66

Dissolvable barriers . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.5.4 Handheld Readers for Capillaric Circuits . . . . . . . . . . . . . . 69

3.5.5 Rapid Prototyping of Capillaric Circuits . . . . . . . . . . . . . . . 71

Xurography (razor writing) . . . . . . . . . . . . . . . . . . . . . . 71

Laser cutting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72



iii

3D-printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.6 Conclusions and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4 Capillaric Circuits replicated from 3D-printed molds 90

4.1 Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.2.1 Capillaric circuits for autonomous liquid delivery . . . . . . . . . 92

4.2.2 Rapid prototyping of passive microfluidic devices . . . . . . . . . 93

4.2.3 3D-Printed Microfluidics . . . . . . . . . . . . . . . . . . . . . . . 93

4.2.4 Capillaric circuits from 3D-printed molds . . . . . . . . . . . . . . 94

4.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.3.1 Process flow for 3D-printing capillaric circuits . . . . . . . . . . . 95

4.3.2 PDMS replication from 3D-printed molds . . . . . . . . . . . . . . 95

4.3.3 Procedure for capillary-driven flow experiments . . . . . . . . . . 96

4.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.4.1 Trigger Valves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

Cleanroom-fabricated versus 3D-printed trigger valves . . . . . . 98

Effect of trigger valve geometry on success rate . . . . . . . . . . 100

Effect of surfactant concentration on trigger valve performance . 102

4.4.2 Retention Burst Valves . . . . . . . . . . . . . . . . . . . . . . . . . 103

Capillaric circuit for autonomous delivery of four liquids . . . . . 103

Requirements for sequential RBV bursting . . . . . . . . . . . . . 105

Capillaric circuit for autonomous delivery of eight liquids . . . . 109

Comparison between 3D-printed and cleanroom-fabricated cap-

illaric circuits . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

4.6 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5 Capillaric Circuit for Rapid Bacteria Detection 123

5.1 Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123



iv

5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.3 Design and working principle of capillaric circuit . . . . . . . . . . . . . 126

5.3.1 Design of microbead column . . . . . . . . . . . . . . . . . . . . . 128

5.4 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

5.4.1 Verifying pre-programmed liquid delivery . . . . . . . . . . . . . 129

5.4.2 Validating assay operation and specificity . . . . . . . . . . . . . . 130

5.4.3 Serial dilution experiments . . . . . . . . . . . . . . . . . . . . . . 130

Bacteria counts and calculation of limit of detection . . . . . . . . 131

Algorithm for automated bacteria counts . . . . . . . . . . . . . . 132

5.5 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5.5.1 Pre-programmed liquid delivery in capillaric circuit . . . . . . . . 134

Reproducibility of bead packing and liquid delivery . . . . . . . . 136

5.5.2 Validating assay principle and specificity . . . . . . . . . . . . . . 136

5.5.3 Limit of detection of E. coli in synthetic urine . . . . . . . . . . . . 137

Algorithm for automated bacteria counts . . . . . . . . . . . . . . 139

Trade-off between sensitivity and time-to-result . . . . . . . . . . 140

3D-printing and mass production . . . . . . . . . . . . . . . . . . 141

Ease of use of the CC . . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

6 Domino Capillaric Circuits 151

6.1 Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.2.1 Capillary microfluidics for preprogrammed multistep liquid de-

livery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.2.2 Capillaric circuits for autonomous liquid delivery . . . . . . . . . 154

Challenges in scaling up capillaric circuits . . . . . . . . . . . . . 154

Domino capillaric circuits for scalable preprogrammed liquid de-

livery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155



v

6.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

6.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

6.4.1 Operating Principle of Domino Capillaric Circuits . . . . . . . . . 156

6.4.2 Physical Realization of Domino Capillaric Circuit . . . . . . . . . 159

6.4.3 Preprogrammed sequential delivery of 9 liquids . . . . . . . . . . 160

6.4.4 Preprogrammed sequential delivery of 17 liquids . . . . . . . . . 162

6.4.5 Domino capillarics for simultaneous liquid delivery . . . . . . . . 163

6.4.6 Domino capillarics to limit effect of surface tension variations . . 165

6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

7 Conclusions and Outlook 171

7.1 Summary of scientific contributions . . . . . . . . . . . . . . . . . . . . . 171

7.2 Recommendations for future directions . . . . . . . . . . . . . . . . . . . 173

7.2.1 Material choice and device storage . . . . . . . . . . . . . . . . . . 173

7.2.2 Making CCs more user-friendly . . . . . . . . . . . . . . . . . . . 175

Aliquoting/Overflow Structures . . . . . . . . . . . . . . . . . . . 176

7.2.3 Simplifying assay readout . . . . . . . . . . . . . . . . . . . . . . . 176

7.2.4 Improving sensitivity of CCs for bacteria detection . . . . . . . . 177

7.2.5 Testing clinical urine samples . . . . . . . . . . . . . . . . . . . . . 178

Presence of debris in clinical urine samples . . . . . . . . . . . . . 178

Detecting different bacteria species . . . . . . . . . . . . . . . . . . 180

Detecting antibiotic resistance . . . . . . . . . . . . . . . . . . . . . 181

7.2.6 Applications of Capillaric Circuits . . . . . . . . . . . . . . . . . . 181

7.2.7 Closing Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183



vi

List of Figures

2.1 Pneumatic actuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Centrifugal actuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Electroosmotic actuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4 Examples of paper-based microfluidics . . . . . . . . . . . . . . . . . . . 16

2.5 Positive pressure capillary pumping . . . . . . . . . . . . . . . . . . . . . 18

3.1 Stages of development in microchannel-based capillary microfluidics . . 36

3.2 Examples of early mechanically micromachined devices that were patented

decades ago by industrial labs with many of the ideas recently rediscov-

ered and published in academic literature. . . . . . . . . . . . . . . . . . . 38

3.3 Illustration of capillary-driven flow in a wettable rectangular microchan-

nel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.4 Symbolic and schematic representations of a typical capillaric circuit . . 45

3.5 Capillary system with simple tree line capillary pumps . . . . . . . . . . 47

3.6 Microstructures for simple and advanced capillary pumping . . . . . . . 48

3.7 Serpentine capillary pump . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.8 Schematics and images of stop valves and trigger valves . . . . . . . . . 50

3.9 Capillary retention valve . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.10 Delay valve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.11 Capillary soft valve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.12 Array of 11 CCs for manual, multi-step assays . . . . . . . . . . . . . . . 58

3.13 Triage chip for immunoassays from whole blood . . . . . . . . . . . . . . 59

3.14 Microfabricated silicon chip for one-step immunoassay . . . . . . . . . . 60



vii

3.15 Microchip with serially arranged reservoirs for multiplexed immunoassay 61

3.16 Air vents connected to microchannel inlets to control sequential delivery 66

3.17 Capillaric circuit for sequential liquid delivery . . . . . . . . . . . . . . . 67

3.18 Dissolvable Polyvinylalcohol (PVA) barriers for multi-step liquid delivery 70

3.19 Rapid prototyping of capillary systems using CO2 laser cutting and 3D-

printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.1 Comparison between cleanroom-fabricated and 3D-printed TVs . . . . . 99

4.2 Effect of geometry and surfactant concentration on success rate of TVs . 101

4.3 Design, mold, PDMS replica and operation of CCs for autonomous se-

quential delivery of four liquids . . . . . . . . . . . . . . . . . . . . . . . . 104

4.4 Design and experimental validation of CC for autonomous delivery of

four liquids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

4.5 CC for autonomous delivery of eight liquids . . . . . . . . . . . . . . . . 112

5.1 Design and working principle of CC for bacteria detection . . . . . . . . 127

5.2 Fabrication and testing of CC for bacteria detection . . . . . . . . . . . . 135

5.3 Validating bacteria capture assay principle and specificity . . . . . . . . . 137

5.4 Results of bacteria capture assay in CC - standard curve and automated

algorithm validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.1 Domino capillaric circuit with 8 side branches . . . . . . . . . . . . . . . 158

6.2 3D-printed hydraulic and PDMS-replicated pneumatic layers of the domino

capillaric circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

6.3 Sequential delivery of 9 liquids by domino capillaric circuit . . . . . . . . 161

6.4 Sequential drainage of 16 reservoirs by domino capillaric circuit . . . . . 162

6.5 Domino capillaric circuit with simultaneous reservoir drainage for sil-

ver enhancement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164



viii

List of Tables

2.1 Comparison between fibrous and microchannel-based capillary microflu-

idics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1 Examples of applications of capillaric circuits . . . . . . . . . . . . . . . . 63

4.1 Geometry of retention burst valves (RBVs) for autonomous delivery of

four liquids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.2 RBVs designed for autonomous delivery of eight liquids . . . . . . . . . 111

4.3 Design rules for capillaric circuits made from 3D-printed molds . . . . . 114

5.1 Geometry of retention burst valves (RBVs) in CC for detection of bacteria 133



ix

Abstract

Capillary microfluidic devices move liquids without external pumps and valves rely-

ing instead on surface tension effects defined by geometry and surface chemistry. This

makes them well-suited for miniaturization and automation of biochemical assays in

diagnostic and research settings. We introduced the term Capillaric Circuits (CCs)

to refer to advanced capillary microfluidic systems composed of individual capillary

fluidic elements like pumps, stop valves, and retention valves. CCs are usually micro-

fabricated in cleanroom facilities limiting accessibility, increasing costs, and slowing

down prototyping time.

Recently, there was a surge in the application of 3D-printing technologies to fab-

rication of microfluidic devices. However, the minimum feature size achievable by

most commercial 3D-printers (≈ 100 µm) is an order of magnitude larger than the

typical features sizes required for functional capillary valves (≈ 10 µm). Similarly, the

large surface roughness (± 1 µm) and layer-by-layer structure (≥ 50 µm layer thick-

nesses) of 3D-printed materials also call into question the feasibility of manufacturing

functional 3D-printed capillary microfluidic devices.

In this thesis, we develop 3D-printed CCs and introduce clear design rules for pre-

programmed liquid delivery in such circuits. 3D-printing allows us to rapidly and

systematically investigate design parameters that control liquid delivery within capil-

lary microfluidic systems. First, we manufactured molds for CCs using 3D-printing,

then made functional device replicas in polydimethylsiloxane (PDMS). Then we tested

the functionality of trigger valves, retention burst valves, and CCs manufactured from

3D-printed molds. After demonstrating reliable operation of these CCs, we developed

large volume (> 100 µL) devices to automate a sandwich immunoassay for rapid and



x

facile bacteria detection. The assay in the CC was completed in < 7 min with a limit

of detection of 7.1× 103 CFU/mL of E. coli in synthetic urine, which is well below the

traditional diagnostic criterion for urinary tract infections (105 CFU/mL).

Finally, we introduced a new design paradigm, called domino capillaric circuits

(DCCs), for simple and scalable pre-programmed liquid delivery. DCCs use identical

air conduits in a hydrophobic sealing layer to control the sequential and/or simulta-

neous reservoir drainage from a 3D-printed device. DCCs are simple to design and

operate since they move liquids using a domino effect where reservoirs are opened to

air and able to drain only after the preceding reservoir has completely drained.

3D-printing allowed rapid design iterations of CCs with functional devices avail-

able in only 10 min. The design rules, fabrication details, and clinically relevant ap-

plication of the capillary microfluidic devices here suggest clearly that 3D-printed mi-

crofluidics enable simple and scalable design of devices for sequential and simultane-

ous liquid delivery. These devices may find many applications in clinical and indus-

trial settings.
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Résumé

Les dispositifs microfluidiques capillaires déplacent des liquides sans pompes, ni valves.

Ils s’appuient sur les effets de tension de surface, définis par la géométrie et la chimie

de surface. Cela les rend parfaitement adaptés à la miniaturisation et à l’automatisation

des analyses biochimiques afin d’établir un diagnostic et dans le cadre de la recherche.

Les systèmes microfluidiques capillaires sont composés d’éléments fluidiques capil-

laires individuels, tel que les pompes passives et les valves d’arrêts. Ces éléments

sont typiquement micro-fabriqués dans des salles blanches. Cela limite l’accessibilité,

augmente les coûts et ralentit le temps de prototypage.

Récemment, il y a eu un afflux de l’application des technologies d’impression 3D

pour la fabrication de dispositifs microfluidiques. Cependant, la résolution atteinte

par la plupart des imprimantes 3D commerciales est un ordre de grandeur plus élevé

que celle requise pour la fonctionnalité des valves capillaires. D’une manière similaire,

la rugosité de la surface et la structure couche par couche des matériaux imprimés en

3D mettent également en doute la faisabilité de la fabrication par impression 3D de

dispositifs microfluidiques capillaires fonctionnels.

Dans cette thèse, nous avons développé des règles de conception analytiques et em-

piriques pour les dispositifs microfluidiques capillaires imprimés en 3D. L’impression

3D nous a permis d’étudier rapidement et systématiquement les paramètres de con-

ception qui contrôlent la distribution des liquides dans les systèmes microfluidiques

capillaires. Pour commencer, nous avons conçu des circuits capillaires à partir d’éléments

fluidiques capillaires individuels, tel que des pompes, des valves d’arrêt et des valves

de rétention. Ces éléments ont été répliqués à partir de moules imprimé en 3D. Après
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démonstration d’un fonctionnement fiables de ces circuits capillaires, nous avons dévelop-

pés des dispositifs à larges volumes afin d’automatiser un dosage immunologique en

sandwich pour une détection rapide et facile des bactéries. Le dosage dans le circuit

capillaire a été complété en moins de 7 minutes avec une limite de détection de 7.1×103

UFC (Unité formant colonies) /mL d’E. coli dans un échantillon d’urine synthétique.

Cette valeur est bien en dessous du seuil de diagnostique utilisé traditionnellement

pour les infections urinaires (105 UFC/mL).

Finalement, nous avons introduit un nouveau paradigme de conception, appelé

microfluidique en domino, pour une distribution de liquides simples (and scalable) et

pré-programmés. Les systèmes microfluidiques en domino imprimés en 3D utilisent

des conduits d’air identiques, conçus dans une couche hydrophobe venant sceller la

puce microfluidique, afin de contrôler le drainage séquentiel et/ou simultané de réser-

voirs. Les dispositifs microfluidiques en domino sont simples à concevoir et à opérer

puisqu’ils utilisent un effet domino où les réservoirs sont ouverts à l’air et capables de

s’écouler seulement après que le réservoir précédent soit complètement vidé.

L’impression 3D a permis des itérations rapides de conception de circuits capil-

laires et de systèmes microfluidiques domino fonctionnels en seulement 10 minutes.

Les règles de conception, les détails de fabrication et les applications cliniques per-

tinentes des dispositifs microfluidiques capillaires indiquent sans ambigüité que ces

systèmes imprimés en 3D permettent la génération simple (and scalable) de distribu-

tion des liquides séquentiel et simultanés. Ces dispositifs microfluidiques peuvent

trouver de nombreuses applications dans des environnements cliniques et industriels.
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Preface and Contribution of Authors

Following the “Guidelines for Thesis Preparation”, this thesis is presented as a col-

lection of manuscripts written by the candidate with the collaboration of co-authors.

The first chapter is an introduction to microfluidic liquid handling with a focus on self-

powered liquid delivery in devices powered by capillary forces. Chapter 2 is a detailed

literature review that provides historical perspective and highlights recent trends in

the development of capillaric circuits (CCs) for preprogrammed liquid delivery. The

third, fourth, and fifth chapters detail the results obtained and include the fabrication

of CCs using 3D-printing (chapter 3), their application to rapid and sensitive bacte-

ria detection (chapter 4), and the development of a novel and scalable capillaric liquid

delivery strategy using 3D-printing (chapter 5). The final chapter summarizes the con-

tributions of this thesis, articulating their impacts, and discuss potential avenues for

future work.

In this dissertation, we developed microfluidic capillaric circuits (CCs) manufac-

tured by 3D-printing. Prior to this work, the conventional view was that capillary

microfluidic devices required the high precision (≈ 10 µm) and sub-micron surface

roughness provided by cleanroom fabrication to obtain functional capillaric valves

and circuits. The reliance on cleanroom fabrication increased the time required to

develop new design iterations to advance the understanding of capillaric valves and

circuits, and employ them in clinically-relevant applications. In this thesis, we devel-

oped analytical and empirical design rules for rapid prototyping of functional capil-

laric valves and circuits using 3D-printing. We applied CCs from 3D-printed molds to

a clinically relevant problem - rapid and user-friendly detection of bacteria in urine.

We also introduced a new design paradigm, called Domino Capillaric Circuits (DCCs)
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Chapter 1

Introduction

Miniaturization and automation has revolutionized our everyday lives. The micro-

electronics revolution that started in the 1960s resulted in a world where almost every-

one has access to miniaturized computing technologies in their pockets. It is difficult

to imagine what life was like before smartphones, laptop computers, and ubiquitous

internet access. This high level of miniaturization and automation was enabled by the

development of microfabrication technologies that enabled large scale integration of

billions of nanometer-scale transistors into handheld devices.

The field of microfluidics takes inspiration from the microelectronics industry and

aims to harness the benefits of miniaturization and automation to offer rapid and scal-

able liquid handling technologies with a variety of applications, particularly in the life

sciences.[1] Microfluidic devices enable manipulation of small volumes of liquids at

micrometer length scales. Microfluidic systems are a promising platform for point-

of-care tests because they have predictable and controllable flow paths, require only

small sample and reagent volumes, have large surface area to volume ratio for analyte

capture, can be automated within a small device footprint, and have small dimensions

that improve the efficiency of mass transport.

The origin of liquid handling in microfabricated devices dates back to the develop-

ment of inkjet nozzle heads used in printers.[2] Early work at IBM, Canon, and Kodak

on the development of miniaturized inkjet heads from the 1950s till the 1970s paved

the way for the development of liquid handling devices at the micrometer scale. The
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first integrated microfluidic chip was a silicon micromachined device for gas chro-

matography developed by Terry et al in 1979.[3] In the early 1990s, Andreas Manz

and co-workers articulated the vision of micro-total analysis system (µTAS) which they

envisioned as integrated systems for chemical analysis within a single microchip.[4]

Such lab-on-a-chip devices are developed using microfabrication technologies from the

microelectronics industry and aim to bring the benefits of miniaturization and au-

tomation to the medical world. There was an explosion of interest and development

in microfluidics in both academic and industrial settings in the 1990s. Varieties of liq-

uid handling technologies and applications have been developed. The progress and

potential of microfluidics has been reviewed by Whitesides[5] and more recently by

Beebe and colleagues.[6]

However, nearly three decades since Manz envisioned µTAS, most microfluidic

systems have not yet realized the dream of a functional lab-on-a-chip. Instead, most

systems tend to be more of a lab-around-a-chip that relies heavily on external, macro-

scopic equipment such as syringe pumps for liquid transport. As such, there is a lot of

interest in minimally-instrumented and user-friendly microfluidic systems for use in

point-of-care settings.[7, 8]

The subfield of capillary microfluidics focuses on developing pumps,[9, 10] valves,

[11, 12], and integrated systems[9, 13, 14] that achieve self-powered and self-regulated

liquid delivery using only capillary forces defined by a material’s geometry and sur-

face chemistry.

Traditionally microfluidic devices are fabricated by photolithography in cleanroom

enviroments with filtered ventilation to control the presence of particulate matter in

the environment since even a 100-µm wide hair could obstruct the microchannels re-

quired for flow control. Photolithography refers to the generation of patterns using

light, reminescent of photography in the early 1900s, and typically requires prior de-

sign of photomasks to define micropatterns, and relies on large and expensive pho-

tomasks aligners, and chemical etching equipment to achieve high resolution and

small feature sizes. Consequently, cleanroom fabrication is costly and time-consuming
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and results in long design iteration times for microchannel-based capillary microflu-

idic devices.

Another limitation of capillary microfluidic devices fabricated using conventional

cleanroom techniques is that the volume capacity is typically limited to only a few mi-

croliters due to manufacturing limitations. This can be a challenge when applications

require the screening of large sample volumes (> 100 µL) for trace amounts of a target

analyte, for example when detecting bacteria in urine. 3D-printing can help to address

this concern since it enables simple multi-level fabrication.

1.1 Scope of the thesis

The aim of my thesis is to develop strategies for rapid prototyping of large-volume

capillary microfluidics using 3D-printing, to characterize and develop detailed design

rules for valves and circuits, and apply them to clinically-relevant applications. Fi-

nally, we also leverage the speed and rapid design iteration time available with 3D-

printing to develop new design paradigms for preprogrammed liquid delivery.

In Chapter 2, we introduce liquid handling techniques in microfluidic systems. We

briefly highlight actively-powered devices, which require peripheral equipment for

actuation, such as: pneumatic, centrifugal, or electroosmotic forces. Then we discuss

self-powered capillary microfluidic devices that do not require external equipment for

actuation including: gravity-driven, vacuum-driven, and capillary-driven microflu-

idic devices. We focus on capillary microfluidics and classify it into 2 cateogries,

namely: (1) fibrous capillary microfluidics that move liquids using negative pressure

in porous materials like paper or thread, and (2) microchannel-based capillary mi-

crofluidics that wick liquids using capillary effects in microfabricated conduits. We

further sub-divide microchannel-based capillary microfluidics into positive pressure
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capillary microfluidics that move liquids in microchannels using Laplace pressure gra-

dients generated by differences in droplet size, and negative pressure capillary mi-

crofluidics that wick liquids solely using the capillary forces defined by the geom-

etry and surface chemistry of a substrate. We conclude by comparing fibrous and

microchannel-based capillary microfluidics highlighting the strengths and limitations

of both approaches. This chapter provides background and context for work presented

in this thesis on negative pressure capillary microfluidic devices designed using elec-

trical analogies.

In Chapter 3, we provide a detailed literature review on negative pressure cap-

illary microfluidics using the framework of capillaric circuits (CCs). We define CCs

as integrated systems for capillary-driven liquid handling in microchannels that can

be assembled from modular fluidic elements and used to implement preprogrammed

flow control. We provide a historical perspective of the development CCs starting

with early work on mechanically micromachined pumps and stop valves in indus-

try that is described in patents from the 1970s and 1980s and has not been described

elsewhere. Next we discuss the principles of operation of individual fluidic elements

such as capillary pumps, stop valves, trigger valves, retention valves, and retention

burst valves that were developed following the explosion of the interest in cleanroom-

fabricated microfluidic systems in the 1990s. We describe emerging trends in the field

including CCs for preprogrammed delivery of multiple liquids and rapid prototyping

of CCs. Our review, for the first time, summarizes progress over the past 30 years in

the development of valves and circuits for self-regulated and self-powered capillary

flow in microfabricated conduits and is timely given recent progress in establishing

design rules and rapid prototyping techniques that could enable wider adoption of

such systems.

In Chapter 4, we introduce the rapid prototyping of CCs by 3D-printing of molds.

We describe the design and fabrication of capillaric circuits (CCs) - advanced capillary

microfluidic devices assembled from capillary fluidic elements in a modular manner

similar to the design of electric circuits. 3D-printing enabled rapid prototyping and



Chapter 1. Introduction 5

design iterations of CCs. We established empirical and analytical design rules for

capillary fluidic elements like trigger valves, and retention burst valves. Functional

trigger valves were obtained with 3D-printed molds with up to 80-fold larger geome-

try than the traditional cleanroom microfabrication. In addition, CCs for autonomous

sequential delivery of eight liquids in a < 7 min were developed. CCs from 3D-printed

molds lower the bar for other researchers to develop and apply capillary microflu-

idic valves and CCs for autonomous liquid delivery in a variety of applications. The

use of 3D-printing allows fast and inexpensive design and fabrication of self-powered

devices that could have many applications in the clinic or in industry.

In Chapter 5, we use CCs to address a major healthcare challenge - rapid and user-

friendly detection of bacteria in urine. Urinary tract infections are one of the most

common bacterial infections and causes of emergency room visits. Current clinical

UTI diagnosis is slow and time-consuming. Although significant progress has been

made in developing microfluidic systems for bacteria detection, their practical applica-

tion is often limited by complex protocols, bulky peripherals, and slow operation. We

present CCs optimized for rapid and automated bacteria detection in urine. For sensi-

tive bacteria capture, microbeads functionalized with capture antibodies were packed

on-the-spot within the CC in < 20 s. The CC automated preprogrammed delivery of

100 µL of bacteria sample, biotinylated antibodies, fluorescent streptavidin conjugate,

and wash buffer for a total volume≈ 115 µL. The automated assay was completed in <

7 min and captured bacteria were visible as fluorescent spots that were easily counted

by the user or with an automated algorithm. The limit of detection (LOD) of E. coli

in synthetic urine was 7.1× 103 colony-forming-units per mL (CFU/mL) which is well

below the traditional clinical threshold for UTI (> 105 CFU/mL). The CC for bacteria

detection is one of the fastest demonstrations of rapid and sensitive bacteria detection

to date, and has potential for use in rapid point-of-care UTI screening.

In Chapter 6, we introduce a new design paradigm for CCs, called Domino Capil-

laric Circuit (DCC), that enables simpler design and greater number of liquid delivery

steps. Previously, it was difficult to scale up the number of liquid delivery steps in
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CCs because of limitations in 3D-printer resolution and accuracy. DCCs enable sim-

ple scaling up of the number of liquid delivery steps by using air conduits to separate

liquid reservoirs. DCCs were designed such that air conduits connect the exit of one

reservoir to the entrance of another reservoir. With this design, DCCs enable prepro-

grammed liquid delivery in a manner that resembles a domino effect where emptying

of one reservoir allows drainage of a subsequent reservoir connected via an air con-

duit. Air conduits can be connected across multiple reservoirs enabling simultaneous

liquid delivery similar to using one domino to knock over two other dominos. DCCs

are an exciting approach for preprogrammed sequential and/or simultaneous liquid

delivery with easy design and scaling up of the number of liquid delivery steps that

could be open up many new applications in research, clinic, or industry.

In Chapter 7, we conclude by summarizing the contributions of this thesis to sci-

ence, namely:

• rapid prototyping of CCs using 3D-printing

• rapid and user-friendly bacteria detection using CCs

• introduction of DCCs for simple and scalable design of devices for preprogrammed

sequential and/or simultaneous liquid delivery.

We discuss the limitations of the 3D-printed CCs as well as avenues for potential

future work that could address those limitations.
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Chapter 2

Background on Microfluidic Liquid

Handling

2.1 Preface

In this chapter, we introduce liquid handling techniques in microfluidic systems. We

briefly highlight actively-powered devices, which require peripheral equipment for

actuation, such as: pneumatic, centrifugal, or electroosmotic forces. Then we dis-

cuss self-powered capillary microfluidic devices that do not require external equip-

ment for actuation including: gravity-driven, vacuum-driven, and capillary-driven

microfluidic devices. We focus on capillary microfluidics and classify it into 2 cate-

gories, namely: (1) fibrous capillary microfluidics that move liquids using negative

pressure in porous materials like paper or thread, and (2) microchannel-based capil-

lary microfluidics that wick liquids using capillary effects in microfabricated conduits.

We further sub-divide microchannel-based capillary microfluidics into positive pres-

sure capillary microfluidics that move liquids in microchannels using Laplace pres-

sure gradients generated by differences in droplet size, and negative pressure capil-

lary microfluidics that wick liquids solely using the capillary forces defined by the

geometry and surface chemistry of a substrate. We conclude by comparing fibrous

and microchannel-based capillary microfluidics highlighting the strengths and limi-

tations of both approaches. This chapter provides background and context for work
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presented in this thesis on negative pressure capillary microfluidic devices designed

using electrical analogies.

2.2 Introduction to Microfluidic Liquid Handling

Microfluidics is the study of the manipulation of liquids using conduits at sub-millimeter

size scales. The field is now well established with many developments aimed at ap-

plying microfluidics to biomedical research and point-of-care diagnostics.[1, 2, 3] Mi-

crofluidic devices may be divided into two main categories according to the mecha-

nism of liquid actuation, namely:

1. actively-powered systems that require external power sources (such as pneu-

matic pressure, centrifugal forces, or electric or acoustic fields) for liquid manip-

ulation,

2. self-powered systems that do not require external power sources and rely solely

on forces defined by the geometry and material properties of a microfluidic de-

vice (such as surface tension, air permeability, or gravity) for liquid manipula-

tion.

2.3 Actively-Powered Microfluidics

Actively-powered microfluidic devices move liquids using external equipment and

power supplies. There are a wide variety of actively-powered microfluidic pumping

and valving schemes including: pneumatic, electroosmotic, centrifugal, and acoustic

methods. The breadth of microfluidic pumping and valving schemes was well re-

viewed previously.[4, 5, 6] Here we briefly describe some of the most common actively-

powered microfluidic devices.

Pneumatic actuation is one of the most common approaches for manipulating flu-

ids in microfluidic devices. By connecting air and vacuum lines to the inlets and out-

lets of microchannels, pneumatic pressure can be used to precise manipulate liquids
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FIGURE 2.1: Microfluidic chip with pressure and vacuum lines for pneumatic actuation.
Adapted from ref. [12] © 2005 American Association for the Advancement of Science

(Fig. 2.1). Pneumatic valves can also be manufactured by multilayer soft lithography

wherein polydimethylsiloxane (PDMS) microchannels are constructed as the fluidic

layer.[7] Air and/or vacuum is passed through a thin, flexible PDMS control layer that

can be used to open or close microchannels on the fluidic layer. This enables precise

control over flow in microchannels and complex networks of pneumatically actuated

valves and circuits have been developed including devices for fluidic shift registers

or logic circuits that demonstrate the versatility of this approach.[8, 9] Pneumatically-

powered microfluidic devices have also been commercialized, for example the single

cell analysis systems developed by Fluidigm.[10] Pneumatic valves can be readily in-

tegrated within microfluidic devices fabricated using mass production methods like

injection molding,[11] and can be automated to offer robust and flexible flow control

over a wide range of applications. However, the requirement for air and vacuum con-

nections to the microfluidic chip generally limits the use of pneumatic actuation to

centralized laboratories and precludes their use in point-of-care settings.

Centrifugal microfluidics, or Lab-on-a-CD is another common microfluidic liquid

handling mechanism. Disk-shaped microfluidic devices are loaded with liquid and

spun at high speeds, sometimes with a CD or a DVD player, to provide centrifugal

forces for liquid manipulation (Fig. 2.2).[15] Centrifugal microfluidics have been ap-

plied for a variety of applications, and are already commercially available and were
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FIGURE 2.2: A microchip and supporting instrument for centrifugal actuation of microfluidic
flow. Adapted from ref. [13] © 2009 Royal Society of Chemistry

recently used for detection of Ebola virus during the West African outbreak from 2013 -

2016.[16] Centrifugal microfluidics are advantageous since they use disposable, mass-

producible, plastic substrates. They can also be used to automate multi-step assays

that can be easily multiplexed along various branches or sectors of the CD substrate.

However, real-time sensing and readout is challenging due to the need to spin the

substrate to control flow. In addition, the size of the motor/spinner required tends to

limit portability of centrifugal systems.

Electrophoomosis is another phenomenon manipulated to move fluidics within

microfabricated channels. Electroosmotic flow is important in chemical separation

systems. Fig. 2.3 shows a capillary electrophoresis device commonly used in molec-

ular biology for separation of analytes such as DNA based on size. Capillary elec-

trophoresis systems were one of the first commercial applications of microfluidics in

the 1990s.[17] Electroosmotic methods enable high precision flow control and are capa-

ble of manipulating nanoliter sample volumes. They also do not require any moving

parts in the microchip, which simplifies fabrication. However, operation of electroos-

motic methods is susceptible to changes in buffer composition and surface properties.

In addition, the requirement for high voltage power supplies limits the portability of

such systems.

Another huge category of microfluidic devices are powered by electrowetting.[18]
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FIGURE 2.3: A schematic describing capillary electrophoresis in a microfluidic device. Electric
voltages are used for chemical separation in the microchannel. Adapted from ref. [14] © 2013

IOP Publishing Ltd.

Liquids are moved in individual droplets using arrays of electrodes to control the wet-

tability of the surface. We do not discuss electrowetting here because it does not fit

within the scope of this thesis (i.e. channel-based microfluidics).

Actively-powered systems are very well-established and versatile tools for au-

tomation of biochemical assays. They may be used as high-throughput screening sys-

tems for a variety of assays and some systems have found commercial success as en-

abling technologies behind DNA sequencing platforms. However, actively-powered

systems are not very suitable for applications where point-of-care or minimally instru-

mented operation is a priority, such as rapid diagnosis.

2.4 Self-Powered Microfluidics

Self-powered microfluidic devices do not require external equipment for liquid ma-

nipulation. Self-powered systems move liquids using driving forces encoded in the

design or material properties of the microfluidic device. There are many different

techniques for self-powered liquid delivery in microfluidic devices, including: vac-

uum, gravity, and capillary effects.
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Vacuum-driven microfluidics moves liquids using a vacuum that is typically stored

within the material that is used to fabricate the microfluidic chip. For example, mi-

crochannels made out of poly(dimethylsiloxane) (PDMS) are air permeable and can be

degassed in a vacuum chamber and sealed in an air-tight chamber so that when flow is

desired, liquids are loaded into the inlets of the PDMS device and the device is exposed

to atmospheric air. Suction of air into the PDMS drives flow in the microchannels in a

power-free manner.[19, 20] Progress and applications of vacuum-driven microfluidics

was recently reviewed.[21] Vacuum-driven microfluidics is simple and power-free and

requires no external connections or tubing. However, vacuum-driven flow requires

air-tight storage of devices and offers only limited valving capabilities.

Gravity-driven flow in microfluidic devices uses the hydrodynamic pressure dif-

ference between vertical inlet and outlet reservoirs of a microfluidic device to drive

flow.[22, 23] The difference in gravitational potential energy creates a hydraulic pres-

sure difference that drives flow through microchannels. For example, DiagnoSwiss

developed a gravity-driven system that tilts a microfluidic chip to control flow rates

within microfluidic channels to perform automated immunoassays with results avail-

able in < 10 min.[24] Gravity-driven flow has also been combined with separation

schemes such as deterministic lateral displacement for size-specific particle sorting[25]

and magnetic-bead based assays for specific analyte capture.[26] Advanced gravity-

driven microfluidic systems have been developed that enable self-switching synchronous

flows, analogous to synchronous electric circuits, with a wide range of flow frequen-

cies and flow rates with the potential to automate multiple parallel operations without

external controllers.[27] Nevertheless, the capability to implement fluidic valving op-

erations like delaying or stopping flow has not yet been shown.

2.5 Capillary Microfluidics

Capillary microfluidics manipulate liquids using surface tension effects defined by the

geometry and surface chemistry of a substrate. Capillary forces enable self-powered
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wicking of liquid without external peripherals or power supplies. Capillary microflu-

idics can be broadly classified into two categories: (1) fibrous capillary microfluidics

that wick using porous membranes and fibres, and (2) microchannel-based capillary

microfluidics that wick liquids using microfabricated conduits.

2.5.1 Fibrous capillary microfluidics

Fibrous capillary microfluidic devices wick liquids using porous substrates such as

paper[28] or thread[29]. The study of liquid transport in patterned paper dates back

to paper chromatography in the 1940s.[30, 31] Between the 1930s and the 1980s, paper

and membrane-based devices found practical applications such as glucose and preg-

nancy test strips with widespread adoption in everyday life. Lateral flow test strips

where assay reagents were immobilized on porous membranes were developed and

addition of sample resulted in visual assay results on a test line as well as a change in

a control line to indicate proper liquid delivery in the test (Fig. 2.4A). Lateral flow tests

are still the most widely commercially successful “microfluidic” devices.[1, 32]

Paper-based microfluidics as a research area was developed by the Whitesides

group in 2007.[28] Rapid prototyping techniques such as craft cutting, laser cutting,

and wax printing enabled design and manufacture of new devices within a few hours

and at low cost. There are a wide variety of fluid control strategies and applications of

paper-based microfluidics with many recent reviews.[30, 35, 36, 37] We briefly describe

two approaches for preprogrammed sequential delivery of liquids in paper-based de-

vices. One approach is folding of paper-devices into 3-dimensional structures that

enable parallel addition of sample and reagents to different test zones without mixing

(Fig. 2.4B).[33] Vertical flow in 3-dimensional paper devices enables parallel delivery

of liquid to multiple reaction zones while retaining a compact device area. Such 3-

dimensional paper-based microfluidics were applied in point-of-care settings to detect

liver disease.[38, 39] Another fluid delivery strategy in paper-based microfluidics is
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A. Lateral flow assay B. 3-dimensional paper-based microfluidic device 
assembled using the principles of origami

C. 2-dimensional paper networks for sequential liquid delivery

a b c d

FIGURE 2.4: Examples of paper-based microfluidics. (A) Schematic of a lateral flow test show-
ing key components. Liquid is added to the sample pad and reconstitutes antibodies stored
on the conjugate pad moving them downstream towards the test line and control line. The
absorbent pad wicks liquid driving flow downstream. (B) Three-dimensional paper-based
microfluidics with photolithographically-defined channels, reservoirs, and a folding frame.
Devices were cut, folded and clamped within an aluminum housing and loaded with liquid
through four injection holes. An unfolded nine-layer device is shown after injection of liquids.
(C) Two-dimensional paper microfluidic network with different flow path lengths used to ob-
tain pre-programmed sequential delivery of multiple liquids through the detection region.
Adapted from: (A) ref. [1] © 2010 Royal Society of Chemistry, (B) ref. [33] © 2011 American

Chemical Society, (C) ref. [34] © 2010 Royal Society of Chemistry.
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the fabrication of devices with converging flow paths with different path lengths to ob-

tain sequential delivery of liquids to a detection zone (Fig. 2.4C).[34] Two-dimensional

paper networks were used for sequential delivery of signal amplification and wash

reagents to improve assay sensitivity.[40] Recently, paper-based devices with inte-

grated sample collection, preparation, and analysis have also been developed.[41, 42]

The benefits and drawbacks of paper-based and microchannel-based capillary mi-

crofluidics are compared in section 2.5.2.

2.5.2 Microchannel-based capillary microfluidics

Microchannel-based capillary microfluidics wick liquid through precisely microma-

chined conduits. There are two main categories of microchannel-based capillary mi-

crofluidics: (1) positive pressure capillary microfluidics, and (2) negative pressure cap-

illary microfluidics.

Positive pressure capillary microfluidics

Positive pressure capillary microfluidics use positive Laplace pressure acting on a liq-

uid droplet to move liquids through microchannels. The capillary pressure difference,

∆P acting on a hemispheric droplet of radius r (see Fig. 2.5A) can be calculated as:[43]

∆P =
2γ

r
(2.1)

where γ is the surface tension of liquid. As seen in Fig. 2.5B, liquid moves from a

smaller “pumping port” to a larger “receiving port” driven by Laplace pressure differ-

ences at the liquid inlets.[44] Flow in these passive pumps was characterized[43] and

used to implement microfluidic logic operations[45]. Droplets with different sizes and

Laplace pressures have also been applied in open plaforms to passively direct flow

for hanging drop cell culture.[46] This is an elegant and simple pumping scheme. The

need for pipetting exact liquid volumes and shielding devices from evaporation are

important considerations when using such systems.
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(i)

(ii)

(iii)

A. Schematic B. Timelapse

FIGURE 2.5: Capillary pump mechanism that propels liquid using both negative (wicking)
surface tension and positive (Laplace) pressure differences governed by inlet and droplet size.
(A) Schematic of positive capillary pumping mechanism. Adapted from ref. 44 © 2002 Royal
Society of Chemistry. (B) Timelapse images showing flow of liquid from smaller pumping

drop to larger reservoir drop. Adapted from ref. 43. © 2007 Royal Society of Chemistry.

Positive pressure capillary pumping can be combined with other capillary mi-

crofluidic elements to automate parallel bioassays.[47] For example, Kim et al. devel-

oped a microfluidic device that used positive pressure capillary pumping to control

flow direction and also incorporated additional fluidic components such as timing

channels, synchronization channels, and stop valves to implement pre-programmed

multiplexed immunoassays to detect two protein biomarkers.[47] This approach also

included a system-level design and electrical notation that guided development of mi-

crofluidic designs. The aim of the automated device developed by Kim et al. was to

improve the user-friendliness and automation of conventional immunoassays within

a portable self-filling microfluidic device. Indeed, the number of pipetting steps was

decreased from the 48 required in a conventional microwell plate to 10 in the capillary

system.[47] Nevertheless, the user needed to add liquids to inlets at specific times to

ensure sequential liquid delivery, which limits the user-friendliness of the microfluidic

device.
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Negative pressure capillary microfluidics

Negative pressure capillary microfluidics are powered solely by surface tension ef-

fects that result in wicking of liquids in microchannels. The capillary pressure that

wicks liquid into wettable microchannels is a negative pressure that drives flow in sub-

millimeter conduits. The driving force for negative pressure capillary microfluidics is

the same as that in fibrous capillary microfluidics, except instead of moving liquids

through porous membranes with heterogeneous pore structures, microchannel-based

devices move liquids through precisely defined microfabricated conduits. By modi-

fying the geometry of microstructures, capillary-driven microfluidic elements such as

capillary pumps,[48] stop valves,[49] and trigger valves[50] were developed. When

these capillary microfluidic elements were combined into integrated circuits powered

solely by capillary pressure they were originally referred to as “autonomous microflu-

idic capillary systems” or “capillary systems” (CSs).[51] Our research group intro-

duced the concept of Capillaric Circuits (CCs) - which are microfluidic systems assem-

bled from individual capillaric fluidic elements in much the same way that electronic

circuits are assembled from individual electronic components.[52] Framing the design

and development of negative pressure capillary microfluidics in terms of CCs enables

modular design of such systems for preprogrammed sequential liquid delivery. Chap-

ter 3 provides a detailed description of the history of CCs, the operating principles of

individual capillaric microfluidic elements, and CCs for preprogrammed sequential

liquid delivery.

Fibrous vs. microchannel-based capillary microfluidics

Fibrous capillary microfluidics and microchannel-based capillary microfluidics are both

often proposed as platforms for self-powered and self-regulated bioassays at the point-

of-care. In this section we briefly compare the strengths and weaknesses of both

approaches (Table 2.1). We compare fabrication complexity, material choice, surface
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treatment, surface properties for bioassays, fluidic control capability, dead volume,

and suitability for mass production.

Paper-based devices have long benefited from fast and simple fabrication at low

cost. There is a wide range of commercially available paper products that are typically

hydrophilic.[30, 35] Flow control has been demonstrated with variations in geometry

and surface chemistry of paper substrates allowing fluid velocity change, on/off flow

control, and sequential delivery of multiple liquids (Fig. 2.4B).[36, 40] Nevertheless,

some drawbacks of paper-based devices include relatively large dead volumes (mi-

croliter range) since the entire fluid flow path must be wetted for every liquid delivery

step. This could increase the time and sample volume required to implement biochem-

ical assays. In addition, the heterogeneity of paper substrates with component fibres

that are often irregularly structured and arranged can make surface functionalization

challenging and also limit the range of geometric modifications and flow control ca-

pabilities.

On the other hand, microchannel-based capillary systems are traditionally manu-

factured in cleanroom environments using silicon substrates.[51] Recently, rapid pro-

totyping technologies such as laser cutting and 3D-printing have enabled fast and in-

expensive fabrication of capillary systems.[56, 57, 59, 60] Microchannel-based capillary

microfluidics are typically manufactured using silicon substrates or replicated into

polymers such as polydimethylsiloxane (PDMS) by soft lithography[52] or thermo-

plastic polymers like cyclic olefin copolymer (COC) by injection molding.[55] Precise

control over microchannel geometries in two and three dimensions allows a broad

range of fluid control capabilities including capillary pumps with guided liquid filling

fronts,[48, 61] capillary stop valves and trigger valves,[49, 62], and pre-programmed

mutli-step liquid sequencing using encoded capillary pressures.[52, 63] Surface treat-

ment to maintain stable hydrophilic surfaces in microchannel-based devices is usu-

ally more challenging than with paper-based devices. This is because paper-based

substrates like nitrocellulose are typically treated during the manufacturing process

to obtain stable hydrophilic surfaces. Meanwhile with microchannel-based devices,
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TABLE 2.1: Comparison between fibrous and microchannel-based capillary microfluidics

Fibrous capillary microfluidics Microchannel-based capillary
microfluidics

Fabrication
complexity

Fast and simple e.g. laser cutting,
wax patterning, craft cutting

[30, 37]

Mostly made by conventional
cleanroom fabrication which is
complex and time-consuming

[52, 53]

Material
choice

Commercially available filter paper
and chromatography paper

usually made of nitrocellulose or
glass fibre [30, 35]

Typically silicon,[51, 54]
PDMS,[44, 52] and thermoplastics
(e.g. Cyclic Olefin Copolymer[55],

PMMA[56])

Surface
properties

Substrate surface is heterogeneous
making analyte capture

challenging to model and
characterize.

Homogeneous and regular surface
properties allowing greater
capability to model analyte

capture.

Surface
treatment

Wetting agents are added to
commercial nitrocellulose and

glass fibre membranes to render
them hydrophilic.

Microfabricated substrates
typically require surface treatment

for hydrophilicity e.g.
polyethylene glycol silane
coating[51, 54] or plasma

treatment.[52, 57]

Fluidic
control

capabilities

Several flow control techniques
using geometry and surface

chemistry modification[36, 37] but
precise control over microscale

geometries is largely dependent on
suppliers.

Greater capability for precise flow
control with well-defined

microchannel geometries and
chemical surface treatment.

Dead
volume

Typically larger (µL range) since
entire flow path must be

wetted[40]

Relatively low. Can work with
nanoliter volumes given

micro-scale control over channel
geometry[51, 58]

Volume
capacity

Typically larger (up to mL) since
fibre can be easily stacked, and
pore size and thickness varied.

Typically low (few µL) given
typical dimensions of

microchannels (≈ 10 - 100 µm)

Cost of
mass

production

Inexpensive to mass produce given
existing industrial infrastructure

and inexpensive substrate,
although two- and

three-dimensional devices might
require custom modifications

Depends on substrate. Silicon is
mass produced in the

semiconductor industry but
requires large-scale mass

production to reduce cost.
Polymers can be hot embossed or

injection molded for low-cost mass
production[55]



Chapter 2. Background on Microfluidic Liquid Handling 22

the user/researcher often must implement their own surface treatment protocols for

microchannel-based devices, often leading to a wide range of surface treatments, many

of which were developed without manufacturability in mind.

While there are benefits and drawbacks of both fibrous and microchannel-based

capillary microfluidics, the microfluidics community can benefit from applying all

the fluidic control elements at our disposal to solve real world problems. As such,

it is important to carefully consider the application of both fibrous and microchannel-

based capillary microfluidics. In fact, there are a few demonstrations of hybrid cap-

illary microfluidics that combine paper and microchannels to leverage the benefits of

both porous and non-porous substrates.[53, 57, 64, 65] For example, microchannel-

based capillary pumps in microchannel-based devices typically have relatively low

sample volumes (nL range) and are relatively complex to fabricate. To address this

concern, porous materials (such as paper) were used as pumps in microchannel-based

devices.[57, 64, 65] Such porous pumps provide large volume capacity while retain-

ing small device footprints. Paper pumps can be patterned to provide variable and

pre-programmed flow rates.[65, 66]

2.6 Summary

In this chapter, we introduced microfluidic liquid handling techniques. We briefly dis-

cussed actively-powered and self-powered liquid handling techniques with a focus on

capillary microfluidics. We described fibrous, positive pressure, and negative pressure

capillary microfluidics. Then we concluded with a brief comparison of fibrous and

microchannel-based capillary microfluidics to provide context for upcoming work in

the thesis. In the next chapter, we provide a detailed literature review on CCs - mod-

ular capillary microfluidic networks for preprogrammed liquid delivery. We discuss

fundamental parameters, the historical progress, and operating principles of capillaric

microfluidic elements and circuits.
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Chapter 3

Capillary microfluidics in

microchannels: from microfluidic

networks to capillaric circuits

Microfluidics offer economy of reagents, rapid liquid delivery, and potential for au-

tomation of many reactions. Microchannel-based capillary microfluidics can deliver

and drain liquids in a pre-programmed and autonomous manner without peripheral

equipment by exploiting surface tension effects encoded by the geometry and sur-

face chemistry of the microchannel. Here, we review the history, progress, challenges,

and opportunities of microchannel-based capillary microfluidics, spanning over three

decades, with names evolving from microfluidic networks, capillary systems, and

most recently capillaric circuits (CCs). We deconstruct CCs into basic principles and

circuit elements, and benchmark CCs within the framework of sequential delivery of

reagents to a reaction chamber, a fundamental requirement for many biological and

chemical reactions. The first capillary microfluidics were developed in industry us-

ing lamination and replication of mechanically micro-machined molds as recorded in

numerous patents filed as early as in the 1980s. The second wave of capillary mi-

crofluidics grew in academia in the context of µTAS and lab-on-a-chip devices, and

was supported by advances in clean-room microfabrication, leading to development

of a myriad of sub-100 µm capillary elements including: pumps, stop valves, trigger
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valves, delay valves, retention valves, and so on. Next, more advanced CCs were de-

veloped based on the combination of multiple capillaric fluidic elements, analogously

to electronic circuits, for sequentially delivering reagents. We conclude by discussing

emerging trends including in particular rapid prototyping as a manufacturing tech-

nique that is paving the way for the 3rd wave of CCs. Buoyed by better models and

lower entry barriers thanks to advances in manufacturing, CCs are on one hand pre-

senting themselves as a fertile research area, and on the other hand as an increasingly

powerful technology for creating laboratory and diagnostic tests that combine ease of

use, hands-off operation, and high performance

This chapter is a manuscript of an invited review paper to be submitted for pub-

lication to Lab on a Chip: “Capillary microfluidics in microchannels: from microflu-

idic networks to capillaric circuits” A.O. Olanrewaju, A. Tavakoli, M. Yafia, and D.

Juncker.

3.1 Introduction

Microfluidic devices are miniaturized liquid handling systems with potential for biomed-

ical applications for a variety of reasons including small sample and reagent vol-

ume requirements, potential for efficient mass transport to functionalized surfaces,

ease of automation, low-cost, and disposability of devices.[1, 2] Capillary microflu-

idics is a sub-field that manipulate liquids using capillary effects (also called capil-

lary action or capillary force) governed by the liquid surface tension, geometry, and

surface chemistry of the support.[3] Capillary microfluidics are sometimes character-

ized as ‘passive’ because they often afford no real-time control over the flow. Yet this

passive operation can also be understood as an advantage compared to ‘active’ de-

vices since it eliminates the need for external pumps, valves, or other peripheral con-

trol. Hence, capillary microfluidic devices are not subject to the ‘lab-around-a-chip’

predicament that limits the deployment of many ’active’ microfluidic systems.[4] In-

stead, instrument-free operation naturally constrains capillary microfluidics as actual
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lab-on-a-chip devices that are especially suitable for rapid and minimally-instrumented

biochemical assays.

Capillary microfluidics has become strongly associated with porous materials such

as paper-based (and to a lesser extent thread-based) devices in academia and indus-

try. Porous capillary microfluidics rely on non-deterministic capillary flow within the

network of pores and have been reviewed elsewhere.[5, 6, 7, 8, 9, 10] However, cap-

illary microfluidics as a bona fide academic research theme started as microfabricated,

deterministic hydrophilic self-filling microchannels that generate negative capillary

pressures at the filling front and that were initially called microfluidic networks. The

term "capillary" was introduced in the context of microfabricated devices that were

labelled as autonomous microfluidic capillary systems , both to avoid confusion with

glass capillary-based microfluidics that were still quite prevalent at the beginning of

this millennium, and to convey the concept of an autonomous system fulfilling a pre-

programmed task.[11] The success and widespread adoption of paper-based capillary

microfluidics can be explained by their low cost and hence potential for global health

applications, and the ability to rapidly prototype new circuits using simple cutters and

scissors and common printers.

On the other hand, microfabricated capillary systems were dependent on clean-

room and expensive microfabrication systems and photomasks, thus increasing the

time and cost between design and testing. Conversely, cleanroom technology allowed

fabrication of capillary systems with micrometer-scale resolution and deterministic

control of capillary pressure and liquid interface during filling. An increasing num-

ber of functional capillary elements were designed, and increasingly complex flu-

idic circuits assembled from them in a modular manner, allowing for an analogy to

electronic circuits, and leading us to propose the term “capillaric circuits” (CCs) for

microchannel-based circuits for several reasons: (i) to help resolve confusion around

the word "capillary" which is used both as a noun, and lacking an adjective, as a
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noun adjunct for many different applications and uses, such as capillary action, paper-

based and microchannel (or capillary)-based capillary microfluidics, or capillary elec-

trophoresis (which is a term used to describe electrophoresis in both capillaries and

microchannels) etc. Indeed, the overuse of capillary makes it difficult to distinguish

these concepts when used simultaneously, and confounds search engines, (ii) In addi-

tion to conveying the idea of a circuit assembled from basic elements[12] , capillarics

affords the nuance existing between electric and electronic, and (iii) can function both as

an adjective capillaric that is distinguishable from the noun capillarics in much the same

way that microfluidic is distinguishable from microfluidics. We thus adopt capillaric and

CC for this review.

There are many different approaches for using capillary effects for flow control in

microchannel-based microfluidics. An interesting, and perhaps the structurally sim-

plest form of capillary microfluidics, are devices that use the positive pressure gen-

erated by droplets deposited at different inlets and outlets to control the flow.[13, 14]

Such positive pressure capillary microfluidic devices can perform complex operations

with minimal user intervention[15] Positive capillary microfluidics can operate with

a small device footprint, and are compatible with robotic pipetting equipment; how-

ever, the pressures generated are small, and the number of sequential liquid delivery

has been limited to just 5-steps, and require manual timing of pipetting steps for more

complex operations.[16]. Capillary flow is also applicable to open microconduits and

to virtual microchannels with liquid confined between horizontal, hydrophilic stripes

[17], or suspended between side walls.[18]

Capillary forces have also been combined with other effects for flow control in mi-

crofluidic devices. Electrochemical and electrostatic effects were also combined with

capillary forces for flow regulation in microchannels.[19, 20, 21] In addition, capillary

valving using hydrophobic features can also be used to regulate flow with subsequent

fluid actuation using active means such as centrifugal or pneumatic force needed as

the primary driving force for flow.[22, 23, 24] For example, a wearable microfluidic de-

vice for chronological sweat sampling was developed by using capillary burst valves
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for sequential guiding of liquids into reservoirs, with device filling driven by pressure

induced by sweat glands and subsequent liquid recovery using centrifugal forces.[25]

There are also non-biological applications of capillary-driven microfluidics such as

their use in cooling systems,[26] self-assembly,[27] manufacture of electric circuits,[28]

and electronic packaging.[29]

This review is focused on CCs that use negative capillary pressures to wick liq-

uids into microchannels with deterministic control over filling. We discuss them from

the perspective of a system assembled from ‘capillary elements’. We begin with a

brief historical perspective that covers pioneering work on capillary flow and cap-

illaric elements performed in industry that has not been reviewed so far. Next, the

physical properties governing microchannel-based capillary flow, and the principles

of operation of individual capillaric elements such as capillary pumps and valves are

discussed. Then we describe the integration of capillaric elements into self-regulated

CCs for pre-programmed liquid delivery operations. We do not provide an exhaustive

discussion of all the literature in microchannel-based capillary microfluidics, instead

we provide a perspective on key developments and upcoming trends, such as rapid

prototyping, that may dictate future directions in the field.

3.2 Brief Historical Perspective

Microfluidic CCs have a history that stretches back over 30 years. As shown in Figure

3.1, there are two established waves of development that can be distinguished based

on the dominant manufacturing technologies used, namely: (1) classical mechanical

micro-machining, and (2) photolithography-based chemical micromachining. More

recently, a third emerging wave fuelled by additive manufacturing and rapid proto-

typing is emerging.
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FIGURE 3.1: Stages of development in microchannel-based capillary microfluidics. Some
notable developments are highlighted in the timeline. (A) The 1st wave of capillary microflu-
idics was developed largely in industrial labs and prevalently relied on mechanical microma-
chining. (B) The 2nd wave was developed in the late 1990s following the emergence of mi-
crofluidics, micro total analysis systems (µTAS) and lab-on-a-chip as distinct research fields,
and the availability of photolithography, micromachining and soft lithography for making mi-
crofluidics with features with to sub-micrometer resolution. (C) The 3rd emerging wave of
microchannel-based capillary microfluidics is taking shape following the emergence of rapid
prototyping systems with resolution now reaching 100 µm, adequate for capillary flow, en-
abling rapid design and optimization cycles, paving the way for enhancing CCs with new
functionalities enabled by 3D printing. Adapted from (A) ref. 30, (B) ref. 31 © 2005 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. (C) directly 3D-printed capillaric circuit from our

lab.
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3.2.1 1st wave capillary microfluidics: Mechanical Micromachining

and Lamination

The first wave of CCs can be associated with the development of microstructures for

capillary-driven fluid transport in industrial research labs, and is documented in a

variety of patents detailing ideas and developments in capillary transport from the

late 1970s till the early 1990s. These developments primarily appear in the patent

literature rather than in the academic literature and so are not widely known - in

part because patents are often written to be tedious to read, while also lacking ex-

perimental demonstration in many cases as it was not required then. Micromachined

grooves for promoting directional capillary-driven transport[30] and abrupt geometry

changes to halt flow[32, 33] are among the earliest microchannel-based capillary flow

control elements described in the patent literature. For example, Fig 3.2A illustrates

the use of microstructures to guide liquid filling fronts to avoid bubble entrapment

in capillary pumps, which was originally patented in 1986[34] while capillary pumps

based on similar ideas were published in the scientific peer-reviewed literature over

20 years later.[35, 36] Other contributions include development and optimization of

capillary stop valves that passively halt flow at abrupt geometric changes (Fig. 3.2B),

self-powered dilution devices that combine capillary effects and gravity (Fig. 3.2C),

matrix plugs for delay and sequential drainage of liquids (Fig. 3.2D), and advanced

capillary pumps with gaps that prevent liquid back flow (Fig. 3.2E).

Details about the fabrication of early CC ideas presented in patents was often lack-

ing, or merely hinted at, and were described in the context of lamination (allowing

fabrication of thin gaps), or imprinting into polymers. Considering that many patents

precede advanced silicon microfabrication techniques, it seems safe to assume that

they were designed for fabrication using conventional mechanical machining in most

cases. Although often unproven, many of the ideas in the early patents appear sound
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A. Microstructures to control speed and direction of capillary flow 
(1986)

B. Vertical and lateral geometry changes to stop flow 
(1993)

E. Capillary pump that prevents backflow 
(1995)
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FIGURE 3.2: Examples of early mechanically micromachined devices that were patented
decades ago by industrial labs with many of the ideas recently rediscovered and published
in academic literature. (A) Two examples of microstructures that guide the speed and direc-
tion of liquid preventing bubble trapping. B) Examples of capillary stop valve geometries with
abrupt geometric changes to halt flow. Flow stoppage results from the pressure barrier created
due to the abrupt geometric change at a stop valve. C) Device for dilution and mixing of liquid
samples that holds buffer in a reservoir using a capillary stop valve and enables subsequent
sample dilution by additional of liquid from an inlet at a higher gravitational potential. (D) Use
of porous matrix plugs for preprogrammed sequential drainage of liquids based on properties
of porous matrix. (D) Capillary pump structure with microstructures for directional filling and
a gap to prevent backflow of liquid towards the inlet. The gap in the capillary pump ensures
unidirectional flow in the capillary pump since the wicking structures can completely empty
liquid from the gap and prevent flow of liquid back up towards the inlet. Adapted from: (A)

ref. 34, (B) ref. 33, (C) ref. 37, (D) ref 38, (E) ref. 39.



Chapter 3. Capillary microfluidics in microchannels: from microfluidic networks to

capillaric circuits
39

and should not be discounted. In fact, these early patents may inspire the develop-

ment of capillary elements and systems, notably in the context of additive manufac-

turing with resolution limitations currently within the same range as that of historical

machining technologies.

3.2.2 2nd wave capillary microfluidics: Cleanroom Fabrication

The emergence of micro total analysis systems (µTAS) in the 90s,[40] was empow-

ered by advances in microfabrication technologies that enabled high-precision fab-

rication of microstructures in silicon and photoresists. The second wave of devel-

opment followed the widespread adoption of photolithography and cleanroom pro-

cesses for µTAS applications. Capillary force-driven flows in microchannels followed

suit with early applications not in assays, but micromolding[41]. Capillary microflu-

idics for chemical and biological applications were first proposed by Delamarche and

colleagues by patterning surfaces with proteins for immunoassays.[42] using 1.5-µm-

deep microchannels and refined for multiplexed immunoassays.[43] Microfabricated

capillary fluidic elements were proposed to add functionality, such as stop valves[44],

and the analogy to trees and water transport in plants noted, leading to the introduc-

tion of evaporation to drive liquids, [45]. More advanced systems were developed

for autonomous, controlled delivery of reagents sequentially applied to the inlet [11]

and more advanced applications in immunoassays were explored[46]. Subsequently,

CCs for hands-off, pre-programmed, sequential delivery of samples and reagents for

immunoassays were developed[47, 48, 49, 50, 51] and the concept of capillaric circuits

was proposed [12].

Si substrates were the most popular material for CCs owing to the wide range of

microfabrication tools and technologies available to microstructure it.[36, 42, 47, 52]

Some CCs were made using patterned photoresist and then replicated into PDMS

by soft lithography for rapid production of more devices without returning to the

cleanroom.[12, 48] CCs were also manufactured by mass producible means such as
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injection molding in thermoplastics (e.g. cycloolefin-copolymer) and treated with

silane-dextran chemistry to obtain a stable hydrophilic surface.[53] CCs are typically

rendered hydrophilic by plasma activation and silane chemistry. Si substrates main-

tain a highly stable and wettable surface since an oxide layer is formed after plasma

treatment. Whereas, PDMS rapidly becomes hydrophobic again unless special, ad-

vanced surface treatments are used. CC fabrication by programmable proximity aper-

ture lithography using 9-µm thick PMMA films on a Si subtrate and sealed with 50-µm

thick PMMA sheets so that the closed channels were wettable and did not require sur-

face treatment.[54] Progress in microfabricated capillary elements and integrated cir-

cuits is described in greater detail in section 3.4 (“Capillaric microfluidic elements”).

3.2.3 3rd wave capillary microfluidics: Rapid prototyping

Rapid prototyping technologies such as simple craft cutting of tape, laser etching of

polymers, and 3D-printing are now widely available and have been applied for rapid

and inexpensive microfabrication of CSs.[55, 56, 57] Functional capillary elements and

systems were manufactured using CO2 laser cutting[56, 58]. Stereolithographic 3D-

printing was used to manufacture molds for capillary valves and systems that were

replicated into PDMS.[57, 59] However, laser cutting is usually limited to microchan-

nel sizes > 200 µm, while the lateral resolution of commercial 3D-printers is usually >

100 µm while the vertical resolution is typically > 20 µm.[60] Despite these size lim-

itations, rapidly prototyped microfluidic devices with complex channel architectures

for deterministic flow control can be made in < 1 h, and can be used directly, or serve

as molds for replica molding in the lab or for mass manufacturing by injection mold-

ing. In particular, CCs stand to gain from 3D-printing and digital multi-layer design of

modular capillaric fluidic elements that can be tailored for specific applications.[57, 59]

Progress, challenges, and opportunities in rapid prototyping of CCs is discussed in de-

tail in section 3.5.5.
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FIGURE 3.3: Illustration of capillary-driven flow in a wettable rectangular microchannel.
Contact angles of liquid with each of the four microchannel walls are denoted. Adapted from

ref. 61

3.3 Fundamentals Parameters and Equations

Before describing the operating principles of capillary microfluidic elements, we briefly

summarize fundamental parameters and equations that govern capillary flow in mi-

crochannels.

3.3.1 Capillary Pressure

Capillary pressure is a pressure that arises at the liquid-air interface in a microchannel

as a result of surface tension of the liquid, geometry and surface chemistry at the im-

mediate location of the interface. A surface is considered wettable if the contact angle

of liquid is less than 90◦, as it will generate a concave interface and a negative capillary

pressure that will spontaneously draw the liquid into the conduit by capillary action;

for angles greather than 90◦, the interface is convex, and the pressure positive, pushing

the liquid out of the channel. Most microfabricated channels used in capillary-driven

microfluidics have a rectangular geometry due to the use of planar photolithographic

fabrication technologies. Fig. 3.3 illustrates capillary-driven transport of liquid in a

rectangular microchannel.

The Young-Laplace equation gives the relationship between capillary pressure,

contact angle, and microchannel geometry for a rectangular microchannel as:[62]

P = −γ
[cos θt + cos θb

h
+

cos θl + cos θr
w

]
(3.1)
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where P is the capillary pressure, γ is the surface tension of liquid in the microchannel,

h,w are the channel height and width respectively, and θt, θb, θl, θr are the top, bottom,

left, and right contact angles of liquid with the corresponding microchannel walls.

For very wettable surfaces with contact angle < 45◦, corner flow - the rapid imbi-

bition of liquid along the corners of microchannels forming a precursor film along the

channel walls that precedes bulk flow - is an important effect that could result in de-

viations from the expected behaviour in equation 3.1.[63, 64] Corner flow is especially

pronounced in microchannels with heterogenous surfaces where the contact angles for

all the channel walls are not identical especially when the channel has a very high (or

low) height-to-width ratio.[65, 66]

3.3.2 Flow Resistance

Another important parameter to consider is the flow rate of liquid in a microchannel.

Most microfabricated channels have a rectangular structure. An expression for the

flow rate of liquid in a rectangular microchannel can be obtained by solving Navier-

Stokes equations. Laminar flow in microfluidic channels assuming steady state flow

with no gravitational effects enables us to obtain a simplified analytical expression for

the flow rate of liquid in a rectangular microchannel.[67] A further simplified form of

the flow rate can be obtained for a flat and very wide channel in the limit h
w
→ 0:

Q ≈ h3w∆P

12ηL

[
1− 0.630

h

w

]
(3.2)

where h is microchannel height, w is microchannel width, η is the viscosity of liq-

uid, ∆P is the difference in capillary pressure across the microchannel, and L is mi-

crochannel length. This approximation differs from the exact analytical value of flow

resistance by up to 13% when h = w (the worst case scenario deviation for the approx-

imation in Eqn 3.2) and differs by only 0.2% when h = w/2.[67]

Microfluidic networks can be analyzed using electrical analogies. Based on Eqn.

3.2, we can express the relationship between the capillary pressure and flow rate as
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follows:

Q =
∆P

R
(3.3)

where R is the flow resistance of the microchannel.

Studying the flow resistance and the capillary pressure provides understanding of

the scaling laws at play in capillary microfluidic systems. Note that for a rectangular

microchannel with h significantly smaller than w, the capillary pressure is propor-

tional to 1/h, meanwhile the flow resistance is proportional to 1/h3. Thus, decreasing

microchannel height has a much greater effect on the flow resistance than the capil-

lary pressure. Such considerations based on scaling laws are important in the design

of capillary elements and integrated systems. In contrast, when h = w, the capillary

pressure is proportional to 2/h while the flow resistance is proportional to 1/h4.

Equation 3.3 can be used to predict the expected filling time of capillary microflu-

idic devices. For example, a multi-parametric microfluidic chip for parallel immunoas-

says was developed by systematically designing the flow resistances along parallel

flow paths to obtain filling times ranging from 10 to 72 min.[68] However, in that

demonstration the experimental filling time exceeded the calculated filling time by

up to 35% (i.e. calculated filling time of 47 min and experimental filling time of 72

min). This indicates that the theoretical model for flow rate is accurate to within a

factor of two, but not accurate enough to provide an exact prediction of the expected

flow rate. Dynamic models with time-dependent analytical expressions for the veloc-

ity of capillary-driven flow in microchannels more closely match experimental data;

[58, 69] however, dynamic models are more complex to derive and have only been

presented for microchannels with uniform wettability on all microchannel walls. Dy-

namic models need to be adapted for microchannels with heterogeneous surfaces e.g.

hydrophobic top cover and hydrophilic bottom and side walls.
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3.4 Capillaric Microfluidic Elements

Keeping with the concept of microfluidic circuits assembled from basic fluidic ele-

ments, we review the various capillaric (or capillary) elements that have been devel-

oped to generate and regulate capillary flow. A representative CC is shown using sym-

bolic representation borrowed from electronics and schematic representation (Fig. 3.4).

CCs are designed by combining various capillaric elements thus creating autonomous

microfluidics capable of self-powered and self-regulated liquid delivery. The different

elements shown in the CC will be described in detail below. Flow is generated by the

self-filling property of the microchannels until they are filled, and then sustained by

capillary pumps. Stop valves, trigger valves, and retention valves regulate flow. Note

that the functionality of various elements is realized only when the liquid-air interface

reaches those elements during either filling or draining of different branches of the CC.

The flow resistance on the other hand is a function of the filling level and gradually

increases as liquid fills a conduit reaching its maximum value once filled (under the

condition that viscosity is constant of course).

In this section, we summarize and critically analyze the properties of commonly

used capillary microfluidic elements to understand the operation and application of

CCs.

3.4.1 Flow Resistors

Flow resistors naturally arise from the viscous flow resistance of liquid flowing through

a microchannel, and are an important design consideration for any microfluidic chip,

and can be readily calculated (see Eqn. 3.2). Flow resistors may be employed in sev-

eral ways within a CC for biochemical assays. The flow resistance in a CC can be

varied systematically to investigate the effects of longer incubation time on the de-

tected signal after an assay.[68] Serpentine flow resistors can also be used as mixers

within CCs [68, 70]. Systematic differences in flow resistance of parallel microchannels

branching from the same flow path can also be used to create “reagent integrators” for
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rapid and efficient dissolution of dried reagents while retaining a small footprint for

the mixing structure.[52] In addition, flow resistors can be used to provide a capil-

lary pressure drop, similar to the voltage drop across an electric resistor, to regulate

capillary pressures in a CC and regulate sequential bursting of Retention Burst Valves

(RBVs).[12, 57] Berthier et al. recently analytically and experimentally studied flow

resistors and referred to microchannel constrictions as “global” flow resistors that re-

duce the overall flow rate in all downstream sections of a conduit, while microchannel

expansions act as “local” flow resistors that only temporarily decrease the flow rate

and do not affect the flow rate downstream of the enlargement. [71] It is important

to clarify that microchannel expansions in fact decrease flow velocity by reducing the

capillary pressure driving flow in a circuit, rather than increasing the flow resistance

of the channel, yet in this context they are referred to as “local flow resistors” because

they have the net effect of slowing down flow velocity in a microchannel.

3.4.2 Capillary pumps

Capillary pumps are one of the earliest capillary microfluidic elements developed.

Capillary pumps wick liquids spontaneously into wettable microchannels using cap-

illary pressure and are placed at the outlet of a CC to pump additional liquid through

the channels and reaction chambers upstream. Capillary pumps fulfill essential func-

tions in a CC, and are used to draw sufficient reagent to complete a reaction. Often

capillary pumps also simultaneously serve as a waste compartment for reagents after

completion of biochemical assays on-chip.

Capillary pumps need to meet two specific requirements depending on the appli-

cation. First, to ensure constant (or a predetermined) flow throughout the experiment,

they should provide a constant, predetermined pressure irrespective of filling level,

implying that the pump should not add to the resistance of the overall circuit. Early

designs aimed at minimizing flow resistance used branching to link the microchannel

outlet to multiple parallel channels, thus forming arborescent structures reminiscent
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FIGURE 3.5: Capillary system with simple tree line capillary pumps. Overview of capil-
lary system (left), close-up of inlet (top right), and close-up of capillary pump (bottom right).

Adapted from from ref. 72 © 2010 Springer

of trees (Fig. 3.5).[11, 72]

A second important function of many capillary pumps is liquid metering defined

by the volume of the pump so as to precisely control the amount of reagent drawn

through the circuit. However, the capillary pressure of pumps is often high, requiring

features only a few tens of micrometers wide, which cannot be etched more than 100 to

200 µm in depth. Hence to accommodate volumes of the order of a few nanoliters, the

footprint of capillary pumps rapidly reaches several mm2 in size, while at the same

time the pumps need to be covered to minimize evaporation. Given these require-

ments, bubble trapping arises as an issue because the liquid often follows the edges,

and reaches the outlet quickly before filling the centre, thus trapping an air bubble,

and introducing significant metering errors based on the liquid volume displaced by

the bubble within the capillary pump. To provide some control over the filling front

of the liquid and help reduce bubble trapping, designs shifted from microchannels to

arrays of posts - which lead to stochastic capillary flow that is more similar to paper

than to deterministic microchannels - with regular spacing to provide some control

over the speed and position of the liquid meniscus[12, 36, 53, 73]. (see Fig. 3.6) Also,
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FIGURE 3.6: Microstructures for simple and advanced capillary pumping. Microstructure
shape and arrangement can be adjusted to guide liquid filling front. Adapted from ref. 36,

© 2007 Royal Society of Chemistry.

microchannel outlet geometries with redundant flow paths, i.e. multiple conversa-

tion microchannels leading to a single outlet, and low capillary pressure could help to

further mitigate the risk of bubble trapping by delaying flow along the edges of the

capillary pump and merging them together into a single central stream.[36]

Deterministic control of the filling front using the microstructures was realized by

creating zones of high and low capillary pressure and thus predictably guiding the

direction of the liquid meniscus (Fig 3.7).[35, 73] Microstructure arrangements within

the capillary pump guide the liquid meniscus along well-defined paths to avoid bub-

ble trapping and row skipping. These advanced capillary pumps improve reliability

but at the cost of greater design and microfabrication complexity.

To increase the capacity of capillary pumps with volumes typically limited to the

nL range, evaporation[45, 74, 75] and porous materials (such as paper) were used.[46,

57, 76] Porous pumps provide large volume capacity while retaining small device foot-

prints. Paper pumps can be patterned to provide variable and pre-programmed flow

rates.[76, 77] Synthetic microfluidic paper with well-controlled arrays of interlocked
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FIGURE 3.7: Scanning electron micrograph of serpentine capillary pump with microposts that
guide direction of liquid meniscus to avoid bubble entrapment thereby minimizing variations

in pumping pressure and flow rate. Adapted from ref. 35 © 2014 Springer.

micropillars was developed in polymer and demonstrated to provide improved per-

formance compared to conventional porous materials.[78] Hydrogels[79] and super-

absorbent polymers[80, 81] have also been used as pumps to drive capillary-driven

flow. It is noteworthy that paper-plastic hybrid devices typically require an initial

priming step to ensure proper contact between the membrane and the microchannel.[76]

3.4.3 Stop valves

Stop valves are another one of the earliest capillary microfluidic elements developed.

Stop valves halt the flow of liquid in microchannels without external intervention us-

ing an abrupt change in microchannel geometry.[44, 82] Liquid is stopped by abruptly

enlarging the microchannel cross-section.

The theoretical principles behind the operation of the capillary stop valve have

also been described in detail.[22, 44, 82, 86] Fig. 3.8A shows the geometric parameters

that affect the pressure barrier provided by a 2-dimensional stop valve. The pressure

barrier, ∆P , for a 2-dimensional stop valve (depth�width) can be calculated as:[44]
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FIGURE 3.8: Schematics and images of stop valves and trigger valves. (A) Schematic show-
ing geometry of a 2-dimensional stop valve (depth� width) illustrating the relevant parame-
ters in analytical models (Equation 3.4). (B) Operating principle of liquid-liquid trigger valve
showing how liquid is released when fluid is present at both sides of the trigger valve junction.
(C) Schematic of two-level trigger valve showing abrupt geometry change in both lateral and
vertical directions. (D) Image of liquid stopped at abrupt 2-dimensional geometry change in
microchannel. (E) Scanning electron micrograph showing trigger valve with large height-to-
width ratio (aspect ratio). (F) Scanning electron micrograph images of two-level trigger valve.
Adapted from: (A) ref. 83 © 2013 IOP Publishing Ltd., (B) ref. 84 © 2004 Elsevier B.V., (D) ref.

44 © 1998 IEEE, (E) ref. 82 © 2007 Springer-Verlag, (F) ref. 85 © 2005 Elsevier B.V.
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∆P =
2γ

w

(
cos θc − αw sinβ

sinαw

− cos β + sinβ
sinαw

(
αw

sinαw
− cosαw

)) (3.4)

where w and h are the width and height of the microchannel leading into the stop

valve, θc is the contact angle assuming all walls have the same surface energy, αw is

the liquid meniscus curvature in the lateral direction, β is the change in curvature of

the liquid meniscus as illustrated in Fig. 3.8A.

Although stop valves are reliable and simple to incorporate within actively pow-

ered hydrophobic systems,[22, 44, 87] their reliability in capillary-driven systems is

rarely reported or only described for short durations (e.g. 5 min[58, 82]). Glière and

Delattre numerically and empirically characterized the burst pressure of two-level

trigger valves as a function of microchannel hydraulic diameter.[85]

3.4.4 Trigger valves

Stop valves have only limited use in CCs as they typically require external actuation

to overcoming the flow stoppage.[44] Stop valves can readily be turned into capillary

trigger valves by implementing the flow stop at an intersection with a second (orthog-

onal) microchannel, thus allowing flow of the stopped liquid to be resumed simply by

the application of a liquid in the other conduit (Fig 3.8B). One trigger valve design was

based on joining microchannels, requiring all conduits to be filled for flow to progress,

in effect realizing an "AND" function with two or more reagents. [82, 84]

Early trigger valves were made from Silicon and required very high height-to-

width ratios (e.g. h/w = 12.5)[84] to successfully stop liquid (Fig. 3.8). To reduce

fabrication constraints and improve reliability, two-level trigger valves with lower

aspect ratios were developed that replicated the design of the robust two-level stop

valve[85] with a hydrophobic cover (typically PDMS), and hydrophilic side and bot-

tom walls, and that could be actuated by flowing liquid in the microchannel that

formed the valve. (Fig. 3.8C).[12] “Two-level” refers to the fact that the stop/trigger

valve has a different (and shallower) depth than the release channel that it is connected
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to. This vertical height change also contributes to the capillary pressure barrier on the

liquid and helps to stop liquid at the stop/trigger valve. Two-level trigger valves

are more reliable than one level-trigger valves and robustly stopped liquids for up

to 30 min.[12, 57] Two-level trigger valves can be made with larger dimensions with-

out compromising functionality using rapid prototyping as discussed in section 3.5.5

(Rapid prototyping). Further study is required to ascertain the influence of parameters

such as liquid surface tension and contact angle on the reliability of trigger valves.

3.4.5 Retention valves

Retention valves are capillary elements that pin liquids at microchannel constrictions,

and prevent drainage of liquids from downstream reaction chambers. By placing a re-

tention valve at the inlet of a closed microchannel, it is possible to simply load reagents

one after the other as they are drained by the capillary pump, while the retention

valves prevent entry of air and drying of the reaction chamber.[11, 46, 88] Retention

valves are realized simply by reducing the microchannel cross-section and generating

a capillary pressure that exceeds the one of the capillary pump, ensuring that they can-

not be emptied during operation (Fig. 3.9). A 16-step bioassay with sample addition,

washing, blocking, and detection steps, can be performed in a capillary system.[11]

Although eliminating the need to remove liquid from the reaction chamber manually,

retention valves require manual addition of the liquids at predetermined times in ac-

cordance with the needs of the assay. In addition, the need for creating constrictions

by changing microchannel heights requires high resolution microfabrication (≈ 10 µm)

which can lead to increased cost and complexity.

3.4.6 Delay valves

Delay valves are used for distribution of liquids through different zones in a capillary

system. Liquids fill narrower, higher capillary pressure, gaps first before filling wider,
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FIGURE 3.9: Capillary retention valve (CRV) that allows sequential loading of a capillary
microfluidic system. Liquid is pinned at the CRV (step c) because it has a higher capillary

pressure than the capillary pump. Adapted from ref. 11 © 2002

lower capillary pressure, gaps. Thus, by carefully tuning the spacing between mi-

crochannels reliable delay valves can be developed. For example, Zimmermann et al.

implemented delay valves to ensure proper filling of 30-µm wide side channels before

filling a 60-µm wide central channel (Fig. 3.10).[82]

Another approach to delaying flow in microchannels is to use dissolvable thin films

as preprogrammed time delays within microchannels. This idea is reminescent of past

work using porous matrices to regulate flow (see Fig. 3.2D) Similar dissolvable valves

were also implemented in paper-based microfluidics.[89] Lenk et al. used polyviny-

lalcohol (PVA) as a dissolvable barrier to control the sequence of liquid delivery in

laminated capillary microfluidic devices.[51] The design incorporated dead-end chan-

nels to reduce PVA concentration and prevent saturation at the liquid leading edge

which could result in slow drainage time.

Phaseguides are a fluidic component for routing liquids in microchannels.[90, 91]

Phaseguides are formed using small bumps or dips in microchannels that create a

capillary pressure barrier within a microchannel. Using phaseguides with different

pressure barriers determined by geometry, one can obtain selective routing of liquid

through microchannel networks and perform otherwise challenging operations such

as filling corners while avoiding bubble trapping.[91]
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FIGURE 3.10: Delay valves for sequential distribution of liquid into six zones (1) - (6). Zones
filled with liquid appear dark. The inset shows a closeup of the delay valve structure with gap
sizes between microstructures resulting in preferential filling of narrow (30 µm) gaps before

wider (60 µm) gaps. Adapted from: ref. 82 © 2008 Springer-Verlag
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3.4.7 Capillary soft valves

Capillary soft valves can be used to stop liquids at precise locations within a CS as a

result of a capillary pressure barrier imposed by an abrupt microchannel enlargement.

A distinguishing feature of soft valves from stop valves is that flow can be resumed

simply by manual actuation because the valves are designed to be wide and covered

with a soft and flexible PDMS membrane (Fig. 3.11).[92, 93] When a user pushes down

on the PDMS cover, the channel height is reduced resulting in a local increase in the

magnitude of the wicking/negative pressure driving flow thereby restarting flow in

the microchannel. Although capillary soft valves are relatively easy to fabricate, flow

actuation is dependent on user intervention, which on one hand creates a constraint

and limits scalability, but on the other hand allows for interactive control of the flow,

which can be desirable depending on the application.

3.4.8 Retention burst valves

Retention burst valves (RBVs) are capillary fluidic components that work as programmable

pressure fuses, allowing drainage of a reservoir based on a predefined capillary burst

pressure encoded by RBV geometry. The sequence of reservoir drainage, and hence

the sequence of reagent flowing through to a downstream reaction chamber can be

pre-programmed by connecting each of the reservoirs to a RBV with a different burst

pressure as will be discussed below. Similar to capillary retention valves, RBVs are

realized by reducing the cross-section of a channel and the precise burst pressure cal-

culated using the Young-Laplace equation (Eqn 3.1).[12, 57] The range of burst pres-

sures that can be encoded is limited by the pressure of of the capillary pump which

needs to generate a higher negative pressure than the strongest RBV, and by the largest

dimension that can still generate significant capillary pressure.
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FIGURE 3.11: Capillary soft valve stops liquid at a capillary pressure barrier posed by a
wide channel with a hydrophobic PDMS cover. Manual actuation decreases microchannel
height, decreasing the pressure barrier, and restarting flow. Adapted from ref. 92 © 2012 Royal

Society of Chemistry.
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3.5 Capillaric Circuits for Preprogrammed Liquid Deliv-

ery

After discussing the principle of operation of individual capillaric elements, we now

discuss capillaric circuits (CCs) that combine multiple capillaric elements to imple-

ment self-powered and self-regulated liquid delivery. Microfluidic networks for pre-

programmed liquid delivery using capillary forces were first referred to as “capillary

systems.”[11] However, here we will refer to them as CCs to emphasize the modular

nature of these systems and to provide consistent terminology across different demon-

strations.

3.5.1 Capillaric Circuits for Immunoassays

The earliest and most common application of CCs is to automate sandwich immunoas-

says. [11, 46, 47, 48, 53, 68, 70, 94] Sandwich immunoassays in microfluidic networks

typically require a capture agent (typically an antibody) that is immobilized on a sur-

face to capture a target analyte (typically a protein) that is flowed through the function-

alized reaction zone. Next, a detection agent (typically a labeled antibody) is flowed

through the reaction zone, and often followed by a wash step to reduce background

signal due to non-specific binding.

CCs have several advantages in immunoassay automation, including: (1) small

sample and reagent volume requirements (can process nL reagent volumes), (2) pre-

cise control over liquid flow speed and direction, (3) self-powered and user-friendly

operation, (4) compatible with precise patterning (e.g. inkjet printing) of reagents

within microchannels, and (5) compatible with transparent substrates enabling sen-

sitive fluorescence or chemiluminscence detection.

The concept of realizing a CC (or a capillary system as it was named then) was

proposed in 2002, and used a series of capillaric elements including capillary pumps,

retention valves, inlets, and vents (Fig. 3.12).[11, 46, 88] The reaction zone of the CC
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was patterned with capture antibodies using the CC [11] or a simple microfluidic

network[42, 72] to deposit lines of antibodies onto a PDMS cover layer. Liquids were

retained at inlets using retention valves enabling sequential loading of multiple liq-

uids. The circuit by Juncker et al with retention valves was used to perform 16 sequen-

tial assay steps (including sample and antibody delivery as well as multiple wash

and block steps) for the detection of C-reactive protein (CRP) from 0.2 µL of sam-

ple volume within 25 min. Similar CC designs were used to automate micromosaic

immunoassays wherein multiple lines of capture antibodies were patterned onto the

reaction zone and exposed to orthogonal flow of analytes within the CC, allowing

simultaneous detection of multiple analytes with fluorescently labeled detection an-

tibodies within a small device footprint.[43, 46, 72] Using 8 parallel CCs, CRP and

other cardiac biomarkers (including cardiac troponin I and myoglobin) were detected

at clinically relevant concentrations from 1 µL of serum within 10 min.[46]

FIGURE 3.12: Array of 11 CCs for manual, multi-step assays. CCs consist of capillary pumps,
retention valves, inlets, patterned reaction chambers on PDMS, and vents. Capillary retention
valves pin liquid near inlets and enable liquid re-loading to accomplish multi-step assays.
Multiple capillary systems were placed side-by-side for parallel assays. Adapted from ref. 31

One-step immunoassays that only require sample addition, and that come with
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dried reagents spotted along the flow path, were first realized in membrane-based lat-

eral flow assays, and then in microchannel-based microfluidic devices using laminated

polymers; both of these technologies were developed in industry and both led to suc-

cessful commercial products. For example, the Triage™ chip from Biosite (now part of

Alere) detects cardiac biomarkers in whole blood (Fig. 3.13).[95, 96] The Triage™ chip

incorporates a blood filter to separate blood cells from plasma. It also has a hydropho-

bic barrier (or time gate) that is used to control sample incubation time. Proteins from

the blood sample bind to the hydrophobic surface to render it hydrophilic and the time

gate typically provides an incubation time of≈ 2 min that can be varied depending on

the degree of hydrophobicity of the surface. There are control and assay zones where

the immunoassay takes place as well as a waste reservoir for excess liquid. Notably,

the laminated microfluidic device provided quantitative readout with high sensitivity

and was accompanied by a hand-held reader.

FIGURE 3.13: Triage™chip for one-step immnoassay. Biosite (now part of Alere)
Triage™ chip uses capillary-driven flow in plastic microchannels for one-step immunoassays
from whole blood consisting of filter to separate blood cells, hydrophobic time gate to regu-
late sample incubation time, as well as control and assay zones to carry out immunoassays.

Adapted from 95 © 2002 Lippincott Williams & Wilkins, Inc.

In 2008, the first demonstration of a full assay with pre-immobilized reagents in

a microfabricated silicon chip was published[47, 94] using microscale reagent zones
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and very small amounts of detection antibodies. Specifically, 200-µm wide deposition

zones were used to hold 3.6 nL of detection antibody along the flow path of a CC used

to implement one-step detection of CRP from 5 µL of human serum within 15 min,

and read out using a fluorescence microscope (Fig. 3.14).[47]

FIGURE 3.14: Microfabricated silicon chip for one-step immunoassay. Detection antibodies
were spotted along the flow path, reconstituted by the sample, and autonomously delivered to
the reaction chamber where capture antibodies were patterned onto the surface of the PDMS

cover. Adapted from ref.47 © 2009 Royal Society of Chemistry.

Another demonstration of immunoassays in a microfluidic chip powered with cap-

illary forces employed serially arranged reservoirs along the flow path such that liq-

uids were delivered to the capillary pump in the required sequence for assay imple-

mentation (Fig. 3.15).[48]. This approach does not make use of advanced capillary

fluidic elements, but instead relies on high flow resistance between subsequent reser-

voirs to promote serial drainage and reagent delivery. Micropost arrays provided flow

resistance and also acted as filters to separate blood cells from the whole blood sam-

ple. The microchannels leading to the reaction chamber were also designed such that

they provided focusing of inertial flow focusing effects to further separate blood cells

from plasma (Fig. 3.15). Interestingly, the authors used the optical adhesive NOA 63
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(Norland opticals) instead of PDMS as it was found to be hydrophilic after UV cur-

ing and unlike PDMS, stably retains its hydrophilicity. Blood sample and immunoas-

say reagents (biotinylated detection antibodies, fluorescently labeled streptavidin, and

wash buffer) were sequentially delivered through a patterned reaction zone over a 40-

minute period using filter paper as a capillary pump. The self-powered microchip

was used to implement a multiplexed assay for detection of 11 proteins in blood using

a DNA barcode assay. The simple design however faced some trade-offs, such as a

need for rapid filling to avoid leaking into adjacent reservoirs, observable mixing of

reagents between reservoirs, and difficulty adjusting flow rates for different reagents

(in fact, flow rates are expected to increase for each reagent).
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FIGURE 3.15: Microchip with serially arranged reservoirs for multiplexed immunoassay.
Reservoirs were pre-loaded with immunoassay reagents and blood. Microposts act as flow
resistors between reservoirs while filter paper is used as a capillary pump. Microchannels
near the reaction chamber were designed to provide inertial flow focusing effects that helped
to separate blood cells from plasma. Adapted from ref.48 © 2010 Royal Society of Chemistry.

There are numerous demonstrations of CCs for automated immunoassays. Ta-

ble 3.1 summarizes a few key examples of capillary systems demonstrated in the litera-

ture. It is clear that the most common application of capillary systems is immunoassay

automation for protein detection typically targeting cardiac biomarkers. Other im-

munoassay targets detected with CCs include botulinum toxin[70] and whole bacteria



Chapter 3. Capillary microfluidics in microchannels: from microfluidic networks to

capillaric circuits
62

cells.[59]

3.5.2 Capillaric Circuits for DNA analysis

Beyond immunoassays, CCs have also been used for DNA analysis. For example, CCs

consisting of loading pads, reagent deposition zones, capillary soft valves, patterned

reaction chambers, and capillary pumps were used for DNA hybridization assays.[92]

Double-stranded DNA was detected from 0.7 µL of sample within 10 min. Biotiny-

lated capture probes and fluorescent intercalating dye were spotted into reagent de-

position zones along the flow path prior to the start of the assay. Addition of sample

reconstituted these reagents and capillary soft valves were used to stop the sample

at a precise location within the CC. This enabled completion of the DNA hybridiza-

tion assay that required DNA denaturation at 95 ◦C, annealing to biotinylated probes

at 50 ◦C, and intercalation of fluorescent dye at 25 ◦C. The CC was pressured at ≈ 1.5

bar over ambient pressure to eliminate air bubbles generated during heating and push

those air bubbles into the PDMS sealing layer. After completion of the DNA hybridiza-

tion assay, the capillary soft valve was manually actuated resulting in the flow of the

DNA target-probe-dye complexes over 100-µm streptavidin receptor lines patterned

over the reaction chamber facilitating unambiguous readout.

More recently, microfluidic devices with flow regulated by capillary forces have

also been developed for DNA amplification.[98, 99, 100, 101] Real-time Polymerase

Chain Reaction (PCR) in closed chambers was carried out using capillary-driven reagent

delivery.[98, 101] The microchannels were not wettable (contact angle > 90◦) but self-

filling was assisted by the presence of surfactant which lowers the surface tension of

liquid and provides moderate wetting that is sufficient to fill the microchannels.[98,

101] Microchannel expansions that form stop valves were used at reaction chamber

exits to meter the volume of sample added. Different approaches were taken to avoid

evaporation during temperature cycling (between 95 ◦C and 55 ◦C) required for PCR.

In one case, PDMS microchannels were bonded to glass on either side leaving only
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TABLE 3.1: Examples of applications of capillaric circuits. Most circuits were used for sand-
wich immunoassays for protein detection. We present a few representative examples to show
typical assay time, sample volume, and limit of detection (LOD). DNA analysis is also an

emerging application of CCs.

Application Target(s)
Assay
time
(min)

Sample
vol-
ume
(µL)

LOD Comments Ref.

Sandwich
im-

munoas-
say

C-
reactive
protein
(CRP)

25 0.2 ≈ 1 µg/mL Retention valve enabled 16
sequential filling steps 11

CRP 14 5 1 ng/mL

One-step assay with
detection antibodies dried

along the flow path and
re-constituted and delivered
to the downstream reaction

chamber.

47

11
protein
panel
(CRP,
IL-8,

MMP-3,
serpin
etc.)

40 10
20 pg/mL

for
IL-8

Antibody-DNA barcode
arrays to capture proteins

from serum.
48

Troponin
I 9 15 24 pg/mL

Preprogrammed sequential
delivery of sample and assay
reagents Integrated on-chip
planar lenses for portable

fluorescence readout.

97

Whole E.
coli

O157:H7
cells

7 100
1.2×
102

CFU/mL

Large-volume capillaric
circuit (CC) for

preprogrammed assay with
packed microbeads for rapid

and sensitive bacteria
capture.

59

DNA hy-
bridiza-

tion

997-bp
PCR

product
(double-
stranded

DNA)

10 0.7 20 nM

Uses capillary soft valves -
stop valves with simple

manual actuation to restart
flow - to implement DNA
hybridization assay with

fluorescence readout.

92

DNA
amplifi-
cation
(real-
time
PCR)

BNI-1
fragment
of SARS
cDNA
(and 12
other

human
gene

targets)

30 0.8

10
pg/mL

of
SARS
cDNA

Surfactant-assisted flow of
PCR reagents. Liquid
stationary in reaction

chamber. Temperature
cycling through 94 ◦C, 55 ◦C,

and 72 ◦C

98
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the microchannel inlets open. To seal the inlets after loading the PCR mixture, liquid

PDMS pre-polymer was added to the channels and cured at 72 ◦C for 10 min prior to

the start of the PCR amplification.[98] In other cases, cyclic olefin copolymer (COP)

- which is a transparent mass producible material with low water absorption - was

used for device fabrication to avoid evaporation during PCR.[100, 101] Temperature

cycling was carried out either with thin film heaters embedded within the microflu-

idic chip[101] or with heating elements placed underneath the chip.[98, 99, 100] In one

case, PCR was implemented by continuous flow of PCR mixture through 2 different

temperature zones established by placing two hot plates (at 95 ◦C and 60 ◦C) on oppo-

site ends of the microfluidic chip that had a long serpentine reaction channel winding

between both zones.[99, 100] PCR results were visualized in real-time by measuring

the fluorescence from a DNA intercalating dye. PCR was typically completed within

minutes with the fastest PCR in a CC reported to date being completed within 8.5

min.[101] Most of these demonstrations of PCR powered by capillary-driven flows

use relatively simple channel designs and stop valves, and do not yet leverage the

more advanced liquid handling capabilities available with other capillaric elements.

3.5.3 Preprogrammed Multi-Step Liquid Delivery

Within the past five years, there has been a lot of interest and development of CCs ca-

pable of preprogrammed multi-step liquid delivery operations.[12, 49, 50, 102] Prepro-

grammed sequential operations may enable additional wash steps or chemical signal

amplification to increase the signal-to-noise ratio of assay results.[12, 103, 104] Pre-

programmed multi-step liquid delivery in microchannel-based capillary microfluidics

was inspired by innovations in paper-based microfluidics where two-dimensional net-

works with varied flow path lengths were used to implement sequential liquid delivery.[103,

105] There are multiple approaches to achieving preprogrammed multi-step liquid de-

livery within CCs. We discuss a few examples below.
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Air vents connected to inlets

One approach to preprogrammed multistep liquid delivery in CCs is to connect reser-

voirs to one another and to a common outlet channel, and to use air vents connected

between the reservoirs to control sequential drainage.[50] Fig. 3.16 shows part of the

device designed with 3 reservoirs arranged such that the inlet of the first reservoir also

acted as the only air vent for the flow path of the second reservoir, while the inlet of

the second reservoir was the only air vent of the third reservoir. When the reservoirs

were filled sequentially starting with the first reservoir, the air vents to reservoirs 2

and 3 were blocked preventing displacement of liquid by air and flow of liquid from

reservoirs 2 and 3 into the channel outlets (Fig. 3.16i). An important design element

was the use of passive valves, arrays of narrow passageways at the intersections of the

microchannels exiting from inlets 1, 2, and 3. These passageways act as passive valves

that prevent back flow of liquid from channel 1 into channel 2 or channel 3, while al-

lowing flow towards the pump when liquid is present in two interconnected channels.

When the inlet to reservoir 1 was completely emptied, the air vent to reservoir 2 was

opened allowing flow of liquid from reservoir 2 into the channel out leading to the

capillary pump (Fig. 3.16ii). This sequence repeated when reservoir 2 emptied allow-

ing drainage of reservoir 3 into the capillary pump thereby achieving sequential liquid

drainage using air vents. This is a subtle and elegant approach to achieving sequential

liquid delivery; however, the technique depends on the sequence of loading of reser-

voirs by the user and might also be susceptible to evaporation from open reservoirs

that serve as air vents. In addition, the shape of the liquid meniscus at inlets 2 and 3

suggests that the channel needed to be somewhat hydrophobic (or only mildly wet-

table) to ensure that liquid did not fill the narrow air vents, yet this is not described in

the paper.

The same group demonstrated preprogrammed multi-step liquid delivery using

air bubbles as spacers between orthogonal microchannels connected to a single cap-

illary pump.[49] Liquids were delivered sequentially based on their proximity to the
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(i (ii

(iii) (iv

valve open to air 
inlet 2 can drain

1 2 3

(i) (ii)

(iii)

passageways connecting 
channels 1, 2, 3

1 2 3

valve 
connecting  
inlet 1 & 2

valve  
connecting 
inlet 1 & 2

inlet 3  
can drain

FIGURE 3.16: Air vents connected to microchannel inlets to control sequential delivery. Air
vents connected to microchannel inlets can be used to control sequence of liquid delivery.
When the inlet empties, the air vent is opened allowing drainage of the next inlet. Adapted

from ref. 50 © 2014 Elsevier B.V.

capillary pump and the system was used to implement a pre-programmed immunoas-

say. [49] However, there was limited discussion of the reliability of creating the air

bubble spacers and how sensitive device operation was to user manipulation espe-

cially given that the presence of air bubbles in microchannels and capillary pumps

can be a major source of variation in CCs. Also, it appears that precise pipetting was

required to ensure that channels fill to the right position and trap bubbles between

adjacent solutions.

Combining Retention Burst Valves and Trigger Valves

Our research group introduced a technique for preprogrammed liquid delivery within

CCs by combing retention burst valves (RBVs) and trigger valves. [12] As described

earlier, each RBV has a unique burst pressure based on its microchannel height and

width and can be calculated using the Young-Laplace equation (eqn. 3.1). By incorpo-

rating both trigger valves and RBVs within CCs, one can implement multi-step liquid

operations without precise timing by the user, where liquids are pre-loaded into reser-

voirs and stopped by two-level trigger valves.[12] When the user is ready to start the

assay, they fill a release channel that connects all the reservoirs to the capillary pump,

at which point pre-programmed drainage and sequential bursting of RBVs proceeds
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according to increasing order of capillary pressure (Fig. 3.17). Safavieh and Juncker

developed a CC with a flow reversal architecture that enabled precise metering of the

volume and incubation time of sample flowed through a reaction chamber using one

capillary pump, and using a trigger valve and second capillary pump enabled sequen-

tial drainage of 4 pre-loaded reagents through the reaction chamber at a different flow

rate.[12] This flow reversal circuit was used to implement a sandwich immunoassay

for proof-of-principle detection of CRP from 1 µL of sample within 5 min.

i. Fill reservoirs 1 to 3.  
Trigger valves stop liquid.

ii. Fill release channel. 
Connects reservoirs to pump. 

iii. RBV 1 bursts.  
Reservoir 1 drains.

iv. RBV 2 bursts. 
Reservoir 2 drains.

vi. RBV 4 bursts.  
Reservoir 4 drains.

v. RBV 3 bursts.  
Reservoir 3 drains.

FIGURE 3.17: Capillaric circuit with trigger valves and retention burst valves to imple-
ment sequential liquid delivery. Trigger valves hold liquid in place in reservoirs and RBVs
burst sequentially in increasing order of capillary pressure encoded by microchannel geometry.

Adapted from ref. 57 © 2016 Royal Society of Chemistry.

Sequential bursting of RBVs depends not only on the capillary pressure difference

between RBVs but also on the flow resistance within the CC. It is important to consider

the entire circuit architecture when designing CCs with RBVs.[57] Sequential delivery
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of reagents is realized by connecting reservoirs, each with its own unique RBV, to a

main microchannel by a trigger valve (Fig. 3.17). Following filling of all reservoirs

with reagents in an arbitrary order, the sequential drainage is initiated by triggering

the flow via a liquid flowed through the main microchannel which is outfitted with a

retention valve at the inlet. As the liquid reaches the capillary pump, and is drained

from the inlet, the flow comes momentarily to a halt. As the pressure of the capil-

lary pump propagates through the entire network (as in a hydraulic circuit), the RBV

with the lowest capillary pressure bursts leading to rapid drainage of the first reser-

voir. Importantly, as the reservoir drains, there is a pressure loss in the circuit due to

appropriately designed resistances, so that the pressure is below the threshold of the

second weakest RBV. Once the first reservoir is drained, a capillary retention valve

positioned intermediately upstream of the trigger valve, stops the flow, leading to a

rise in pressure in the circuit and bursting of the RBV with the second lowest pressure,

and so on. Note that for successful sequential bursting of RBVs several conditions

must be met: (i) the capillary pressure difference between individual RBVs must be

increased monotonically, (ii) the difference in capillary pressure between RBVs must

be large enough for only one RBV to burst at a time, and (iii) the overall circuit must be

designed such that during flow, the pressure at each reservoir remains below the burst-

ing pressure.[57] The second condition can be calculated using an electrical equivalent

circuit for the CC.

Reliability of RBV performance depends on the precision of fabrication techniques

in creating geometric differences between RBVs. RBV reliability may also be affected

by surface tension differences between liquids in different RBVs since the surface ten-

sion directly influences capillary pressure (equation 3.1). Also, the reliance of initial

RBV designs on high-resolution (≈ 10 µm) differences in microchannel width required

conventional cleanroom fabrication that makes design iteration slow and expensive.

We discuss rapid prototyping of RBVs using 3D-printing to vary both the height and

width of microchannels in section 3.5.5.
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Dissolvable barriers

Dissolvable barriers can be used to control the sequence of liquid delivery in parallel

microchannels connected to a single capillary pump either by modifying properties

(such as the thickness) of the thin film, or by arranging multiple identical thin films in

sequence.[51] To enable pre-loading of liquids into parallel channel inlets and simul-

taneously activate liquid delivery, channel vents were temporarily blocked by sealing

them with parafilm. The user pre-loads reservoirs with liquid and when ready to start

liquid delivery, removes the parafilm to open up the vents and start the liquid de-

livery process. Sequential drainage of four different liquids from parallel reservoirs

was demonstrated (Fig. 3.18). In addition, 19 serial valves were stacked to obtain a

delay of up to 11 minutes. One of the challenges with implementing dissolvable bar-

riers is the need to get rid of excess dissolved material at the filling front of liquid

which can build up over time and slow down flow or interfere with immunoassays.

To address this concern, Lenk et al. incorporated dead-end channels to diverting PVA

at the leading edge of liquid away from the main flow path. Fabrication of individ-

ual delay valves was tedious since different thin film thicknesses need to be manually

transferred to specific locations on-chip to achieve sequential drainage.

3.5.4 Handheld Readers for Capillaric Circuits

CCs were integrated with handheld optical readers by Biosite[95, 96] and more re-

cently by academic research groups.[50, 97] For example, Novo et al. developed a CC

with a microfabricated photodiode array and electronic instrumentation for chemi-

luminescence Enzyme Linked Immunosorbent Assay (ELISA) detection of antibody-

antigen interactions within 15 min.[50] PDMS microfluidic devices were integrated

with amorphous silicon photodiode chips within an integrated handheld unit that

also housed a microcontroller and electronic readout circuitry. Another example of a

CC with integrated optical detection was developed by Mohammed and Desmulliez

who embedded on-chip planar lenses within PMMA devices.[97] LED illumination
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FIGURE 3.18: Dissolvable Polyvinylalcohol (PVA) barriers for multi-step liquid delivery.
Liquid is placed at each of the inlets with PVA barriers downstream. The thickness of PVA
barriers downstream determines the sequence of drainage of each liquid into the central target

zone. Adapted from ref. [51] © 2014 Chemical and Biological Microsystems Society.
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and filters for fluorescence detection were integrated within a custom-made hand-

held reader.[97] These examples demonstrate that CCs can be readily integrated with

portable detection systems and that microfabrication techniques can also be lever-

aged to include optical detection components directly while achieving sensitivities

that could be useful for clinically relevant assays.[50, 97]

3.5.5 Rapid Prototyping of Capillaric Circuits

Another emerging area of research is the rapid prototyping of CCs. Fabrication of

microchannel-based capillary systems is predominantly carried out by photolithogra-

phy in cleanroom environments. [11, 12, 49, 68, 82, 102] This is because the generally

accepted view is that capillaric elements, such as stop valves or trigger valves, require

high resolution (≈ 10µm feature sizes) and smooth surfaces (with submicron rough-

ness) to achieve reliable capillary valving and flow control. Yet this reliance on high

precision fabrication within cleanrooms results in slow and expensive fabrication pro-

cesses with long design iteration times, and limits the adoption and application of

CCs. Lately, there have been demonstrations of rapid prototyping of functional cap-

illaric elements and circuits. In this section, we briefly describe these demonstrations

of rapid prototyping and highlight their potential to drive a third wave of develop-

ment of CCs driven by short design iteration cycles and simple fabrication of multi-

level structures. The minimum feature sizes achievable with these rapid prototyping

techniques is usually practically > 100 µm; however, by using thin layers (≈ 50-µm

thickness) or by fabricating multi-level structures, advanced capillaric elements such

as trigger valves and RBVs were demonstrated.

Xurography (razor writing)

Xurography is an inexpensive fabrication technique originally used in the graphic arts

industry and consists of using a plotter fit with a knife or a scalpel to cut patterns in
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thin polymer films such as tape or transparencies. Xurography has been used for in-

expensive fabrication of microfluidic devices and/or molds with resolutions down to

≈ 10 µm.[106, 107] Xurography was used for fabrication of molds by stacking layers

of commercial tape to obtain channel heights ranging from 100 to 400 µm, followed

by PDMS replication to obtain microchannels for capillary-driven flow.[55] Xurog-

raphy was also used to cut hydrophilic polymer films and spacers that were lami-

nated together with dissolvable polymer films to form CCs for preprogrammed liquid

delivery.[51] While xurography is inexpensive and accessible, it involves a lot of man-

ual operations and alignment to obtain multi-level structures. This has limited the

application of xurography for the design of more complex CCs that rely on precise

geometry changes. As such, xurography has so far only been used to cut relatively

simple microchannel structures and not been used for more advanced capillaric ele-

ments.

Laser cutting

CO2 laser cutting was recently used to fabricate CCs consisting of capillary pumps

with micropillar arrays, timing channels, trigger valves, and integrated microlenses

(Fig. 3.19B).[56] Laser cutting enables fabrication of functional devices in PMMA within

30 min to 3 hours. Laser cutting allows simple fabrication of multi-level structures,

enabling the generation of two-level trigger valve structures.[58, 83] Mohammed and

Desmulliez experimentally investigated the reliability of two-level trigger valves man-

ufactured by CO2 laser cutting as a function of geometry and obtained functional trig-

ger valves with widths up to 670 µm.[58] However, the feature sizes obtained with CO2

laser cutting were limited to > 150µm with narrower channels having more triangular

‘Gaussian’ profiles as a result of the shape of the laser beam (Fig. 3.19A). These limi-

tations of laser micromachining should be readily resolved using femtosecond lasers

and different optics that can achieve ≈ 1 µm resolution, and using beam shaper tech-

nology with top hat profile to avoid the triangular microchannel shape.[108]
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A. Cross-section of laser-cut microchannels

Streptavidin  
Alexa 647 Reservoir

Biotinylated 
Antibody 
Reservoir

4

1 3 2

Bead 
Inlet

3 mm

B. Laser-cut capillaric circuit for immunoassay

B. 3D-printed mold of large-volume capillaric circuit 
for rapid bacteria detection

C. Front view of trigger valve replicated from 
3D-printed mold

500 µm

FIGURE 3.19: Rapid prototyping of capillary systems using CO2 laser cutting and 3D-
printing. (A) Cross-sections of microchannels fabricated using laser cutting. Smaller mi-
crochannels (a) take on a triangular “Gaussian” profile as a result of repeated scanning of
the laser beam, while (b) wider microchannels have a more triangular shape. (B) Integrated
CC for detection of cardiac troponin I (cTnI) with various fluidic elements including capillary
pumps, inlets, timing channels, and integrated optical lenses. (C) Comparison between res-
olution and surface roughness of cleanroom-fabricated and 3D-printed features. Cleanroom-
fabricated trigger valves have smaller features (≈ 20 µm) and sub-micron roughness while
3D-printed trigger valves are larger (300 µm) and have layered structures with micron-scale
(≈ ± 1 µm) roughness, (D) 3D-printed mold for CC for bacteria detection showing physical
realization of structures. Adapted from: (A) ref. 56 © 2013 Springer-Verlag Berlin Heidelberg,
(B) ref. 97 © 2014 Elsevier B.V., (C) ref. 57 © 2016 Royal Society of Chemistry, (D) ref 59 © 2017

American Chemical Society.
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3D-printing

Over the past five years, there has been an explosion of in 3D-printing of microfluidic

devices in polymeric resins given the potential for rapid and inexpensive fabrication of

multi-layer structures.[109, 110, 111] However, the minimum feature sizes achievable

with commercial 3D-printers is ≈ 100 µm which is an order of magnitude larger than

the typical feature sizes in cleanroom-fabricated trigger valves.[112] Surface roughness

in 3D-printed microchannels can readily approach ≈ 10 µm and result in deviations

from the predicted dynamics of capillary-driven flow in open microchannels.[113] Sur-

face roughness of microchannels obtained with state-of-the-art stereolithographic 3D-

printers is typically ≈ ±1 µm with microchannels having a stratified layer-by-layer

structure due to the 3D-printing process.[57, 112] 3D-printed features are much larger

and rougher than those obtained with cleanroom fabrication (see Fig. 3.19C) and we

were concerned that such structures could lead to creeping flows and leakage in stop

valves and trigger valves.

Nevertheless, we recently demonstrated functional capillaric valves and circuits

replicated from 3D-printed molds.[57] New designs for CCs were printed in < 30 min,

followed by PDMS replication. Trigger valves with geometries up to 80-fold larger

than cleanroom-fabricated ones functioned reliably. In addition, RBVs with variations

in both the microchannel height and width were designed using analytical and empir-

ical design rules for preprogrammed delivery of up to 8 liquids in CCs.[57] The digital

multi-layer fabrication available with 3D-printing provided a new degree of freedom

when designing channel geometries. In addition, 3D-printing enabled fabrication of

millimeter-scale (13 × 4 × 2 mm3) conduits with large volume capacity (≈ 100 µL)

within CCs with integrated trigger valves and RBVs for screening large sample vol-

umes. We leveraged this large-volume capacity to design a CC for rapid and sensitive

detection of E. coli in synthetic urine using microbeads assembled on-the-fly to provide

large surface area and ensure contact of bacteria to functionalized surfaces within the

CC.[59] The CC for bacteria detection provided results in < 7 min, making it one of
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the fastest demonstrations of bacteria detection so far, while meeting the sensitivity

requirements for clinical diagnosis of urinary tract infections.

Yet, the resolution limitations of commercially available 3D-printers limits the de-

velopment and application of 3D-printed CCs. For example, the minimum feature

size currently achievable with commercial 3D-printers (> 100 µm)[60] limits the high-

est capillary pressure that can be attained as well as the range of applications that

may be pursued as smaller microstructures (≈ 10 µm) that could be used as cell or

microbead traps cannot yet be fabricated with 3D-printing.

3.6 Conclusions and Outlook

We discussed capillaric flow in microchannels within the frame work of circuits that

consist of individual fluidic elements for capillary-driven flow control. We traced the

early history of capillaric elements highlighting two waves of past development with

the first wave starting with mechanically micromachined and laminated capillaric ele-

ments described in industrial patents from the 1980s, while the second wave followed

the µTAS revolution in the 1990s that brought about cleanroom-fabricated microstruc-

tures. Then we discussed capillaric elements such as capillary pumps, flow resistors,

and trigger valves, that can be designed in a modular fashion and combined into in-

tegrated circuits for preprogrammed liquid delivery. We also highlighted emerging

trends in the field such as different strategies for preprogrammed multi-step liquid

delivery with minimal user intervention, as well as rapid prototyping of functional

CCs. As increasingly complex CC designs are developed, they have the potential to

open up new avenues of research and application. Despite their use so far to au-

tomate immunoassays in blood, CCs are an application-agnostic liquid handling tool

and could be applied wherever there is a need for hands-off liquid handling with small

to medium throughput, including diagnostics, education, chemical synthesis or drug

screening. With the recent rise of rapid prototyping and 3D-printing of microfluidic

devices, we believe that the field of capillary microfluidics is on the edge of a third
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wave of development with potential for greater accessibility, affordability, and appli-

cability. It is our view that rapid prototyping of CCs will spark wider development and

application similar to the resurgence of paper microfluidics in the late 2000s.[114] New

design paradigms and detailed design rules are already available and we envisage a

future where capillaric elements and circuits could be designed as readily as electri-

cal circuits and components, with parts easily fabricated to suit custom needs. Directly

3D-printed CCs would rival the fabrication speed and low-cost of paper-based devices

while providing deterministic control over microchannel geometry and flow paths. In

addition, the digital and standardized “.STL” file format of 3D-printing could allow

easy sharing of files and designs within databases and modular design of fluidic com-

ponents.
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Chapter 4

Capillaric Circuits Replicated from

3D-Printed Molds

4.1 Preface

Our research group recently developed capillaric circuits (CCs) – advanced capillary

microfluidic devices assembled from capillary fluidic elements in a modular manner

similar to the design of electric circuits (Safavieh & Juncker, Lab Chip, 2013, 13, 4180-

4189). CCs choreograph liquid delivery operations according to pre-programmed cap-

illary pressure differences with minimal user intervention. CCs were thought to re-

quire high-precision micron-scale features manufactured by conventional photolithog-

raphy, which is slow and expensive. Here we present CCs manufactured rapidly and

inexpensively using 3D-printed molds. Molds for CCs were fabricated with a bench-

top 3D-printer, Poly(dimethylsiloxane) replicas were made, and fluidic functionality

was verified with aqueous solutions. We established design rules for CCs by a combi-

nation of modelling and experimentation. The functionality and reliability of trigger

valves – an essential fluidic element that stops one liquid until flow is triggered by

a second liquid – was tested for different geometries and different solutions. Trig-

ger valves with geometries up to 80-fold larger than cleanroom-fabricated ones were

found to function reliably. We designed retention burst valves that encode sequential

liquid delivery using capillary pressure differences encoded by systematically varied
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heights and widths. Using an electrical circuit analogue of the CC, we established

design rules to ensure strictly sequential liquid delivery. CCs autonomously deliv-

ered eight liquids in a pre-determined sequence in <7 min. Taken together, our results

demonstrate that 3D-printing lowers the bar for other researchers to access capillary

microfluidic valves and CCs for autonomous liquid delivery with applications in di-

agnostics, research and education.

This chapter is based on: Autonomous Microfluidic Capillaric Circuits Repli-

cated from 3D-Printed Molds, A.O. Olanrewaju, A. Robillard, M. Dagher, and D.

Juncker, Lab on a Chip, 2016.

4.2 Introduction

Capillary-driven microfluidic devices move liquids using capillary forces defined by

the geometry and surface chemistry of microchannels. This allows liquid delivery

without using external pumps and valves. A wide range of capillary fluidic control

elements were developed over the years including: stop valves,[1] retention valves,[2]

trigger valves,[3] and capillary pumps.[2, 4, 5] Autonomous capillary microfluidic

systems capable of self-powered and self-regulated completion of biochemical assays

were also developed.[2, 6, 7, 8] Yet these autonomous capillary microfluidic systems

were fabricated using silicon wafers and cleanroom processes with multiple photomasks,

thereby increasing their cost and complexity. Paper-based microfluidics and lateral

flow assays were also re-discovered as inexpensive approaches to autonomous capillary-

driven flow;[9, 10] nevertheless, paper-based methods rely on heterogeneous porous

substrates with statistical flow paths and cannot accomplish some of the valving ca-

pabilities that require the deterministic and predictable flow paths of microchannel-

based devices. As such, there is a need for rapid and inexpensive fabrication of microchannel-

based capillary microfluidics.
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4.2.1 Capillaric circuits for autonomous liquid delivery

More recently, advanced capillary microfluidic devices capable of preprogrammed de-

livery of multiple liquids were developed to enable autonomous multi-step processes,

for instance to incorporate wash or signal amplification steps for improved bioassay

sensitivity and specificity.[11, 12, 13] Our research group proposed capillaric circuits

(CCs) – advanced capillary circuits that are assembled from individual capillaric el-

ements in the same way that electric circuits are assembled from individual electric

components.[13] CCs enable the operator to pre-load each reservoir, without worrying

about the timing or sequence of these operations – instead, capillary microfluidic el-

ements choreograph liquid delivery operations with minimal user intervention. This

makes CCs a desirable platform for automating biochemical assays in point-of-care

settings with minimal instrumentation.

The words capillary and capillaric are meant to emulate the distinction between elec-

tric and electronic whereas the former pertains to basic principles and the latter is used

in the context of advanced circuits integrating multiple functionalities. In addition,

the term capillary is ambiguous, as it is both used in reference to physical capillaries

(including artificial and natural capillaries such as blood vessels) and in reference to

surface tension-driven flow either within capillaries, microfluidic conduits or porous

media, which can lead to confusion. The term capillaric is restricted to surface-tension

driven microfluidic circuits, and thus helps resolve the ambiguity.

Our group introduced two new fluidic elements to enable deterministic flow con-

trol with CCs. First, we developed two-level trigger valves (TVs) that stop liquids for

over 30 minutes using an abrupt geometry change and a hydrophobic PDMS cover,

thereby enabling pre-loading of reservoirs and subsequent liquid release when flow

is triggered by a connected channel.[13] We also developed retention burst valves

(RBVs) that have a burst pressure encoded by their geometry. When integrated with

other capillary fluidic elements within a CC, RBVs allow autonomous delivery of liq-

uids in a pre-programmed sequence according to increasing order of RBV capillary
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pressure.[13]

4.2.2 Rapid prototyping of passive microfluidic devices

Although CCs enable sophisticated and automated fluidic operations, the prevailing

view is that deterministic capillaric microfluidics require high-precision and small-

scale (≈ 10µm) features for proper operation. As such, fabrication of CCs was de-

pendent on cleanrooms, and was resource-intensive, time-consuming and expensive.

Coupled with the need of photomasks for photolithography, a high cost and slow

turnaround time for new design iterations limits the development of new devices and

their widespread adoption.

To overcome the limitations of cleanroom fabrication, rapid and inexpensive pro-

totyping of capillary microfluidic valves and integrated devices has been explored.

Rapid prototyping techniques used for developing capillary microfluidic devices in-

clude micromilling[14] and laser cutting[15]. These techniques have successfully been

used for making capillary stop valves using primarily hydrophobic surface coatings

that greatly relax the design constraints on the valve, but at the expense of autonomy

and thus require syringe pumps or centrifugal forces to move the liquids within the

microchannels.[16, 17, 18, 19] More recently, a simple, autonomous self-filling capil-

lary system comprising a capillary TV was fabricated by CO2 laser cutting.[15, 15, 20]

These results suggested that larger scale capillary circuits may be possible, however

the laser cutting created triangular shaped conduits with limited control over the chan-

nel dimension, thus preventing the integration of more advanced elements such as

retention burst valves for making more advanced capillaric circuits.

4.2.3 3D-Printed Microfluidics

Lately, there has been a surge of interest in 3D-printing for microfluidics applications

due to the speed, accessibility, and low cost required to fabricate multilayer microflu-

idic structures. Recent reviews describe state of the art 3D-printing for microfluidics
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applications.[21, 22] All demonstrations of 3D-printed microfluidics so far employ ac-

tive flow control (usually pneumatic or centrifugal pumps). The resolution currently

available with consumer grade 3D-printers is typically ≥ 200µm[23, 24] with ≈ 1µm

surface roughness.[25] Capillary microfluidics however have traditionally been made

with channels in the 1 – 100 µm range because the capillary pressure is inversely pro-

portional to the smallest dimension, and becomes very small for large microchannels.

Moreover, valving and flow control depend on the surface topography and abrupt

geometric changes and low surface roughness are considered necessary to prevent

edge wetting and creeping flows. Hence the prevailing perception is that current 3D-

printing technology may not be suitable for making capillary microfluidics because

the smallest dimensions are too large to obtain adequate capillary pressure, the reso-

lution and precision insufficient for making abrupt changes needed for reliable valves

– notably due to the layered structure of stereolithographic printing forming steps that

lend themselves to edge wetting effects – and the high surface roughness may lead to

creeping of liquid. High surface roughness could also lead to pinning of liquid that

could result in flow stoppage or intermittent flow.[26]

4.2.4 Capillaric circuits from 3D-printed molds

Here we present microfluidic capillaric circuits made from 3D-printed molds fabri-

cated by stereolithographic 3D-printing with geometries scaled up > 20-fold compared

to cleanroom-fabricated circuits. 3D-printing allows rapid and inexpensive fabrication

of CCs. This enables investigation and engineering of CCs with greater capabilities

and increased accessibility in research and point-of-care settings. First, we 3D-print

molds for TVs and characterize their performance as a function of geometry and sur-

factant concentration. Then we investigate design rules for CCs composed of TVs,

RBVs, flow resistors, and capillary pumps using a proof of principle circuit with four

reservoirs. Finally, we demonstrate the capabilities of our CCs by developing a circuit

for autonomous delivery of eight liquids in < 7 minutes.
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4.3 Materials and Methods

4.3.1 Process flow for 3D-printing capillaric circuits

First, we developed a symbolic representation for CCs using electrical analogies, as

described in our previous work.[13] Next, the symbolic circuit was converted into a

computer-aided schematic design that was exported into the standard stereolithogra-

phy (STL) format for 3D-printing. We 3D-printed molds of CCs in polymeric resin us-

ing a stereolithography-based printer (Perfactory MicroEDU, EnvisionTEC Inc., USA)

with 96 µm XY pixel size and 50 µm Z layer height. Microfluidic features were aligned

to the pixel grid of the 3D-printer projector to ensure accurate realization of features.

The 3D-printer’s default settings were used. Device designs included 2 mm thick

bases for easier handling. The typical printing time for capillaric microfluidic devices,

with multiple devices arranged to cover nearly the entire 100 × 75 mm2 print area

of the 3D-printer, was ≈ 30 minutes. After 3D-printing, molds were washed in iso-

propanol for 5 minutes and dried with nitrogen gas. 3D-printed molds were inspected

under the microscope to check for defects during the printing process.

4.3.2 PDMS replication from 3D-printed molds

To obtain multiple copies of capillary microfluidic devices from the same 3D-printed

mold, we made Poly(dimethylsiloxane) (PDMS) replicas of devices by soft lithogra-

phy. [27] We 3D-printed molds using a high temperature molding resin (EnvisionTEC

Inc., Germany) with a manufacturer-specified heat deflection temperature of 140 °C

to allow replica molding of 3D-printed structures. Prior to PDMS replication, molds

were pre-treated with a silicone spray (Ease Release 200™, Mann Formulated Prod-

ucts, USA) to prevent PDMS from sticking to the mold. The spray was applied in two

passes uniformly over the surface of the mold from a height of about 10 cm. To make

PDMS replicas, elastomer base and curing agent (Sylgard 184, Paisley Products Inc.,

Canada) were mixed in a 10:1 ratio. The PDMS mixture was degassed for 1 hour and
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poured onto the 3D-printed mold placed in a petri dish. PDMS was cured overnight

at 60 °C and then peeled from the mold. First PDMS replicas were discarded because

they were sticky due to the presence of silicone spray residue; subsequent replicas

were used for capillary microfluidics experiments.

4.3.3 Procedure for capillary-driven flow experiments

To obtain hydrophilic surfaces for capillary-driven flow, PDMS replicas were activated

for 12 seconds at 200 mTorr and 150 W in a plasma chamber (PE-50, PlasmaEtch, USA).

To characterize the plasma-treated surfaces, advancing and receding contact angles of

deionized water were measured using a video-based optical contact angle measure-

ment instrument (OCA 15EC, Dataphysics Instruments GmbH, Germany). Plasma-

treated PDMS devices were sealed with flat, untreated PDMS covers to provide closed

microchannels for capillary-driven flow. The PDMS covers were made with a 1:20 ra-

tio of curing agent to elastomer base to obtain soft and flexible PDMS surfaces that

sealed well, despite their hydrophobicity. Flow in CCs was tested using aqueous food

dye solutions and visualized under a stereomicroscope (SMZ-8, Leica Microsystems

Inc., Canada) with a video camera (Lumix GH3 DSLR, Panasonic Inc., Canada). Dur-

ing TV testing, when devices were tested for≥ 30 min, we humidified the area around

the capillary microfluidic chips with wet Kimwipes™ and covered with a petri dish to

prevent evaporation.[28]

4.4 Results and Discussion

CCs operate using a series of functional elements including inlets, channels, flow re-

sistors, capillary pumps, trigger valves (TV), capillary retention valves, and retention

burst valves (RBVs) that can be combined for encoding the autonomous delivery of

multiple liquids.[13] The capillary pressure of each RBV is calculated using the Young-

Laplace equation:



Chapter 4. Capillaric Circuits replicated from 3D-printed molds 97

P = −γ
[cos θt + cos θb

h
+

cos θl + cos θr
w

]
(4.1)

where P is the capillary pressure, γ is the surface tension of liquid in the microchan-

nel, and h,w are the height and width of the microchannel respectively. θt, θb, θl, θr are

the top, bottom, left, and right channel wall contact angles, respectively. Contact angle

hysteresis must be considered when calculating capillary pressures of microchannels

in the CC. For the hydrophobic top PDMS surface, advancing and receding contact an-

gles were measured as 114 and 89 ± 2° respectively. While for the hydrophilic bottom

and side surfaces, advancing and receding contact angles were 45 and 31 ± 2 ° re-

spectively. Advancing contact angles are relevant when a channel is filled while the

receding contact angles are relevant when a channel is drained. Likewise, the resis-

tance R for a conduit with a rectangular cross-section is given by:[29]

R =
12ηL[

1− 0.630 h
w

] 1

h3w
(4.2)

where η is the viscosity of liquid in the channel, andL is length of the microchannel.

The cross section of channels and various elements for microfabricated CCs reported

by Safavieh et al[13] ranged from 15×100 µm2 to 200×200 µm2. Thus, using measured

contact angles for the hydrophobic top PDMS surface and hydrophilic side and bot-

tom surfaces, and a surface tension of 72 N/m, the capillary pressures of microchan-

nels (calculated using equation 4.1) in the cleanroom-fabricated circuits ranged from

–7948 Pa to –1264 Pa. These capillary pressures would correspond to water column

heights of 810 mm and 129 mm respectively in capillary rise experiments. Since our

microchannel lengths were on the order of 5 mm, capillary forces dominated gravity

in our microfabricated CCs and our devices could be operated without considering

gravity effects.

We first tested whether 3D-printed channels and capillary pumps replicated into

PDMS could be filled by a liquid, and found that this worked reliably up to 1000 ×

1000 µm2 constituting the upper limit for capillary elements in this study. The lower
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size limit for fluidic elements was set by the resolution of the 3D printer. The vertical

resolution was set by the thickness of each printed layer and was 50 µm. The lateral

resolution was 100 µm under the best circumstances, but was limited to 200 µm when

taking into consideration fabrication yield. Hence, for 3D-printed circuits, the cross-

sectional dimensions range from 50 × 200 µm2 to 1000 × 1000 µm2, and the capillary

pressure ranges from –955 Pa to –188 Pa, or a water column height from 97 mm to 19

mm. These type of conduits filled spontaneously with aqueous solutions and remain

in a microfluidic regime where gravity and inertia within the conduits are negligible.

Next, we set out to test whether critical functional elements such as the TV and the

RBV could also be 3D printed, whether surface roughness might affect their function-

ality, and to determine the design rules for making them.

4.4.1 Trigger Valves

In order to develop functional CCs, the first step is to have functional and reliable

trigger valves (TVs) to robustly hold liquids in reservoirs.[13] Consequently, we first

characterized TVs on a standalone basis, before developing more complex CCs.

Cleanroom-fabricated versus 3D-printed trigger valves

Cleanroom fabrication is generally considered the gold standard for manufacturing

capillary stop valves and TVs because of the small feature sizes and smooth chan-

nel surfaces attainable.[1, 12, 13, 30, 31] Cleanroom-fabricated TVs have small features

(≈ 20 µm) and smooth, vertical channel walls (Fig. 4.1a and 4.1c). Meanwhile, 3D-

printed trigger features have larger minimum widths (≥ 100 µm) and rough, layered

channel walls (Fig. 4.1b and 4.1d). The surface roughness of 3D-printed molds was

measured to be± 1 µm using contact profilometry, compared to the typical submicron

roughness (tens of nanometers) for cleanroom-fabricated devices. These stark geome-

try differences call into question the functionality and reliability of 3D-printed TVs.
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FIGURE 4.1: Comparison between cleanroom-fabricated and 3D-printed TVs. (A) Top view
of TV fabricated by photolithography in the cleanroom showing smooth, high-precision fea-
tures. (B) Top view of TV fabricated by stereolithography-based 3D printing showing rough,
large features. (C) Scanning electron micrograph of TV fabricated by deep reactive ion etch-
ing of silicon showing vertical channel walls with sub-micron roughness. (D) Front view of
PDMS replica of 3D-printed TV showing 50-µm thick ridges on the channel wall due to the

layer-by-layer printing process.
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We 3D-printed TV molds and tested a wide range of geometries and surfactant con-

centrations to assess their functionality and reliability. Previously, the success rate of

capillary stop valves and TVs was only reported over a 5-minute period.[15, 30] Here

we defined TV success as when a valve holds liquid for at least 30 minutes without

leakage. This allowed autonomous microfluidic operations where the user pre-loads

samples and reagents onto the chip and subsequently starts the assay at a time of their

choosing, without needing to fit their operations to a strict 5-minute window.

Effect of trigger valve geometry on success rate

The geometry of TVs influences their success rate.[18, 30, 31] Fig. 4.2a shows the geo-

metric parameters known to affect the performance of capillary TVs: the height of the

TV, width of the TV, and the height difference between the TV and its release channel.

To determine which geometries provide high TV success rates, we tested valves with

widths of 96 µm, 192 µm, 288 µm, 480 µm, 672 µm, 960 µm, and 2016 µm. TV heights

were fixed at either 400 µm or 1000 µm to obtain different height-to-width ratios for

these experiments. As summarized in Fig. 4.2b, all TVs tested were at least 75 % suc-

cessful (N=8). The few failures were due to difficulties while loading valves with low

(< 1) or high (> 5) aspect ratios (i.e. height-to-width ratios) that required the user to

apply additional positive pressure when filling the valves. We found that 3D-printed

TVs were reliable with dimensions up to 3 times larger than reported with CO2 laser

cutting[15] and up to 80 times larger than typical cleanroom-fabricated valves.[13, 30]

Since the minimum z-layer thickness of the microchannels was limited to 50 µm by

the 3D-printer resolution, we tested height differences of 100 µm, 150 µm, 200 µm, 250

µm, 300 µm, 400 µm, and 500 µm between the TV and the release channel. The TVs

used for these height difference tests were 300 µm wide and 50 µm deep, since our

TV characterizations showed reliable functionality over a wide range of geometries

(Fig. 4.2b). As seen in Fig. 4.2c, the height difference between the TV and the release

channel had a threshold effect on TV success. When the height difference was ≥ 300

µm, TVs were 100 % successful (N = 6).
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FIGURE 4.2: Effect of geometry and surfactant concentration on success rate of TVs. (A)
Front view of food dye solution stopped at TV showing the TV height (h), width (w), and the
height difference between TV and release channel (∆h). (B) Success rates for TVs over a wide
range of widths and heights. N = 8. (C) Above a height difference (∆h) of 300 µm, TVs were
100 % successful. N = 6. (D) TVs were 100 % successful at Tween® 20 concentrations ≤ 0.0650

% weight by volume in 1×PBS. N = 3.
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This is a useful initial characterization; however, it is important to note that there

are several other factors that influence trigger valve performance including: channel

height, contact angle, and 3D-printed layer height. Future work is required to sys-

tematically investigate the effect of these parameters on trigger valve performance.

The capillary pressure barrier of trigger valves may be estimated analytically[1] or

numerically[31] allowing comparison of trigger valve success rate directly with the

capillary pressure barrier imposed by the valve. This would provide a deterministic

design rule that encompasses the different geometry and surface chemistry parame-

ters that affect trigger valve performance. A challenge with achieving such a gener-

alizable design rule is that surface roughness and 3D-printed layer heights might be

affected by the choice of 3D-printer and material used to fabricate the CCs. As such,

comparisons must be made between different 3D-printers to determine how general-

izable the design rules.

Effect of surfactant concentration on trigger valve performance

Despite the fact that the most common application of capillary microfluidics is to auto-

mate biological assays that often require the use of surfactant-containing reagents, the

effect of surfactant concentration on TV performance is not well reported in the liter-

ature. To determine the effect of surfactant on TVs, we tested aqueous solutions with

different concentrations of Tween® 20, a surfactant commonly used in immunoassay

wash buffers and for cell lysis. The critical micelle concentration of Tween® 20, is

0.0074% w/v. Consequently, we tested the following concentrations of Tween® 20:

0.0074, 0.0110, 0.0650, 0.1100, and 0.2750 % weight/volume. As shown in Fig.2d, we

found that the TVs were 100 % reliable when Tween® 20 concentrations were≤ 0.0650

% weight/volume (N=3), a suitable surfactant concentration for use in wash buffers

during immunoassays that commonly use 0.05%.[32, 33]
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4.4.2 Retention Burst Valves

After establishing that functional trigger valves could be obtained by 3D-printing, we

designed CCs with Retention burst valves (RBVs) to control sequential liquid delivery.

The burst pressure of each RBV was calculated using Eq. 1.

Capillaric circuit for autonomous delivery of four liquids

As a proof of principle that we could 3D-print molds for capillaric circuits, we de-

signed a circuit with 4 RBVs (Fig. 4.3a and b). PDMS replicas of the 3D-printed mold

were made (Fig. 4.3c), plasma-treated for hydrophilicity, and sealed with a hydropho-

bic PDMS cover (Fig. 4.3d). The expected pre-programmed operation of the CC is

illustrated in Fig. 4.3e. First reservoirs were filled and TVs held each liquid in place.

Next, a solution was added to the release channel, connecting the reservoirs to the

pump and starting the pre-programmed liquid delivery sequence. Subsequently, the

RBVs burst sequentially according to increasing capillary pressure.

The TVs in the CC were designed to have the smallest cross section in the circuit

and the highest capillary pressure in the CC since they play a dual role – stopping

liquids during initial filling of reservoirs, and acting as retention valves with higher

capillary pressure than the capillary pump during reservoir drainage (see Fig. 4.3a).

These retention valves ensure that the side branches are not completely emptied (with

minimal dead volume), thereby allowing sequential liquid delivery without bubble

trapping.[2, 13]

In cleanroom-fabricated devices, multiple masks are needed for making structures

with multiple depths; hence only the microchannel widths were used as a free param-

eter to adjust the RBV threshold.[13] RBVs were typically 100 µm deep and had widths

of 200 µm, 130 µm, 110 µm, and 90 µm corresponding to capillary pressures of –1264

Pa, –1601 Pa, –1847 Pa, and –2028 Pa respectively.

With 3D-printing both the width and depth can be adjusted independently and

fabricated in one shot. Consequently, we encoded the capillary pressure differences
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FIGURE 4.3: Design, mold, PDMS replica and operation of CCs for autonomous sequen-
tial delivery of four liquids. (A) Symbolic representation of CC with main fluidic elements
labelled. (B) Schematic of CC. (C) 3D-printed mold of the CC and (D) PDMS replica with
transparent PDMS cover and clean room wipe contacting the capillary pump. (E) Schematic
illustrating expected operation of RBVs. Solutions loaded into the reservoirs are delivered in

pre-programmed manner according to RBV capillary pressure.
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between RBVs by modifying both the height and widths of the microchannels. The

lower size limit of our microchannels was set by 3D-printer resolution. The pixel size

for the EnvisionTEC Perfactory MicroEDU 3D-printer is listed as 96 µm, the smallest

features that we were able to print with a high yield were 200 µm wide and 50 µm

deep open channels. This resolution obtained is similar to that reported for other state

of the art stereolithographic 3D-printers in the literature.[34] The reservoirs were 960

µm wide, 1000 µm deep, and 6250 µm long with a volume of 6 µL, corresponding to

60 times the volume of typical microfabricated reservoirs.[13] Due to the change in the

size of the RBV, there were minor changes in volume for each reservoir (Fig. 4.3c and

d) that could be compensated for by adjusting the reservoir size.

To accommodate the large volumes in the reagent reservoirs without significantly

increasing device footprint, we placed a cleanroom wipe made of paper (Durx 670,

Berkshire Corporation, USA) atop the capillary pump.[35] The combination of 3D-

printing and off-the-shelf, low cost paper saves costs without compromising perfor-

mance. The driving capillary pressure in the circuit is defined by capillary pump be-

cause the gap between the edge of the PDMS and the paper forms an open microchan-

nel that can be drained. Hence, the capillary pressure is dictated by the capillary pres-

sure of the capillary pump, allowing use of paper pumps with higher, but sometimes

ill-defined capillary pressures, without impacting the accuracy and functionality of

the CCs.

Requirements for sequential RBV bursting

It is not sufficient to simply increase the burst pressure of the RBV to achieve sequential

drainage. In fact the architecture of the CC must be designed to ensure that an RBV

only bursts after complete drainage of the reservoir connected to the previous RBV. To

illustrate this point, the proof of concept CC shown in Fig. 4.3a when filled with liquid

is modeled by an electrical equivalent circuit shown in Fig. 4.4a.

Considering the circuit at the instant when all reservoirs are filled, but still under

static conditions, without flow, the junction pressure PJ will be equal to the pressure
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PC of the capillary pump. Given that the capillary pressure of the pump is larger than

the capillary pressure of the side branches, liquid will be drawn towards the junction

PJ , leading to flow in the CC. The first side branch to be drained in the CC is the

one connected to the RBV with the lowest burst pressure, which here is RBV1 with

pressure P1. As liquid drains from side branch 1, there is a pressure drop across R1

and RRV on one hand and across the main resistor RM on the other hand, which will

lead to a reduction of the pressure PJ at the juncture between the side-branch and the

main channel. The high resistance of RRV and RM compared to the low resistance of

the release channel ensures that pressure PJ is replicated across all 4 junctions (red dot

in Fig. 4.4a). To avoid bursting of RBV2 while branch 1 is draining, it is imperative

that |PJ | < |P2| at all times. Assuming a single branch drains at any given time, the

pressure PJ during drainage of the RBV can be calculated from the electrical circuit

analogue using Kirchhoff’s law and Ohm’s law yielding:

PJ =
Pi ·RM + PC · (RRV +Ri)

(RM +RRV +Ri)
(4.3)

where the index i represents the side branch that is being drained in the capillary

circuit, Pi is the capillary pressure of the liquid meniscus on the end of the side branch,

Ri is the flow resistance of the RBV and reservoir of the side branch, RRV is the resis-

tance of the retention valve, is the flow resistance of the main resistor, and PC is the

pressure of the capillary pump (see Fig. 4.4a).

As the liquid drains, the resistance in the side branch is expected to change. How-

ever, the retention/trigger valve structure has the smallest cross-section (300×50 µm2)

in the side branch and its associated resistance RRV > 100Ri. Consequently, changes

in the resistance of the side branch during drainage are negligible and do not need to

be considered in the calculation of PJ . Moreover, after the RBV drains, PJ decreases

since the capillary pressure at the end of the side branch now becomes the capillary

pressure of the reservoir rather than the capillary pressure of the RBV. This drop in PJ

does not adversely affect sequential liquid delivery since the condition for sequential
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FIGURE 4.4: Design and experimental validation of CC for autonomous delivery of four
liquids. (A) Electric circuit analogue showing the flow resistances and capillary pressures in
the CC. (B) Graphs showing the calculated junction pressures during bursting of each RBV.
Junction pressures were designed to ensure that RBVs burst sequentially. (C) Time-lapse im-
ages showing autonomous and sequential drainage of reservoirs in the CC. Arrows represent
sequence and flow direction. Text labels show time during liquid delivery. A video of the au-
tonomous liquid delivery operation is provided in supplementary movie S3.1. (D) Flow rates
for different branches of the capillaric circuit. N = 3 devices from different 3D-printed molds.

Error bars represent standard deviation.
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liquid delivery is still met; in fact, during reservoir drainage the junction pressure is

lower thereby further reducing the chance of bursting other RBVs. Hence the most

stringent condition on PJ is given by the situation described by the electrical circuit

with fully filled conduits, which can thus be used to establish the conditions for se-

quential drainage of each of the side branches.

The required condition for junction pressure to ensure that only one RBV in the CC

bursts can be generalized as follows:

PJ < Pi+1 during drainage of branch i (4.4)

where Pi+1 is the capillary pressure of the next RBV to burst in the circuit. This con-

dition can be satisfied by balancing the flow resistance in the circuit, and in particular

adjusting the main flow resistance (RM ) in front of the capillary pump to ensure that

PJ during drainage is lower than the pressure of the subsequent RBVs (see Fig. 4.4a).

This calculation is applicable to CCs where the resistance of the channel linking the

side branches is negligible compared to RRV , or else that resistance must also be con-

sidered and the appropriate analogous electrical model derived and resolved. The

calculation holds for the model CC and can be used to calculate the pressure PJ dur-

ing drainage of branch i and ensure that it is smaller than the retention pressure Pi+1

of branch i+ 1 Fig. 4.4b.

The geometries of the RBVs in the CC are summarized in Table 4.1. We designed

our proof-of-principle device to obtain uniform capillary pressure differences of 80±5

Pa between successive valves. All RBVs were 2.6 mm long. We designed a 4.2 mm

long, 290 µm wide, and 100 µm deep main resistor so that the junction pressure during

each liquid delivery step satisfied our condition for sequential liquid delivery (see

Fig. 4.4b).

Contact angle hysteresis must be taken into account when designing the capil-

lary pump to ensure that the capillary pressure threshold for all RBVs can be over-

come. Since the filling of the capillary pump is dictated by the advancing contact
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TABLE 4.1: Geometry of retention burst valves (RBVs) for autonomous delivery of four
liquids. Junction pressures during drainage of RBVs were calculated using Equation 4.3.

RBV1 RBV2 RBV3 RBV4
Width (µm) 960 670 480 380
Height (µm) 1000 750 650 550

Calculated RBV Pressure Pi (Pa) -194 -271 -358 -441
Calculated PJ during drainage (Pa) -238 -309 -390 -443

angles on the microchannel walls while the bursting of the RBVs is dictated by the

receding contact angles on the microchannel walls, the dimensions of the capillary

pump must be significantly smaller than the smallest dimension of RBVs to ensure

drainage.[13] Thus, the capillary pump in our proof-of-principle 4-valve circuit was

using microchannels that were 200× 100 µm2, providing a wicking capillary pressure

of –736 Pa that is large enough to drain each RBV in the circuit.

To experimentally validate our design, we 3D-printed the CC mold with our cal-

culated dimensions for the main resistor and made PDMS replicas as described earlier

(see Fig.4.3). Then we tested liquid delivery using aqueous food dye solutions. As

expected, each side branch drained sequentially without drainage of the other RBVs

(Fig. 4.4c). Pre-programmed drainage of the side branches was completed within 4

min. The sequence of RBV drainage was 100% successful over four repeated tests with

devices made from four different 3D-printed molds. As shown in Fig. 4.4d, the flow

rates for liquid drainage from branches 1, 2, 3, and 4 were 0.21±0.02, 0.21±0.01, 0.20±

0.01, and 0.10±0.01 µL/s respectively. Next we tested whether reproducibility of flow

rate could be further improved by using three replicates from a single mold, but the

variability remained comparable, suggesting that user manipulations and other pa-

rameters, but not the 3D-printer imprecision, are the main source of variability.

Capillaric circuit for autonomous delivery of eight liquids

After establishing general guidelines for designing RBVs to obtain sequential liquid

delivery, we designed a CC with eight liquid delivery steps, double the number in
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our proof-of-principle CC and exceeding the number of sequentially-encoded, self-

regulated microfluidic drainage events in our previous work with cleanroom-fabricated

CCs.[13]

As described earlier, the smallest microchannel width that we could print without

a high incidence of defects was 200 µm. We designed the capillary pump region of the

CC to be 300 µm wide and 50 µm deep to ensure reliable printing since the capillary

pump has a larger pressure than all the RBVs in the circuit. To encode capillary pres-

sure differences, we systematically varied the heights and widths of microchannels in

each side branch (see Table 4.2). We designed RBVs according to the junction pressure

criterion (see equation 4.4) to ensure that valves were drained sequentially.

Although in theory, very small differences in capillary pressure between succes-

sive RBVs should ensure serial drainage, empirical tests yield that designed capillary

pressure differences of ≈40 Pa provided reliable sequential drainage of RBVs. This

empirical value likely depends on the resolution and accuracy of features produced

by the 3D printer and might be reduced with a more accurate printer, or conversely

might need to be increased for experiments that require solutions with different sur-

face tensions that will affect the contact angle and the capillary pressure Pi of the RBV

and branch loaded with this solution.

Another parameter that could contribute to the need for a 40 Pa safety margin

between theoretical designs and experimental measurements is the presence of surface

inhomogeneities due to roughness that could result in local contact angle variations

due to local imperfections. Further research is required to assess the impact of local

variations in surface roughness on flow in CCs and the reliability of RBVs.

The main resistor was 18.5 mm long, 300 µm wide, and 50 µm deep to obtain a cal-

culated drainage time of ≈10min for all 8 liquid delivery steps based on the capillary

pressures, resistances, and volumes of the microchannels in the circuit. The smallest

RBV in the circuit was 380 µm wide and 200 µm deep. Since this valve was much shal-

lower than the reservoir (960 µm wide and 1000 µm deep), connecting it directly to the

reservoir would result in the formation of an unwanted stop valve. To prevent liquid
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TABLE 4.2: RBVs designed for autonomous delivery of eight liquids.

RBV1 RBV2 RBV3 RBV4 RBV5 RBV6 RBV7 RBV8
Width (µm) 770 670 580 480 380 380 380 380
Height (µm) 900 750 650 600 600 400 300 200

RBV Pressure Pi (Pa) -233 -270 -314 -365 -430 -483 -536 -642
PJ during drainage (Pa) -250 -286 -329 -379 -442 -493 -544 -643

from stopping at the abrupt geometric change between the RBV and the reservoir, we

designed a gently sloped transition (or staircase) with 50 µm height increments to pre-

vent from liquid stopping due to the formation of an undesired stop valve. We set the

maximum channel height in our CCs to 1mm to stay within a regime where capillary

forces are dominant. These geometric constraints limited the number of RBVs, and by

extension the number of liquid delivery steps that we could automate in our CCs.

We experimentally validated the operation of the 8-step circuit by 3D-printing a

mold and making PDMS replicas as described previously. Fig. 4.5 shows time-lapse

images of autonomous and sequential delivery of 8 liquids in the CC. Liquids were

initially pre-loaded into the reagent reservoirs, and then the central release channel

was filled with 10 µL of liquid to start the autonomous drainage operations. Following

drainage of the solution from inlet 8 and pinning of the air-liquid interface at RBV8 in

the trigger channel, RBV1 is the first to start bursting at t = 3 min 11 s. Each RBV

with its attendant reservoir take ≈ 50 s to drain and the autonomous drainage of the 8

solutions was completed in < 7 min.

Comparison between 3D-printed and cleanroom-fabricated capillaric circuits

Cleanroom fabrication allows microchannel height and width specifications down to

1 µm and less, whereas with the 3D printer used here the resolution was limited

≈ 200 µm in XY and 50 µm in Z. Consequently, can more finely vary the capillary

pressures of microfabricated CCs, which in theory could allow sequential drainage of

more channels. However, sequential drainage is constrained by the whole circuit ar-

chitecture to ensure that the condition for sequential drainage of all the retention burst

valves in the capillary circuit is still met (Equations 4.2 and 4.4 and Fig. 4.4A).
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FIGURE 4.5: CC for autonomous delivery of eight liquids. (A) Symbolic representation of
CC showing modular assembly of fluidic elements. (B) Schematic representation of CC. (C)
Time-lapse images showing autonomous delivery of 8 liquids in the CC. Arrows indicate flow
direction and numbers highlight the time and sequence of liquid delivery. A video of liquid

delivery is provided in supplementary movie S3.2.
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A strength of 3D printing is the capability to print multi-height features in a single

run, whereas when using classical photolithography each different depth level would

require a photolithographic and processing step with precise alignment which would

make fabrication excessively slow, costly and at the same time reduce the yield. For

example, the CC for the autonomous delivery of eight liquids used seven different

depths on the same mold (see Fig. 4.5).

Capillary forces are dominant over gravitational and inertial forces at the scale of

the conduits used for the CCs shown here. However, the 3D-printed conduits ex-

tend over several tens of millimetres in some cases, and if a chip is not horizontal,

or in the most extreme case if it is positioned such that the channel is vertical, then

the hydrostatic pressure could disrupt the functionality of the CC and notably the

pre-programmed drainage order. For the 8-valve CC the difference between two se-

quential retention burst valves is 40 Pa, which corresponds to the pressure of a water

column height of 4 mm. The footprint of the 8-valve CC is much larger, and by plac-

ing it on one of the sides at a 90 °tilt, the sequence of drainage was disrupted, as

predicted. Hence, for the reliable operation of CCs with large conduits and incremen-

tal differences in capillary pressure it is important to consider the position of the CC,

and ideally to position the devices horizontally.

4.5 Conclusions

Taken together, our results indicate that 3D-printing allows rapid and inexpensive

fabrication of reliable capillaric valves and circuits.

We established design rules for CCs, TVs, and RBVs (see Table 4.3). The empirically-

derived TV design rule provides an important proof-of-principle demonstration. Fu-

ture work is required to provide analytical design rules based on calculated pressure

barriers of TVs and including other relevant parameters that affect TV performance,

such as: TV height, contact angle, surface roughness, and 3D-printed layer height.
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TABLE 4.3: Design rules for capillaric circuits made from 3D-printed molds. Summary of
empirical and analytical design rules for CCs with TVs and RBVs. The design rules presented
here are specific to CCs printed using the EnvisionTEC MicroEDU 3D-printer. Empirically-
derived design rules were obtained by systematic variation of geometric parameters and may
depend more strongly on the choice of 3D-printer. Analytically-derived design rules were
obtained by calculating capillary pressures of fluidic elements in the CC and should be more

generalizable between 3D-printers.

Maximal conduit size to stay within capil-
lary microfluidic regime:

Minimal feature size imposed by Envision-
TEC MicroEDU 3D-printer:

Channel width: w ≤ 1 mm Channel width: w > 200 µm
Channel height: h ≤ 1 mm Channel height: h ≥ 50 µm

Max. Device footprint: 75× 100 mm2

Min. step between two widths: ∆w = 100 µm
Min. step between two heights: ∆h = 50 µm

Empirically-derived design rules: Analytically-derived design rules:

1. Height difference between TV and release
channel: ∆h ≥ 300 µm

1. Condition for sequential delivery of liq-
uids in CC with side branches with high-
resistance retention valves connected to a
main channel with pressure PJ :

2. Difference in capillary pressure between
successive RBVs: ∆P > 40 Pa

|PJ | < |Pi+1| during drainage of branch i

In addition, the analytically-derived RBV design rule was based on electrical analo-

gies and clearly explains the required conditions for sequential bursting of RBVs. The

empirically-determined RBV design rule depends on the variability of feature sizes

produced by the 3D-printer, which could result in unexpected capillary pressure dif-

ferences between RBVs. For us, a safety margin of 40 Pa between consecutive RBVs,

in addition to the analytical RBV design rule based on junction pressures, ensured

sequential liquid delivery.

These design rules are specific to our 3D-printer and the PDMS replicas with a

hydrophobic top surface (advancing and receding contact angles of 114° and 89°, re-

spectively) and hydrophilic bottom and side surfaces (advancing and receding contact

angles 45° and 31°, respectively). However, the design rules should be generalizable

to other 3D-printers provided that the 3D-printed features have similar resolution,

surface roughness, and surface chemistry.

The resolution reliably achievable with the consumer grade 3D printer used here
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was limited to ≈ 200 µm. The design of a CC must consider multiple, sometimes

competing, conditions for achieving the desired number of sequential events, flow

rates, and time of delivery. With further improvements and better 3D-printers and

resolution, higher capillary pressures could be generated, and more RBVs and liquid

delivery steps could be included in the CC, thus increasing the possibilities of CCs.

The skill and resources needed to make CCs from 3D-printed molds lies between

paper microfluidics and cleanroom-fabricated capillary microfluidics. In the future,

it would be desirable to replace PDMS – which gradually reverts back to its inherent

hydrophobic form after plasma treatment[36] – with alternate polymers with more

stable hydrophilic surfaces,[37] either by directly 3D printing them, or by replication

into stable polymers.

3D-printed molds may be used as intermediate step to manufacture silicone molds

for injection molding.[38, 39] As 3D-printing of metals[40, 41] improves, one could en-

vision direct 3D-printing of metal molds for for durable high-volume injection mold-

ing. The design of CCs is also compatible with conventional mold machining in metal

that would allow injection molding into polymers like Cyclic Olefin Copolymer (COC)

that are inexpensive to mass produce and can be chemically treated to obtain stable

hydrophilic surfaces.[42]

With the widespread adoption of 3D-printers, CCs could be readily printed by

many researchers, and the design rules presented here will facilitate the fabrication

of functional circuits. 3D-printing of CCs is especially appealing as a way to rapidly

iterate through multiple designs and test new functions. 3D-printed autonomous CCs

may be developed for large-volume and multi-step biochemical assays to be used for

point-of-care diagnosis, for research in a lab, as well as for educational purposes.
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Chapter 5

Capillaric Circuit for Rapid and Facile

Bacteria Detection

5.1 Preface

In this chapter, we apply CCs to a clinically-relevant application that benefits from

the capability to 3D-print large-volume (> 100 µL) devices. Urinary tract infections

(UTI) are one of the most common bacterial infections and would greatly benefit from

a rapid point-of-care diagnostic test. Although significant progress has been made

in developing microfluidic systems for nucleic acid and whole bacteria immunoassay

tests, their practical application is limited by complex protocols, bulky peripherals,

and slow operation. Here we present a microfluidic capillaric circuit (CC) optimized

for rapid and automated detection of bacteria in synthetic urine. Molds for CCs were

constructed using previously-established design rules, then 3D-printed and replicated

into poly(dimethylsiloxane). CCs autonomously and sequentially performed all liq-

uid delivery steps required for the assay. For efficient bacteria capture, on-the-spot

packing of antibody-functionalized microbeads was completed in < 20 s followed

by autonomous sequential delivery of 100 µL of bacteria sample, biotinylated detec-

tion antibodies, fluorescent streptavidin conjugate, and wash buffer for a total volume

≈ 115 µL. The assay was completed in< 7 min. Fluorescence images of the microbead

column revealed captured bacteria as bright spots that were easily counted manually
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or using an automated script for user-independent assay readout. The limit of detec-

tion of E. coli in synthetic urine was 7.1×103 colony-forming-units per mL (CFU/mL),

which is well below the clinical diagnostic criterion (> 105 CFU/mL) for UTI. The

self-powered, peripheral-free CC presented here has potential for use in rapid point-

of-care UTI screening.

This chapter is based on: “Microfluidic Capillaric Circuit for Rapid and Facile

Bacteria Detection”, A.O. Olanrewaju, A. Ng, P. Decorwin-Martin, A. Robillard, and

D. Juncker, Analytical Chemistry, 2017.

5.2 Introduction

Up to 50 % of women will get a urinary tract infection (UTI) by age 32.[1] UTI is

caused by the presence of bacteria in urine, with over 80 % of cases caused by E. coli.[2]

The gold standard for detecting bacteria in urine is plate culture and the traditional

clinical diagnostic threshold is ≥ 105 colony-forming units per mL (CFU/mL).[2, 3]

However, plate culture is slow (24 - 72 hours to provide results), labour intensive, and

centralized. Although dipstick tests are sometimes used in doctors’ offices for rapid

UTI detection, they are indirect tests that detect nitrites and leukocytes - symptoms

that might be indicative of infection, rather than the bacterial pathogens themselves -

thus, dipsticks have low specificity and sensitivity.[4] Another approach for bacteria

diagnosis in clinical microbiology labs is real-time PCR from urine samples.[5] But

conventional PCR requires extensive sample preparation to purify nucleic acids and

bulky equipment for nucleic acid amplification.

Microfluidic devices offer the promise of rapid, miniaturized, and automated bio-

chemical assays.[6, 7] The use of microfluidic devices for detection of bacteria in urine

has been recently reviewed.[8, 9] Many microfluidic devices for bacteria detection aim
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to miniaturize and automate nucleic-acid detection methods. For example, paper-

based devices for integrated nucleic acid extraction, isothermal amplification, and vi-

sual detection were developed.[10, 11] Yet nucleic-acid based detection methods re-

quire sample preparation steps including cell lysis and nucleic acid purification. These

steps slow down the bacteria detection assay and increase test complexity, challeng-

ing integration and automation at the point of care. Recently, DNA-based bacteria

detection was accelerated by skipping the sample preparation and DNA amplification

processes. Lam et al. developed a test with on-chip electrical bacterial lysis followed

by electrochemical detection in < 30 min.[12] Nevertheless, for rapid screening at a

doctor’s office or patient’s home, it is desirable to further reduce both the test time

and complexity.

Immunoassays that target whole bacterial cells using affinity binders such as anti-

bodies enable bacteria detection without cell lysis.[13] Sandwich immunoassays, com-

monly used for specific protein detection, can be adapted to whole bacteria detection

and even implemented in a multiplexed microarray format.[14, 15] The availability of

multiple bacterial extracellular receptors allows sensitive and specific capture of whole

cells in immunoassays. However, the typical planar configuration of microfluidic im-

munoassays requires bacterial cells to diffuse to the sensing surface, which is slow

given the relatively large size and low diffusivity of bacterial cells.[16] Consequently,

to reduce assay time immunoaffinity columns consisting of packed microbeads func-

tionalized with antibodies are used to provide large and distributed areas for bacterial

capture.[17, 18, 19, 20, 21] The reported limit of detection in immunoaffinity columns

for bacteria capture is as low as 104 CFU/mL,[18] thus meeting the diagnostic require-

ment for UTI.

However, bacteria capture with packed beads typically uses peripheral equipment

such as syringe pumps for bead packing and subsequent sample and reagent deliv-

ery. To enable point-of-care immunoaffinity columns for rapid bacteria capture, there

is a need for minimally-instrumented and user-friendly liquid handling in microflu-

idic devices. Autonomous capillary microfluidic systems are an attractive platform
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for minimally-instrumented and self-powered immunoassays.[22] Our lab developed

capillaric circuits (CCs) for pre-programmed and self-powered delivery of multiple

liquids.[23]. More recently, we presented analytical and empirical design rules for CCs

manufactured by rapid prototyping of molds with a bench-top 3D-printer.[24] Here

we optimize and apply CCs for rapid and facile detection of bacteria that requires only

4 pipetting steps and performs 5 functional steps. Pre-assembled microbead columns

are not compatible with capillary flow as they can lead to bubble entrapment. Thus,

we introduce on-the-spot assembly of microbead columns in CCs, followed by au-

tonomous, and sequential delivery of bacteria sample and sandwich immunoassay

reagents in < 7 min. Captured bacteria are detected using biotinylated antibodies and

fluorescent streptavidin conjugates with fluorescence results that are easily interpreted

by the user or an automated image analysis algorithm.

5.3 Design and working principle of capillaric circuit

Our goal was to develop a self-powered microfluidic device for rapid and simple de-

tection of bacteria. To accomplish this, we integrated a microbead column within the

CC to increase the surface area available for bacteria detection while simultaneously

ensuring contact of bacteria to the surface, thereby improving detection sensitivity.

Based on our previous work,[24] a CC with a constriction to assemble a microbead

column and 4 sequential retention burst valves (RBVs) was designed to capture and

detect bacteria. The design of the modular CC was optimized and guided using a

combination of symbolic (Fig. 5.1A) and schematic layouts (Fig. 5.1B).

Operation of the CC for bacteria detection is illustrated in Fig. 5.1C. An assay is

prepared by first pre-loading the sample and the two assay reagents to their respective

inlets thereby filling the reservoirs. Pre-loading sample and reagent reservoirs is a

preparatory step that can be completed up to 30 min before the start of the assay and

in any order since liquids are held in place by capillary trigger valves (Fig. 5.1C0).[24]
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FIGURE 5.1: Design and working principle of CC for bacteria detection. A) Symbolic layout
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completed in 4 pipetting steps (C0) and 5 autonomous liquid delivery steps (C1-C5). Insets
show close-ups of the packed bead column and individual assay steps on the bead surface

(not to scale).
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The pre-programmed assay is then initiated by the fourth pipetting step, which is

loading the buffer containing beads. This triggers the automated five steps required

for the bacteria capture assay in the CC without need for further user intervention.

First, microbeads are assembled on-the-spot in the microchannel at a physical barrier

(Fig. 5.1C1) immediately followed by bacteria sample which is flowed through the

microbead column resulting in the capture of whole bacterial cells by antibodies on

the microbead surface (Fig. 5.1C2). Next, biotinylated detection antibodies are flowed

through the microbead column and bind to captured bacteria (Fig. 5.1C3), followed

by fluorescent streptavidin Alexa 647 conjugate which binds to biotinylated detection

antibodies (Fig. 5.1C4). Finally, wash buffer, which is comprised of the residual buffer

from step #1, is flowed through the microbead column to remove unbound strepta-

vidin (Fig. 5.1C5).

5.3.1 Design of microbead column

The microbead column is a crucial component that influences the detection limit of

this bacteria capture assay. There are several factors that affect bacteria capture in

a microbead column including: bacteria size, microbead size, sample volume, and

sample flow rate. In the absence of accurate mathematical models that describe the

influence of all these parameters, we empirically designed the microbead column for

bacteria capture, in line with past work.[17, 18, 19, 20, 21]

Trapping microbeads with a physical constriction that is smaller than the microbead

diameter is a simple and reliable way to pack beads in a microchannel.[17, 18, 19, 20]

The minimum feature size of the 3D-printer used to make the mold was a 50 µm ver-

tical step,[24] which sets a lower limit on the size of microbeads that can be used.

Although the “keystone effect” can be used to pack beads with a constriction that is

larger than the microbead diameter,[25] it is sensitive to surface roughness (greater in

3D-printed channels than microfabricated ones) and requires a high temperature (115
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°C) stabilization step to securely trap beads at the constriction. Thus, beads with a di-

ameter ≥ 50 µm were used to ensure predictable and reliable bead packing at a 50 µm

deep channel forming the constriction.

5.4 Experimental

Device molds were 3D-printed (Fig 5.2A) and replicated into PDMS (Fig 5.2B) as

described in our past work.[24] Subsequently, the CC was evaluated in three steps:

(i) verify pre-programmed liquid delivery operations using aqueous food dye solu-

tions, (ii) validate basic assay operation and specificity by comparing capture of E. coli

O157:H7 and K12 serving as positive and negative control, respectively, and (iii) deter-

mine limit of detection using serial dilution experiments with E. coli O157:H7 spiked

into synthetic urine.

5.4.1 Verifying pre-programmed liquid delivery

To test liquid delivery, the PDMS CCs were plasma-treated for hydrophilicity and

sealed with flat hydrophobic PDMS covers prior to use. Aqueous food dye solutions

were loaded in the reservoirs, and the pre-programmed liquid delivery verified.[24] To

characterize the reproducibility of bead packing and liquid delivery, five PDMS repli-

cas from five different 3D-printed molds were tested with aqueous food dye solutions.

Microbead column lengths and drainage times for each reservoir were recorded.
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5.4.2 Validating assay operation and specificity

E. coli O157:H7 ATCC strain 700728 (ATCC, USA) was used as the model organism

in our bacteria capture experiments. Synthetic urine (Surine™ Negative Control, Dy-

naTek, USA) with constituents that mimic human urine was used in on-chip exper-

iments. Pre-activated Ultralink™ bis-acrylamide azlactone copolymer beads (Ther-

moFisher Scientific, USA) were used for bacteria capture. Beads were functional-

ized with 10 µg/mL of anti-E. coli O157:H7 antibodies (BacTrace™ 01-95-90-MG, KPL,

USA) following the microbead manufacturer’s specifications. Biotinylated anti-E. coli

O157:H7 antibodies (BacTrace™ 16-95-90, KPL, USA), and Streptavidin-Alexa Fluor™ 647

conjugate (S21374, ThermoFisher Scientific, USA) were used to label and detect bac-

teria during the sandwich immunoassay. Reagents were diluted in 1× Phosphate

Buffered Saline (1× PBS, ThermoFisher Scientific, USA).

To validate the general principle of the assay and determine its specificity, 106

CFU/mL each of E. coli K12 and E. coli O157:H7 was run through a CC containing

beads and reagents that target E. coli O157:H7. A laboratory strain of E. coli K12, which

lacks the O157 antigen, was generously provided by the Tufenkji lab at McGill Univer-

sity. Spots were counted manually.

5.4.3 Serial dilution experiments

We carried out the bacteria capture assay using synthetic urine spiked with E. coli

O157:H7. E. coli O157:H7 samples were grown overnight in LB medium at 37 °C.

Subsequently, serial dilutions of bacteria suspension were prepared in synthetic urine.

Samples with bacterial concentrations of 0, 103, 104, 105, 106, and 107 CFU/mL were

prepared. Bacteria serial dilutions were plated on LB agar culture plates at room tem-

perature for 24 hours to count and confirm the number of bacteria present in each

sample. Subsequently, bacteria suspensions were used for on-chip experiments to

characterize bacteria capture in CCs. To determine the sensitivity of the assay, a bind-

ing curve was established by plotting the number of spots observed in the microbead
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column with the known bacterial count from plate culture.

Bacteria counts and calculation of limit of detection

After completion of the assay in the CC, the microbead column was imaged at 20×

magnification using an inverted fluorescence microscope (TE-2000-E Inverted Micro-

scope, Nikon, USA) equipped with a CCD camera (QuantEM 512SC, Photometrics,

USA). Manual counts of the number of bacteria in each bead column were carried out

by 5 volunteers blinded to the true test results. One labeled image with 5 spots (104

image in Fig. 5.4A) was presented as a training image to the volunteers who were in-

structed to identify similar spots in all other images. All images, including the negative

controls, were presented in a random order. At higher concentrations (i.e. 105, 106, 107

CFU/mL), the number of spots was estimated by counting the number of spots in a

quarter of the bead column and multiplying by 4. This is similar to the colony count-

ing technique employed in standard microbiology. Spot counts from the 5 volunteers

were averaged for each image. Subsequently, average spots counts were obtained for

each bacteria concentration using images from 3 different CCs.

All experiments were performed in triplicate unless otherwise stated. Log trans-

forms of the concentration and spot count data from manual bacteria counts were fit-

ted with a non-linear four-parameter logistic curve using GraphPad Prism 7 (Graph-

Pad Software Inc., La Jolla, CA, USA). The limit of detection (LoD) was calculated

using the EP17 guideline published by the Clinical and Laboratory Standards Insti-

tute (CLSI) that considers both the measured limit of blank (LoB) and variation from

replicates of a sample known to contain a small concentration of analyte.[26] The LoD

was calculated as follows:

LoD = LoB + 1.645 · (SDlow concentration sample) (5.1)



Chapter 5. Capillaric Circuit for Rapid Bacteria Detection 132

where the limit of blank (LoB) is given by:

LoB = meanblank + 1.645 · (SDblank) (5.2)

and SDlow concentration sample is the measured standard deviation of the low concentra-

tion sample, SDblank is the measured standard deviation of the blank (zero) sample,

and meanblank is the measured average signal of the blank sample.

Assuming a Gaussian distribution of the low concentration samples, the LoD cal-

culation presented in equation 5.1 ensures only 5% of low concentration samples will

produce signal outputs lower than the previously defined LoB (equation 5.2) and in-

correctly appear to be negative signals i.e. contain no analyte.

To determine the concentration corresponding to the calculated LoD, we interpo-

lated the log transform of the calculated LOD value with the four-parameter logistic

curve fit.

Algorithm for automated bacteria counts

To provide automated bacteria counts, a MATLAB™ script was written to analyze

assay images. The image analysis algorithm is provided in the electronic supplemen-

tary information. First, images were manually cropped to remove the edges of the

bead column since they create artifacts in subsequent image processing steps. Next, a

Gaussian filter was applied to normalize images. At 20x magnification, 1 pixel in each

fluorescence micrograph corresponded to 2 µm in size. Given that E. coli are expected

to be ≈ 2 µm× 1 µm, we expected bacteria to appear as ≈ 4-pixel diameter “spots” in

the fluorescence micrographs. Consequently, spots were identified using an opening

top-hat filter with a disk radius of 2 pixels and a Laplacian of Gaussian filter to match

the expected size of detected bacteria in the bead column. Both the top-hat and the

Laplacian of a Gaussian filters identify bright point-like features in which the 2-pixel

radius disk can fit. An H-max transform was used to remove low regional peaks. A
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TABLE 5.1: Geometry of retention burst valves (RBVs) in CC for detection of bacteria. RBV
heights and widths were designed to ensure sequential delivery of sample and assay reagents

according to previously established design rules.[24]

Width (µm) Height (µm) Capillary Pressure (Pa)
RBV1 4000 2000 -93
RBV2 300 500 -667
RBV3 300 300 -834
RBV4 200 250 -1126
Capillary Pump 200 50 -2602

threshold was then applied based on the average signal of the image to form a black

and white image.

In less than 20 % of the captured images, larger spots (≈ 20 - 50 pixels in diam-

eter) that appeared to come from dust or debris were splintered during the image

thresholding step and counted as bacteria by the automated script. To avoid these

spurious counts, an opening and closing by reconstruction operation was performed

with a larger disk with a 5-pixel radius. By thresholding the resulting image, these

large areas with bright fluorescence were ignored.

5.5 Results and discussion

A CC for rapid and facile bacteria detection was designed and tested. The cross-section

and capillary pressure of each RBV required for pre-programmed liquid delivery in

the CC is summarized in Table 5.1. Device molds were 3D-printed (Fig 5.2A) and

replicated into PDMS (Fig 5.2B).[24] The sample reservoir (inlet 1) was designed to

have a volume of 100 µLwhile retaining a compact footprint (2 × 4 × 13mm3) as seen

in Fig 5.2B. Meanwhile, the biotinylated antibody reservoir (inlet 2) and streptavidin

conjugate reservoir (inlet 3) had volumes of 4.7 µL and 2.4 µL respectively. These

volumes were empirically found to provide a good signal-to-noise ratio for bacterial

imaging. The central branch (inlet 4) had a volume of 1.4 µL and was used to introduce

the microbead suspension to the circuit.
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5.5.1 Pre-programmed liquid delivery in capillaric circuit

We verified sequential liquid delivery using aqueous food dye solutions as shown in

Fig. 5.2C. 100 µL of liquid was added to the sample reservoir, 4.7 µL was added to the

biotinylated antibody reservoir, and 2.4 µL was added to the Streptavidin-Alexa 647

reservoir (Fig. 5.2C, t = 1m 31s). Trigger valves held the sample and reagents in place

for at least 30 min allowing sufficient time to pre-load the chip and conveniently start

the assay without worrying about the timing of the reagent loading steps.[23, 24]

In the CC design, flow of the sample and assay reagents is triggered by adding

the microbead solution to inlet 4. This initiates on-the-spot packing of microbeads in

front of the capillary pump as the first step in the on-chip immunoassay. We added

7 µL containing a 1 % w/v bead suspension in 1xPBS to inlet 4 (Fig 5.2C, t = 3m

00s). Adding the bead suspension to inlet 4 filled the central branch and connected

all reservoirs in the CC to the capillary pump. At this point, the capillary pump and

RBVs determined the sequence of liquid delivery without user intervention. The sam-

ple reservoir drained first since it had the lowest capillary pressure (Fig 5.2C, t = 8m

03s). It is noteworthy that the position of the RBVs relative to the capillary pump

does not determine their drainage sequence; instead it is the capillary pressure of the

microchannel (set by its geometry and surface chemistry) that controls the drainage se-

quence. Next, RBV2 burst and the biotinylated antibody reservoir drained (Fig. 5.2C,

t = 8m 35s), then RBV3 and the streptavidin Alexa 647 conjugate reservoir (Fig. 5.2C,

t = 8m 51s) and finally, RBV4 and the central branch (Fig. 5.2C, t = 9m 00s). Lami-

nar flow in the CC ensures that the remaining sample and wash buffer in the central

channel effectively washed away the streptavidin Alexa 647 conjugate solution from

the bead column thereby reducing background fluorescence. The total liquid delivery

time since microbead addition was 6m 00s.

The packed microbead column may be imaged in real-time during the assay or

afterwards when the microchannels are dry. The microbeads were readily visible with

a brightfield microscope and captured bacteria were readily visible with a fluorescence
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delivery in CC. Arrows indicate flow direction.
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microscope.

Reproducibility of bead packing and liquid delivery

To determine the reproducibility of liquid delivery in the circuit, we tested five PDMS

replicas from five different 3D-printed molds. This represents the worst case scenario

in reproducibility of liquid delivery since replicas can be made from a single mold

to minimize mold-to-mold variability that arises during manufacturing. We recorded

bead column lengths and liquid delivery times after pre-programmed drainage was

initiated by adding the bead suspension to inlet 4. Over five experiments, the average

bead column length was 888 ± 144 µm. Meanwhile the average flow rates for the

sample, biotinylated antibody, streptavidin Alexa 647 conjugate, and wash buffer were

0.36± 0.07, 0.23± 0.06, 0.21± 0.04 and 0.18± 0.05 µL/s respectively. The average assay

time over all five experiments was 5.5± 1.0 min. The coefficient of variation in liquid

delivery times (18.7%) is consistent with observations in our previous work with 3D-

printed CCs and is thought to arise primarily from variations in surface chemistry and

handling of PDMS devices.[24]

5.5.2 Validating assay principle and specificity

As a proof of principle test of assay sensitivity and specificity, 106 CFU/mL each of

the target E. coli O157:H7 and non-pathogenic E. coli K12 were run through bacterial

capture assays in CCs with microbeads functionalized with anti-E. coli O157:H7 cap-

ture antibodies and detection antibodies that also target E. coli O157:H7. When the

sample was E. coli O157:H7, multiple spots (238.1 ± 62.5, N = 3) were observed in the

microbead column (Fig. 5.3). This test was a positive control showing that the overall

principle of the sandwich immunoassay with spot counting was viable. In contrast,

when the sample was 106 CFU/mL of E. coli K12, very few spots (5.7 ± 7.2, N = 3)

were observed in the microbead column, demonstrating specificity of the sandwich

immunoassay.
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FIGURE 5.3: Validating assay principle and specificity by comparing bacteria capture after
flowing 106 CFU/mL of E. coli O157:H7 and K12 through CCs designed for E. coli O157:H7
capture. A) Multiple spots in bead column after flowing E. coli O157:H7. B) Few spots in
bead column after flowing E. coli K12. C) Bar graph quantifying specific capture of E. coli
O157:H7. Bacteria spot counts were obtained by manual counting. Error bars indicate standard

deviation. N = 3.

5.5.3 Limit of detection of E. coli in synthetic urine

As described in section 5.4.3, the limit of detection (LoD) was calculated using equa-

tion 5.1 according to guidelines from the Clinical and Laboratory Standards Institute

to ensure that only 5% of low concentration samples will produce signal outputs that

incorrectly appear to be negative signals.[26] To determine the limit of detection of the

bacteria capture assay, the following concentrations of E. coli O157:H7 were spiked into

synthetic urine and tested in the CC: 0, 103, 104, 105, 106, and 107 CFU/mL. Fig. 5.4A

shows raw data obtained from on-chip experiments. Captured bacteria were clearly

visible as fluorescent spots that could be counted by the user. These “spots” were de-

fined as bright fluorescence regions that are ≈ 2 µm in diameter when viewed with a

20× objective, since the target E. coli are ≈ 2 × 1 µm2 in size. Such spots are easy to

count in microscope images since they stood out from the background greyscale sig-

nal, as illustrated with arrows in Fig. 5.4A. Residual fluorescence of antibodies on the

beads was visible as halos that were readily distinguished from bacterial spots. The

results shown in Fig. 5.4A suggest that we could readily distinguish between low and

high bacteria concentrations.

The number of spots detected at each bacteria concentration was plotted against the

bacteria concentration determined by plate culture (the gold standard). Each bacterial
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sample was tested on 3 separate CCs. Spots were counted by 5 volunteers blinded

to the true test results. Average spot counts were 0.1, 1.6, 5.6, 36.5, 238.1, and 854.9

spots at 0, 103, 104, 105, 106, and 107 CFU per mL respectively. The number of observed

spots increased as the number of CFU in the bacteria sample increased; however, this

increase was in a non-linear manner over the entire range of concentrations tested.

The data was fitted with a non-linear four-parameter logistic curve with the sigmoidal

shape characteristic of antibody-based immunoassays. The curve fit had good agree-

ment with the data (R2 = 0.9975) and could enable quantification of results within the

assay’s linear range (≈ 104 to 106 CFU/mL).

Given that 0.1 mL of sample is screened at each concentration, we observed that

< 2% of the available bacteria was captured by the CC. Strategies for improving the

bacteria capture efficiency are described in section 5.5.3 where we discuss the trade off

between sensitivity and time-to-result. Nevertheless, we observed a steady increase in

the number of spots detected as the bacteria concentration increased (Fig. 5.4B). The

LoD, calculated using equation 5.1, was 7.1 × 103 CFU/mL which is well below the

traditional clinical diagnostic threshold for bacteria in urine (105 CFU/mL).

Algorithm for automated bacteria counts

As described above, the number of bacteria captured in the CC can be readily counted

by users with minimal training. To further facilitate ease of use at the point-of-care and

to enable independent, quantitative, traceable, and comparable analysis, it is desirable

to automate bacteria spot counting. As such, we developed a spot detection script

using MATLAB.

To verify the bacteria counts by the automated algorithm, we compared the num-

ber of spots counted by the MATLAB algorithm with manual counts (Fig 5.4C). Good

agreement was observed between the manual and automated bacteria counts with a

few exceptions. The MATLAB script reported a higher average spot count for negative

controls. Using the MATLAB script, individual spot counts of 0, 0, 1 were obtained the

three images captured at 0 CFU/mL. Meanwhile, of the 5 individuals who performed
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blinded manual spot counts, all users reported no spots in the 0 CFU/mL images, ex-

cept for one user who reported 1 spot in only 1 of the 3 negative control images. As

a result, the average spot counts at 0 CFU/mL for the MATLAB algorithm and the

manual counts were 0.33 ± 0.58 and 0.1 ± 0.1 respectively. Also, at higher concentra-

tion (> 106 CFU/mL), there was a large (≈ 50%) difference between the manual and

automated counts. This is because the background intensity levels of images differed

significantly between the low and high concentration images, making it difficult to

find a single thresholding algorithm that performs well over the five orders of mag-

nitude of bacteria concentration tested in our experiments. This discrepancy at very

high concentrations is not a major concern as primarily a yes/no answer for bacteruria

is sought with > 105 CFU/mL as cut-off. If quantitative measures are required at high

concentrations, it should be possible to use other metrics such as the average image

intensity. These results establish that automated analysis could be used for assay read-

out.

Trade-off between sensitivity and time-to-result

Although the CC for bacteria detection meets the traditional diagnostic requirement

for bacteriuria (105 CFU/mL), recent reviews suggest that LODs as low as 102 CFU/mL

may be required for some symptomatic patients with UTI, which is close to the LOD of

our test.[2] The LOD of the CC may be further improved by 3D-printing CCs with finer

features and using smaller microbeads to improve bacteria capture efficiency. As mi-

crobead diameter decreases, the bacteria capture efficiency increases[17, 27] since the

gap size between beads decreases and bacteria cells are more likely to contact the func-

tionalized sensing surface. In this work, bead diameter was limited to sizes ≥ 50 µm

- imposed by the resolution of the 3D-printer used. 3D-printers with minimum Z-

feature sizes down to 10 µm have recently become available at a cost of ≈US$10,000,

which is affordable for many research labs, and would allow trapping of much smaller

beads.[28, 29] However, given a constant capillary pressure, the flow resistance in the

CC increases rapidly with smaller bead size and the time required to flow 100 µL of
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sample through the CC would increase significantly. Increasing residence time of the

bacteria in the bead chamber might also improve the capture efficiency of the assay;

however, at the cost of longer assay time. The current CC design allowed processing

of a large sample volume (i.e. 100 µL) in a short time with a capture efficiency of ≈1

in 100 bacteria. Applications that require bacteria detection at much lower concen-

trations could be addressed by using smaller beads, however at the expense of much

longer flow times. Hence, for each application optimization will be needed to identify

the desired trade-off between capturing of sufficient bacterial particles while permit-

ting sample processing within a given time.

Although patients with UTI typically produce spontaneous urine volumes of 20 -

200 mL which is significantly less than the volume produced by healthy individuals

(100 - 550 mL),[30] we do not anticipate any problems related to small urine sample

volumes. This is because the CC requires only a small aliquot (0.1 mL) of the patient

sample to achieve clinically-relevant sensitivity. In fact, we could increase the volume

of urine sample screened to further improve the limit of detection of the assay. The

sample volume screened could easily be doubled or tripled while keeping the same

design and completing tests in < 30 min fitting within the typical duration of a doc-

tor’s office visit. Flow resistances in the CC could also be redesigned to process a larger

sample volume while still providing results within the 7-min time frame shown here.

3D-printing and mass production

3D-printing was used for rapid and simple prototyping despite the size limitations

imposed by the 3D printer (i.e. ≥ 200 µm lateral features and ≥ 50 µm vertical fea-

tures). Also, 3D-printing provided the capability to easily fabricate millimeter-scale

(2 × 4 × 13 mm3) reservoirs to hold large (100 µL) sample volumes within the same

device that contains micrometer-scale (200× 50 µm2) channels for capillary pumping.

To implement mass production, the final mold design may be replicated into metal, or

directly manufactured by conventional means such as Computer Numerical Control

(CNC) micromachining, followed by injection molding to produce many functional
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replicas. Alternatively, 3D-printing may be used as an initial step to generate silicone

rubber molds for injection molding.[31, 32] In future, advances in 3D-printing tech-

nology, such as 3D-printing of metals,[33, 34] may provide sufficient resolution and

smoothness for direct printing of metal molds for durable injection molding.

Ease of use of the CC

Our aim was to develop a test that meets key criteria for use at the point-of-care, and

we envision that the CC could be used by a medical practitioner (doctor, nurse, or tech-

nician) who would add liquids to on-chip reservoirs to start the test. Precise pipetting

may not be required to operate the device and a disposable plastic liquid dropper

could be used to fill reservoirs. Since trigger valves hold liquids in place, the chip

could be designed to tolerate overfilling and excess liquids, which in the current de-

sign was simply wiped away from the inlets using a piece of paper, but which could

be removed by overflow structures integrated into the CC.

Since the CC enables rapid and user-friendly processing of samples, a user can

set up multiple experiments in parallel. A series of CCs can be loaded with reagents

over a period of 30 min, without worrying about precise timing of pipetting steps

or removing liquids from the chip. All chips could then be triggered sequentially by

adding different samples, and the result simply read out as soon as 7 min after the first

chip was loaded, within 30 min or so to minimize the risk of post-experiment drying

artefacts.

One can envision further improvements to make operation of the CC even simpler.

For example, it may be possible to reduce the number of pipetting steps using a sim-

pler design where antibodies and microbeads are spotted and dried on the CC, and

only require rehydration with a buffer. This would allow development of a CC that

only requires two steps - addition of wash buffer and addition of sample.

To facilitate inexpensive visual readout at the point-of-care, low-cost and portable

fluorescence microscopes[35, 36] or cell phones with optical adaptors[37] may be used
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for quantitative, yet minimally instrumented detection. Similarly, chemical signal am-

plification may be used to provide colorimetric results that are visible to the naked

eye.[38, 39]

Compared to DNA-based tests and other non-nucleic acid bacteria detection tests,

the primary advantage of our approach is the simplicity and speed while still achiev-

ing clinically-relevant sensitivity. Most microfluidic-based approaches require exter-

nal pumps and valves to automate each liquid handling step, making miniaturization

and point-of-care use more challenging. In contrast, the CC automates sequential liq-

uid delivery processes with minimal external equipment and without user interven-

tion other than to start the assay.

5.6 Conclusion

In this paper, we demonstrate rapid and facile detection of bacteria in synthetic urine

in < 7 min using a self-powered and autonomous microfluidic CC with a LOD of

7.1 × 103 CFU/mL which is well below the traditional clinical threshold for UTI de-

tection (≥ 105 CFU/mL). The CC features on-the-spot packing of functionalized mi-

crobeads in < 20 s which proved to be compatible with subsequent capillary-driven

flow of sample and reagents. The CC is user-friendly as it only requires 4 pipetting

steps to initiate the self-powered assay procedure, and achieves clinically-relevant re-

sults in a fraction of the time that it takes with competing technologies and without

requiring bulky peripherals. The speed, simplicity, and sensitivity of the CC meets

key requirements for use as a triage tool for screening patients suspected of having

UTI. Rapid tests could allow physicians to prescribe antibiotics only after confirma-

tion of bacterial infection, thereby helping to reduce over-prescription and minimize

the emergence of antibiotic-resistant pathogens. Although E. coli causes 80 - 85 % of

UTI cases, other bacteria including Klebsiella pneumonia and Staphylococcus saprophyti-

cus also regularly cause UTI.[2] By combining different affinity binders, CCs may be

adapted to detect multiple pathogenic bacteria causing UTI. The CC will need to be
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validated using clinical urine samples to study the impact of matrix effects, patient-to-

patient variation in urine properties, and the diversity of bacterial strains that cause

UTI. Furthermore, the concept of CCs with packed microbeads should be suitable for

other bacterial assays as well as for other analytes such as viruses or proteins.
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Chapter 6

Domino Capillaric Circuits: 3D-Printed

Capillarics For Scalable, Sequential,

And Simultaneous Liquid Delivery

6.1 Preface

We previously developed capillaric circuits (CCs) replicated from 3D-printed molds

(Chapter 4) and applied them for rapid bacterial detection (Chapter 5). CCs enable

preprogrammed sequential liquid delivery operations using retention burst valves

(RBVs) that ‘burst’ at predefined capillary pressures encoded by the height and width

of microchannels. However, the number of sequential liquid delivery steps cannot be

easily scaled up because of limitations in 3D printer resolution and reproducibility, as

well as variability in the surface tensions of different reagents that could lead to wrong

sequences. In this chapter, we introduce domino capillaric circuits (DCCs), a new scal-

able approach to preprogrammed liquid delivery in capillary microfluidics. DCCs can

be scaled up simply by adding another trigger unit, like a line of falling dominos that

can be extended simply by adding an extra domino. DCCs use identical air conduits to

control the preprogrammed drainage of liquids using a domino effect where reservoirs

are opened to air and able to drain only after the preceding reservoir has completely
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drained. Proof of principle testing of DCCs enabled 9 preprogrammed liquid deliv-

ery operations using only 2 RBV sizes instead of the 9 distinct RBV sizes that would

have been required with conventional CC design. To demonstrate the scalability of

DCCs, we demonstrated preprogrammed sequential delivery of 17 liquids also using

only 2 RBV sizes by adding more identical air conduits and reservoirs. Furthermore,

DCCs can also be used to implement simultaneous liquid delivery by triggering two

reservoirs at once, akin to one domino hitting two dominos. Simultaneous delivery of

two solutions was implemented by extending an air conduit over two reservoirs, and

illustrated by synchronously delivering a silver salt and reducing agent to perform a

silver enhancement reaction that requires simultaneous drainage. DCCs are robust as

they are insensitive to surface tension and may be readily scaled up given the simple

modular design. Hence they may find numerous applications in research, clinic, or

industry.

This chapter is a manuscript of a research article intended for submission: “Domino

Capillaric Circuits: 3D-Printed Capillarics for Scalable, Sequential, and Simultane-

ous Liquid Delivery”, A.O. Olanrewaju, M. Yafia, M. Beaugrand, F. Possel, and D.

Juncker.

6.2 Introduction

Capillary-driven microfluidics move liquids using only surface tension effects defined

by the geometry and surface chemistry of a substrate. Capillary flow control elements

such as capillary pumps,[1] stop valves,[2] trigger valves,[3] retention valves,[4] and

retention burst valves (RBVs)[5] have been developed. Autonomous capillary sys-

tems consisting of various capillary fluidic elements enable self-powered and user-

friendly liquid delivery and are well-suited for performing bioassays in point-of-care

settings.[4, 6, 7]
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6.2.1 Capillary microfluidics for preprogrammed multistep liquid de-

livery

Recently, there has been a push towards developing capillary systems capable of pre-

programmed sequential delivery of multiple liquids.[5, 8, 9, 10] Sequential delivery of

multiple liquids enables implementation of additional liquid wash steps or signal am-

plification steps that can improve the sensitivity of an assay.[11, 12] These advanced

capillary systems provide sophisticated control over the sequence and timing of liq-

uid delivery with minimal user intervention. For example, Novo et al. used air bub-

bles as spacers between four microchannels connected to the same capillary pump.[8]

Preprogrammed sequential drainage was obtained based on the proximity of the mi-

crochannels to the capillary pump. However, the use of air bubbles as liquid gaps

is sensitive to the handling and loading sequence of the device and the reliability of

preprogrammed operations was not characterized.

The same group demonstrated another approach where instead of using air bub-

bles, air vents were used for preprogrammed control of multi-step liquid delivery.[13]

Three open reagent reservoirs were arranged such that the inlet of the first reservoir

was the air vent of the second reservoir and the inlet of the second reservoir was the

air vent of the third reservoir. All three reservoirs were connected to a central channel

that led to a capillary pump. When all inlets were filled the blocked air vents ensure

that only reservoir 1 could drain. Only after all the liquid from the inlet of reservoir

1 had drained could the narrow connecting channel between reservoirs 1 and 2 fill

with liquid and result in drainage of reservoir 2 into the central channel leading to

the capillary pump. This sequence repeats for reservoir 3 thereby achieving sequential

drainage of the 3 liquids. This is a subtle and elegant approach to achieving sequential

reservoir drainage; however, evaporation from the open reservoirs is a concern.

Another approach to implement preprogrammed liquid delivery in capillary mi-

crofludics is to use dissolvable barriers as delay valves that regulate the sequence of

liquid delivery in the microfluidic device.[10] By designing a microfluidic device with
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multiple parallel paths connected to the same capillary pump and having different

thicknesses of dissolvable delays along each path, one can obtain preprogrammed se-

quential liquid delivery. Integration of dissolvable barriers requires an additional step

in device fabrication and device design must include dead-end channels to divert dis-

solved thin films away from the leading edge of liquid to prevent saturation and slow

flow in the microfluidic device.

6.2.2 Capillaric circuits for autonomous liquid delivery

Our research group developed capillaric circuits (CCs) - advanced capillary microflu-

idic circuits assembled from individual capillary fluidic elements similar to the assem-

bly of electric circuits from electronic components.[5] Sequential delivery of liquids in

CCs depends on RBVs which have distinct burst pressures encoded by their geometry.

3D-printing allowed us to vary both the height and width of RBVs to encode a unique

“burst” pressure for each valve.

For rapid and inexpensive fabrication, we developed empirical and analytical de-

sign rules that enable manufacture of CCs using 3D-printed molds.[14] Using those de-

sign rules, we developed a CC for preprogrammed sequential delivery 8 liquids.[14]

To our knowledge this was the largest number of preprogrammed sequential liquid

delivery steps demonstrated in an autonomous capillary system.

Challenges in scaling up capillaric circuits

Nevertheless, the number of sequential liquid delivery steps in CCs could not be easily

increased beyond 8 because of limitations in 3D-printer resolution and reproducibil-

ity. The minimum lateral (XY) resolution that can be reliably printed using most com-

mercially available stereolithographic 3D-printers is ≈ 200 µm, while the minimum

Z-dimension that can reliably printed is ≈ 50 µm. Meanwhile, to stay within a size

regime where capillary forces are dominant, microchannel dimensions must remain
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< 1 mm. Practically we were only able to implement 8 unique RBV sizes while obtain-

ing reliable performance within the upper and lower size limits imposed by 3D-printer

resolution and maintenance of capillary force dominance.[14]

Domino capillaric circuits for scalable preprogrammed liquid delivery

To address the concerns of scaling up the number of liquid delivery steps, we in-

troduce a new paradigm for preprogrammed liquid delivery in capillary systems.

Domino capillaric circuits (DCCs) are a new approach to capillary-driven liquid deliv-

ery that enable sequential liquid delivery and can be scaled up simply by adding an-

other trigger unit, like a line of falling dominos that can be extended simply by adding

an extra domino. DCCs can also be used to implement simultaneous liquid delivery

by triggering two reservoirs at once, akin to one domino hitting two dominos.

6.3 Materials and Methods

DCCs consist of two layers: a 3D-printed hydraulic layer and a PDMS pneumatic

layer. Molds for microchannels in the pneumatic layer were designed, 3D-printed,

and replicated into PDMS as described in our past work.[14] The pneumatic layer was

made using a 1:20 base:curing agent ratio mixture of PDMS to obtain soft and flexi-

ble devices that adequately sealed the hydraulic layer. PDMS was cured overnight at

60 °C and then peeled from the mold. Pneumatic layers were hydrophobic (untreated

PDMS, contact angle 120 °) to prevent filling of the air conduits with liquids. When de-

signing molds for the PDMS pneumatic layer it is important to mirror the orientation

of the microchannels so that when the PDMS devices are peeled off from their mold

they can be placed directly on top of the hydraulic layer. This is because the devices

are vertically mirrored when they are replicated into PDMS. This must be accounted

for in the design to ensure proper alignment of the two device layers.

The hydraulic layer was 3D-printed using transparent resin (BV-007 resin, Miicraft)

in a Miicraft 100 printer. Devices were designed in AutoCAD®, exported in the STL
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file format, and then sliced into 25-µm layers using software provided by the 3D-

printer manufacturer. Exposure time for each 25-µm thick 3D-printed layer was 0.9

seconds with 4 buffer layers included at the start of the 3D-print. Printing was com-

pleted in 10 min, after which time prints were washed with isopropanol and dried

with nitrogen. To prepare 3D-printed hydraulic layers for capillary-driven flow, they

were plasma-treated for 60 s at 150 W in a plasma chamber (PE-50, Plasma Etch) for

hydrophilicity.

Cleanroom paper was used as a high volume, small footprint capillary pump and

placed directly on top of the capillary pump structure within the hydraulic layer. The

paper pump was wetted with 20 µL of liquid prior to placing it on top of the plastic

device to ensure proper contact. Liquid delivery was tested using aqueous food dye

solutions and observed under a microscope.

For silver enhancement reactions to demonstrate simultaneous liquid delivery in

DCCs, silver enhancement reagents (LI silver kit with silver salt solution, and reducing

agent) were obtained from Nanoprobes Inc (NY, USA). 25 nm gold nanorods function-

alized with neutravidin were obtained from Nanopartz (CO, USA). Deionized water

was used as a wash buffer to stop the silver enhancement reaction.

6.4 Results and Discussion

6.4.1 Operating Principle of Domino Capillaric Circuits

Instead of relying on geometric differences between microchannels to control sequen-

tial liquid delivery, we use identical air conduits to control sequential delivery of liquid

in DCCs. Fig. 6.1A provides a symbolic view of a DCC for sequential liquid delivery

of 9 liquids. There are 8 branches with liquid reservoirs (branches #1 - #8) and one cen-

tral branch (branch #0) that connects the other branches to the capillary pump. Only

two retention burst valve sizes are required in the design of any DCC. One RBV, the

weaker one, is placed at the end of branch #1 and the other stronger RBV is placed at
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the end of branch #0. All the other branches in the DCC are terminated with retention

valves since they are designed not to drain.

In addition, each of the side branches #1 - #8 has a trigger valve at its intersection

with the central branch #0. This allows pre-loading of liquids into the side branches

up to 30 min before starting liquid delivery.[5, 14, 15] Branch #0 acts as the release

channel that triggers preprogrammed drainage by connecting all the side branches to

the capillary pump. Each side branch also has a retention valve just upstream of the

trigger valve to ensure that the side branches do not completely empty resulting in the

formation of bubbles in the microchannels and disruption of flow in the DCC.[5, 14]

A flow resistor is included in front of the capillary pump which has sufficient cap-

illary pressure to drain both RBV #1 and #2 but not any of the retention valves in the

circuit. The capillary pressures of the pump, RBVs, and retention valves were chosen

according to design rules for RBVs presented in our previous work.[14]

The crucial design element that enables liquid delivery in DCCs using only 2 RBVs

is the use of air conduits to connect liquid reservoirs. As seen in Fig. 6.1A, air conduits

connect reservoirs in each of the side branches. When a reservoir is emptied, the air

conduit acts as an air vent that allows the next reservoir to drain.

Fig. 6.1B shows the schematic layout of DCCs with physical realizations of individ-

ual fluidic components. Here we see clearly that air conduits connect the downstream

end of one reservoir to the upstream end of the next reservoir. For example, an air

conduit connects the downstream end of reservoir #1 to the upstream end of reservoir

#2. That way, when RBV #1 bursts and reservoir #1 empties, the air conduit between

reservoirs #1 and #2 acts as an air vent that allows drainage of reservoir #2 despite the

presence of the retention valve at the side branch. The air conduit presents an alter-

nate air vent to liquid in reservoir #2 enabling liquid drainage. The other air conduits

are positioned accordingly connecting the downstream ends of preceding reservoirs

to the upstream ends of succeeding reservoirs thereby enabling sequential drainage of

reservoirs.

Fig. 6.1C shows the physical realization of the DCC for delivery of 8 liquids. Food
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FIGURE 6.1: Domino capillaric circuit with 8 side branches. (A) Symbolic layout showing
capillaric microfluidic elements in DCC design. Main branch 0 is the release channel that
triggers liquid release from the 8 side branches. Branch 1 has a weak retention burst valve
allowing it to drain first in the circuit. (B) Schematic layout showing assembled DCC. The air
conduits are etched in the pneumatic layer and connect the downstream end of each reservoir
to the upstream end of the subsequent reservoir, serially connecting each reservoir to ambient
air. (C) Image of assembled DCC with the hydraulic layer sealed with the pneumatic layer.

Reservoirs were filled with colored aqueous solutions held in place by trigger valves.
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dye solutions are stopped at the trigger valves at the intersections between the side

branches and the central release branch.

6.4.2 Physical Realization of Domino Capillaric Circuit

DCCs consist of two layers (Fig. 6.2): (1) a hydrophilic hydraulic layer with reser-

voirs, trigger valves, retention valves, inlets, vents, and a capillary pump, and (2) a

hydrophobic pneumatic layer with microchannels that act as air conduits serially link-

ing the downstream end of a reservoir to the upstream end of the next reservoir.

FIGURE 6.2: 3D-printed hydraulic and PDMS-replicated pneumatic layers of the domino
capillaric circuit. Close-up images of: (A)Branch 0 that acts as release channel, (B) Inlets and
upstream ends of reservoirs, (C)Flow resistor and capillary pump, D) Front view of trigger
valve, and E) Air conduit. Microchannel sizes on the hydraulic layer range from 50× 150 µm2

for the trigger valve to 500× 1000 µm2 for the reservoirs. Air conduits on the pneumatic layer
were 300× 1000 µm2. Scale bars are 1mm.

The insets in Fig. 6.2 show close-ups of different sections of the directly 3D-printed

structures in the hydraulic and pneumatic layers of the DCC. The air conduits on the

pneumatic layer were 300 µm deep and 1,000 µm wide and arranged in L-shapes so

that when overlapped with the hydraulic layer, they connected the downstream end of

one reservoir to the upstream end of the next reservoir to drain as shown in Fig. 6.1C.
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Microchannel sizes in the 3D-printed hydraulic layer range from 50× 150 µm2 (for

trigger valves) to 500 × 1000 µm2 for the reservoirs. The capillary pump had a cross-

section of 150×200 µm2 to provide high capillary pressure for wicking liquids. RBV #1,

connected to the reservoir #1, had a cross-section of 1000 × 500 µm which is identical

to the cross-section of the reservoirs and had the lowest capillary pressure in the DCC.

Therefore, RBV #1 was the first microchannel to drain when all the channels in the

DCC were filled. For simplicity, all the other branches (branches #2 - #8, and branch

#0) in the DCC were terminated with microchannels that had cross-sections of 500 ×

200 µm. These narrower microchannels were designed to retain liquid in branches #2

- #8, and in fact behave like retention valves in these side branches since they retained

liquid without bursting or draining. The narrower channel connected to branch #0

does not drain until all the side branches are emptied since drainage of wider RBV #1

and the reservoirs in branches #2 - #8 occurs first as predicted by the design rules for

RBVs.[14] The requirement for only two RBV sizes allows us to design two RBVs with

a large capillary pressure difference between them - in this case, RBV #1 was 1000 µm

wide while RBV #2 was 200 µm wide with both RBVs being 500 µm deep.

6.4.3 Preprogrammed sequential delivery of 9 liquids

As a proof of concept demonstration of DCCs, a device for preprogrammed sequential

delivery of 9 liquids was designed (Fig. 6.3). There are 8 reservoirs (branches 1 - 8) and

one central branch (#0) that connects the reservoirs to the capillary pump. After fab-

rication of the two layers, the DCC was assembled by placing the hydrophobic PDMS

pneumatic layer on top of the hydrophilic hydraulic layer as shown in Fig. 6.3. At

this point, reservoirs were preloaded with coloured food dye solutions and the DCC

was ready to test (Fig. 6.3, t = 0s). Preprogrammed liquid delivery was triggered by

adding a solution to branch #0 (Fig. 6.3, t = 5s). When all the reservoirs are connected

to the capillary pump, RBV #1 connected to branch #1 bursts and reservoir #1 drains
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(Fig. 6.3, t = 8s). Following bursting of the RBV upstream of reservoir #1, the air con-

duit between the downstream end of reservoir #1 and the upstream end of reservoir #2

opens allowing drainage of reservoir #2 (Fig. 6.3, t = 9s). This is the domino effect that

enables preprogrammed sequential opening of air vents and reservoir drainage. Next,

reservoir #3 drains (Fig. 6.3, t = 10s) followed by #4, #5, etc. When all the reservoirs

are empty, RBV #2 connected to branch #0 bursts and branch #0 empties to complete

the liquid delivery process (Fig. 6.3, t = 21s). Movie 5.1 shows the preprogrammed

drainage of 9 liquids in the DCC.

FIGURE 6.3: Sequential delivery of 9 liquids by domino capillaric circuit. Time-lapse images
showing sequential drainage of 8 reservoirs using repeats of an identical air conduit. The DCC
is triggered by loading the release channel (branch 0) at t = 5s. Once the retention burst valve
upstream of reservoir 1 bursts, the air conduit connecting the downstream end of reservoir 1
to the upstream end of reservoir 2 opens allowing drainage of reservoir 2 (t=9s). Subsequently,
air conduit 2 opens leading to drainage of reservoir 3 (t = 10s), and so on. In total 9 liquids
are drained (including branch #0). A video of 8-reservoir DCC is included in the Electronic

Supplementary Information for this thesis (Movie 6.1)
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6.4.4 Preprogrammed sequential delivery of 17 liquids

To demonstrate how easily DCCs can be scaled, we designed a device with double

the number of liquid delivery steps in our proof of principle demonstration. This

scaled-up DCC has 16 reservoirs and was designed for sequentially flowing 17 solu-

tions (including solution #0) (Fig. 6.4). This was accomplished also using only 2 RBV

sizes and with 15 air conduits. The sizes of RBV #1 and #2 are identical to the previous

design shown in Fig. 6.3. To reduce device footprint, reservoirs are arranged in two

rows opposite each other. Devices were tested with aqueous food dye solutions and

preprogrammed drainage of reservoirs in the expected sequential order was obtained

(see Movie 5.2).

FIGURE 6.4: Sequential drainage of 16 reservoirs by domino capillaric circuit. To demon-
strate the scalability, a DCC with 16 reservoirs – double the number in our previous work with
capillaric circuits[14] – was made. Sequential drainage of all 16 reservoirs was accomplished
in < 1min using identical air conduits, with the only exception being that the conduit between
reservoirs 8 and 9 was lengthened to fit the serpentine shape of the device. A video of the 16-
reservoir DCC is included in the Electronic Supplementary Information for this thesis (Movie

6.2)

In our previous work with CCs, we were limited to 8 preprogrammed liquid deliv-

ery steps based on the resolution and accuracy of the 3D-printer.[14] Here, however,

we were able to more than double the number of preprogrammed liquid delivery steps

using DCCs. By using air conduits for flow control, we were able to bypass 3D-printer

resolution limits since each reservoir does not require a unique RBV in order to drain

in the correct order.
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6.4.5 Domino capillarics for simultaneous liquid delivery

To demonstrate the versatility of DCCs, we designed devices that enable simultaneous

delivery of two liquids by connecting a single air conduit across two reservoirs - akin

to knocking down two dominos with a single domino. Fig. 6.5A shows timelapse im-

ages of the DCC for simultaneous reservoir drainage. The device has 5 branches (#0 –

#4) all placed on the same side. As in previous designs, branches #1 - #4 are connected

to branch #0 via trigger valves and branch #0 connects all the branches to a single

capillary pump. There are two air conduits - one that connects the downstream end of

branch #1 to the upstream end of branch #2, and another that connects the downstream

end of reservoir #2 to the upstream ends of both reservoirs #3 and #4. The connection

of a single air conduit across these two reservoirs enables their simultaneous drainage

once reservoir #2 is empty.

To validate simultaneous liquid delivery, branches #1 - #4 were preloaded with

aqueous food dye solutions and the liquids were held in place by trigger valves (Fig. 6.5A,

t = 0m 44s). Next, the reservoirs were connected to the capillary pump by filling branch

#0 (Fig. 6.5A, t = 1m 36s). As expected, RBV #1 drained first since it has the lowest cap-

illary pressure (Fig. 6.5A, t = 2m 00s). This opens the air conduit between reservoirs #1

and #2 triggering the domino effect. Thus, reservoir #2 drains next (Fig. 6.5A, t = 2m

12s) and opens the air conduit connecting reservoir #2 to reservoirs #3 and #4 allow-

ing them to drain simultaneously (Fig. 6.5A, t = 2m 21s). When reservoirs #1 - #4 have

finished draining then RBV #2 at the end of branch #0 bursts and branch #0 empties

to end the liquid delivery process. A video of preprogrammed simultaneous drainage

using DCCs is available in Movie 6.3.

To demonstrate the usefulness of simultaneous drainage in DCCs we implemented

a silver amplification assay. Silver amplification is commonly used for visualization

of bioassay results via gold nanoparticle catalyzed reduction of silver salts to form

visible dark precipitates on a surface.[12, 16] However, the silver salt and reducing

agent solutions must be stored separately, and mixed only immediately before use to
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FIGURE 6.5: Domino capillaric circuit with simultaneous reservoir drainage for silver en-
hancement. (A) Time-lapse images with aqueous food dye to verify simultaneous drainage
of liquid in DCC with air conduit that connects reservoirs #3 and #4. A video of the prepro-
grammed simultaneous liquid drainage i provided in Movie 5.3. (B)Design of domino chip
for simultaneous drainage of two reservoirs using a common air conduit. Reservoirs 3 and 4,
connected with a single air conduit, drain simultaneously. The resistance of the central chan-
nel was designed to be minimal compared with the resistance of the trigger valve along each
flow path. As such, the difference in drainage time between the two connected reservoirs is <
10%. (C) The simultaneous drainage device was used to implement a silver enhancement assay
that requires simultaneous delivery of a silver salt and reducing agent. Optical micrographs
showing differential colorimetric signal between reaction zone patterned with streptavidin-
nanogold and unpatterned control region. Like sequential drainage, simultaneous drainage
could simply be scaled up by extending the air conduit over 3 or more channels, which can

readily be realized with dominos.
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prevent unwanted background silver precipitation and low signal-to-noise ratio.

Fig. 6.5B shows how liquids were loaded into the DCC to implement the silver

amplification assay. Branch #3 and #4 that share a common air conduit were filled with

silver salt and reducing agent, the liquids that needed to be delivered simultaneously.

Meanwhile, all other branches were filled with deionized water that acted as a wash

buffer to stop the silver precipitation reaction. The hydrophobic PDMS cover of the

DCC was patterned with neutravidin-nanogold (1.4 nm gold nanoparticles) using a

PDMS capillary microfluidic chip, as described in our group’s past work[17], prior

to bonding the two layers of the DCC. The neutravidin-nanogold was adsorbed onto

the pneumatic PDMS layer in a region that overlapped with the flow resistor in the

hydraulic layer. The neutravidin-nanogold acts as a catalyst that promotes reduction

of silver salts to form silver metal precipitates. The PDMS cover was patterned so that

the flow resistor region was not entirely patterned with neutravidin-nanogold so that

after the silver enhancement assay one could distinguish between the patterned and

unpatterned regions. The flow resistor acts as a mixer for the silver salt and reducing

agents solutions required for the silver enhancement assay.

Preprogrammed liquid delivery including simultaneous drainage of silver salts

and reducing agent were carried out as described in Fig. 6.5A. After completion of

liquid delivery, we observed a clear visual difference between the regions of the flow

resistor patterned with neutravidin-nanogold and the unpatterned region (Fig. 6.5C).

The region patterned with neutravidin-nanogold appeared darker than the unpat-

terned region. These results provide a proof of principle demonstration of silver am-

plification in the DCC for simultaneous liquid delivery and could enable sensitive

colorimetric immunoassays in DCCs.

6.4.6 Domino capillarics to limit effect of surface tension variations

In addition, DCCs also have the benefit of being able to provide robustness against

variations in the surface tensions of liquids inside reservoirs. Differences between
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the surface tensions of liquids in RBVs could lead to wrong drainage sequences and

limit the scalability of the number of liquid delivery steps in CCs. The Young-Laplace

equation shows that the surface tension of liquid in a microchannel affects the cap-

illary pressure.[4, 5] This could be a practical problem in applications of CCs since

surfactants are often added to wash buffers used in immunoassays. The presence of

surfactant lowers surface tension of liquid and may lead to wrong drainage sequences

in the current design of RBVs that rely on geometric differences between RBVs to en-

code drainage sequence. The presence of surfactant in an RBV could lead it to drain

earlier than expected and prevent proper operation of the CC. This is a greater con-

cern when the capillary pressure difference between successive RBVs is small (≈ 40

Pa) in order to accommodate a greater number of liquid delivery steps in a CC. In

such situations, capillary pressure differences due to variations in the surface tension

of liquids in RBVs could have a greater effect on the expected liquid drainage sequence

and could lead to failed bioassays.

Since DCCs only have two RBV sizes, one RBV that is easily drained and another

that never drains, one could make circuits where the surface tension variations due to

surfactants do not affect the drainage sequence. Since the flow control is regulated by

identical air conduits, one could fill reservoirs with multiple liquids without having to

compensate for the difference in surface tension between the liquids.

6.5 Conclusion

DCCs enable preprogrammed delivery of multiple liquids using identical control units

that consist of reservoirs and air conduits. These control units can be easily stacked the

same way multiple dominos can be lined up. This makes it easy to scale up the num-

ber of liquid delivery steps in DCCs. Using identical air conduits we demonstrated

preprogrammed sequential delivery of 9 liquids using only two RBVs, and 7 identi-

cal air conduits in a DCC. This was easily scaled up for preprogrammed delivery of

17 liquids also using only two RBV sizes and 16 identical air conduits. In addition,
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the arrangement of air conduits on the hydrophobic cover layer makes DCCs versatile

since the same hydraulic layer design can be used to implement either sequential or

simultaneous liquid delivery. We demonstrated simultaneous drainage of liquids in

DCCs using an air conduit that was connected to two reservoirs and showed that this

enabled drainage of silver enhancement reagents that must be delivered at the same

time but cannot be mixed prior to their desired drainage time. The rapid prototyping

offered by 3D-printing means that functional hydraulic layers for DCCs can be fabri-

cated in < 10 min. The hydrophobic cover layer currently requires a PDMS replication

step; however, multiple copies of the hydrophobic layer can be fabricated from a single

mold. In future, flexible silicone sheets could be patterned for example using laser cut-

ting or a knife plotter to manufacture the hydrophobic cover layer which typically has

large features (> 500 µm) also within minutes. In addition, as materials for 3D-printing

improve, one may also be able to directly 3D-print flexible materials with microchan-

nels to act as covers for the DCCs. DCCs are robust as they are insensitive to surface

tension, and can readily be scaled up, and hence may find numerous applications in

research, clinic or industry.
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Chapter 7

Conclusions and Outlook

7.1 Summary of scientific contributions

In this dissertation, we developed microfluidic capillaric circuits (CCs) manufactured

by 3D-printing. Prior to this work, the conventional view was that capillary microflu-

idic devices required high precision (≈ 10 µm) and sub-micron surface roughness pro-

vided by cleanroom fabrication to obtain functional capillaric valves and circuits. The

reliance on cleanroom fabrication increased the time required to develop new design

iterations to advance the understanding of capillaric valves and circuits, and employ

them in clinically-relevant applications. In this thesis, we demonstrated for the first

time that reliable capillaric valves and circuits can be obtained using 3D-printing. The

rapid prototyping and multi-level fabrication available with 3D-printing allowed us

to better understand and extend the design of CCs for preprogrammed liquid deliv-

ery. We developed analytical and empirical design rules taking into account the entire

circuit architecture of CCs, and were able to rapidly design new devices to test our

hypotheses.

In addition, we used 3D-printed CCs to develop a proof-of-concept diagnostic for

a challenging clinical problem - the rapid detection of bacteria in urine. Detection of

bacteria that causes urinary tract infections is a slow process in clinical microbiology

labs because bacteria must be grown overnight to get a specific and sensitive count

of the pathogens that are present. While there have been multiple microfluidic ap-

proaches to providing fast and sensitive bacterial diagnosis, most tests require at least
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30 minutes to provide results and typically involve cell lysis and DNA analysis that

are challenging to automate. We leveraged the automatic liquid handling capability

of CCs to implement a rapid bacterial capture assay in < 7 min, making our test one

of the fastest bacterial detection methods reported so far. We developed an automated

sandwich immunoassay, with on-the-fly packing of functionalized microbeads and

preprogrammed delivery of sample and reagents with fluorescence readout that can

be simply interpreted by the user. The assay format allows capture of bacteria from

urine samples without need for cumbersome sample preparation steps like lysis or

nucleic acid preparation. This assay format may be readily applied to other analytes

including proteins and viruses.

Furthermore, we developed a newer, more scalable and versatile approach to the

design and fabrication of CCs. Domino capillaric circuits, DCCs, reduce the burden

and complexity of designing CCs by allowing the user to stack modular control units

consisting of identical air conduits (similar to stacking identical dominos), rather than

having to design unique control components for each liquid delivery step. In our

past work with CCs that used unique burst valves to control liquid delivery we were

limited to only 8 sequential liquid delivery steps due to 3D-printer resolution limits.

However, we were easily able to implement 17 liquid delivery steps with DCCs using

identical air conduits, strategically placed between reservoirs, to control liquid deliv-

ery. Consequently, DCCs are conceptually and practically easier to design and the

number of liquid delivery steps can readily be scaling up merely by adding additional

air conduits and reservoirs, similar to adding more dominos to a line. In addition,

DCCs are more versatile since reservoirs can be drained simultaneously by extend-

ing an air conduit over two reservoirs - similar to using one domino to knock over

2 dominos. Air conduits could also be extended over 3 or more reservoirs to make

increase the number of reservoirs that are drained simultaneously. DCCs can also be

designed in a single-level structure that does not require a microstructured cover, so

that functional devices can be 3D-printed in < 10 min.
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7.2 Recommendations for future directions

The presented work extends, applies, and introduces new directions in capillary mi-

crofluidics. As a result of the rapid prototyping offered by 3D-printing, for the first

time, new microchannel-based capillary valves, pumps, and integrated circuits can be

obtained in < 10 min. Nevertheless, further studies could improve upon the presented

work in a number of ways and move CCs and DMs closer to use at the point-of-care.

7.2.1 Material choice and device storage

Further research is required to investigate the differences in capillary-driven flow

of liquid between 3D-printed and cleanroom-fabricated microchannels. Indeed, the

roughness and layer-by-layer structure of 3D-printed microchannels is very different

from that of cleanroom-fabricated channels (see Fig 4.1). However, in practice we did

not observe any major differences between the flow rates in 3D-printed microchannels

and cleanroom-fabricated channels. One area where one might expect a difference,

might be that corner flow in the rougher 3D-printed microchannels might be a bigger

issue than with cleanroom-fabricated channels that have smoother walls. Other re-

searchers have observed intermittent flow and flow stoppage due to pinning on rough

surfaces but that was only when 3D-printing was carried out using techniques such

as fused deposition modelling that produced surface roughness up to 20 µm.[1] Fur-

ther research with stereolithographic 3D-printed microchannels is required to study

capillary-driven flow in 3D-printed microchannels.

The CCs demonstrated in Chapter 4 were replicated in PDMS which was plasma-

activated for hydrophilicity. PDMS gradually recovers its hydrophobicity a few hours

after plasma treatment,[2] so alternate materials will be required to ensure stable long

term storage of CCs.

3D-printing is useful as a prototyping technology to quickly test out new ideas
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and designs. PDMS molds can be obtained from 3D-printed molds by double replica-

tion, and the resulting PDMS molds can be electroplated with nickel and then subse-

quently used for hot embossing of thousands of copies of devices. 3D-printed molds

may also be used as intermediate step to manufacture silicone molds for injection

molding.[3, 4] CC mold designs manufactured with 3D-printing are compatible with

conventional metal micromachining which can be used to produce durable molds

for injection molding. Laser micromachining of molds is a technique that can al-

ready be used to manufacture high precision molds once for mass production.[5] As

3D-printing of metals[6, 7] improves, one could envision direct 3D-printing of metal

molds for durable high-volume injection molding. CCs can be injection molded into

polymers like Cyclic Olefin Copolymer (COC) that can be chemically treated to obtain

stable hydrophilic surfaces.[8]

In addition, the ability to use 3D-printing for low- or medium-throughput develop-

ment of custom diagnostic devices directly in areas of need, such as a doctor’s office,

is also appealing, especially as the cost of 3D-printers and 3D-printing resin decreases.

For example, one could envision a future with on-demand 3D-printing of CCs for di-

agnostics in areas of need that do not have sufficient demand to justify the cost of

a large-scale injection molding manufacturing process. Indeed, research is already

moving in this direction with the development of a portable 3D-printer that combines

filament extrusion and ink-jet liquid handling to print reaction beds and fill them with

bacterial growth medium, bacteria samples, and antibiotics in order to determine an-

tibiotic susceptibility directly at the point of need.[9] CCs could automate liquid han-

dling in such 3D-printed devices and minimize the need for tubing and inkjet liquid

handling, thereby reducing the need for peripheral equipment for liquid handling.

One technical problem with printing CCs on location is the need for surface treatment

of the devices for hydrophilicity. The use of hydrophilic, photocurable, 3D-printer

resins such as polyethylene glycol[10] could help to address this concern. However,

non-technical concerns such as regulatory approval would need to be considered for

on-location 3D-printing of CCs.
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7.2.2 Making CCs more user-friendly

The CCs developed in Chapter 4 for rapid bacteria detection require four pipetting

steps to automate a 5-step process for bacteria detection. The CCs operate in a “walk-

away” format where the user can complete the first three pipetting steps (i.e. preload-

ing the sample and reagents) up to 30 min before they are ready to start the assay.

This is because trigger valves hold the liquids in place until the user is ready to start

the assay by adding the microbead suspension to the central branch (Fig. 5.1). Subse-

quently the CC controls the sequence of delivery of the sample and reagents without

further user intervention. The automated assay in the CC is simpler than what the user

would have to do if they were to manually complete the same processes by timing the

addition of the sample and reagents in an eppendorf tube or a 96-well plate. And this

automation in the CC does not require bulky peripheral pumping equipment.

Nevertheless, the CC for bacteria detection could be made more user-friendly with

a few technological improvements. Our goal was to develop a device that could be

used by a medical practitioner directly at the point-of-care, so minimizing the num-

ber of pipetting steps would be ideal. For example, antibodies and microbeads could

be deposited with an inkjet spotter and dried on the chip and later reconstituted by

sample addition.[11] Reagent integrators[12] or orthogonal flow mixers[13] could be

included along the flow path of the CC for rapid and efficient reagent reconstitution to

ensure even distribution and delivery or reagents. A CC with pre-dried reagents and

beads could function with the addition of only the sample which could also serve as

a wash buffer as is done in lateral flow assays. However, if additional liquid delivery

steps - such as a final wash with buffer to improve signal to noise ratio[14] - are de-

sired, liquids could be stored in blisters and integrated onto the CC or its cover. The

blisters filled with liquid could easily be dispensed by integrating lancing structures

within the CC to pierce the blisters in order to start the assay.
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Aliquoting/Overflow Structures

Another fluidic element that could be developed to improve the user-friendliness of

the assay is aliquoting/overflow structures for metering the sample volume. Cur-

rently, the CC does not require precise pipetting since trigger valves hold liquids in

place and excess liquid at inlets can be simply wiped away with a piece of paper as

is currently done. Nevertheless integrating on-chip aliquoting structures to accurately

meter sample volume would ensure accurate control over the volume of liquid deliv-

ered and make device operation more user-friendly. Such aliquoting structures could

be implemented by connecting capillary pumps to the liquid inlet and designing the

inlet and flow resistance in the direction of the aliquoting structure so that liquid first

fills the reservoir before excess liquid reaches the overflow pump which can be a sim-

ple piece of paper. The size of the inlet and the microchannels connected to the over-

flow capillary pump can be designed such that when excess liquid is drained, the mi-

crochannel leading to the overflow pump empties completely. This would completely

disconnect the overflow pump from the reagent reservoir and prevent interference of

the overflow pump with sequential liquid delivery in the CC.

7.2.3 Simplifying assay readout

Although optical detection for CCs for bacteria detection was carried out using fluo-

rescence microscopes, simpler and more inexpensive methods may be used to facilitate

use at the point-of-care. For example, low-cost and portable fluorescence microscopes[15,

16] or cell phones with optical adaptors[17] may enable quantitative, yet minimally

instrumented detection. Similarly, chemical signal amplification methods such as sil-

ver enhancement may be used to provide colorimetric results that are visible to the

naked eye.[14, 18, 19] Given that the bacteria assay was developed using biotinylated

antibodies, switching to a colorimetric detection scheme could be as simple as sub-

stituting fluorescently-tagged streptavidin for nanogold-conjugated streptavidin, and

then delivering silver enhancement solutions as demonstrated in chapter 6. Given
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that we now have the capability to easily scale up the number of liquid delivery steps

using DCCs, we could also include additional wash and blocking steps that are of-

ten required to improve the signal to noise ratio when using colorimetric detection

techniques.[14] There have also been demonstrations of integration of optical sensing

elements like photodiodes within 3D-printed microfluidic devices for integrated opti-

cal readout.[20]

7.2.4 Improving sensitivity of CCs for bacteria detection

Our proof of principle demonstration of bacteria detection in synthetic urine had a

limit of detection of 7.1× 103 CFU/mL, which is well below the traditional diagnostic

requirement for UTI (105 CFU/mL). However, recent reviews suggest that LODs as

low as 102 CFU/mL may be required for some symptomatic patients with UTI.[21] To

meet these more stringent requirements, the LOD of the CC may be further improved

by using smaller microbeads to increase the efficiency of bacteria capture.

3D-printing CCs with smaller feature sizes would allow the use of microbeads

with lower diameters which would decrease the gap size between beads. Smaller

gaps between microbeads would increase the likelihood of bacteria capture.[22, 23]

In chapter 5, bead diameter was limited to sizes ≥ 50 µm due to the minimum Z-

resolution of the EnvisionTEC Perfactory MicroEDU 3D-printer used.[24] Recently,

3D-printers with minimum Z-feature sizes down to 10 µm have become available at

a cost of ≈ US$10,000, which is affordable for many research labs.[25, 26] These 3D-

printers with finer resolution would allow trapping of smaller microbeads and could

potentially lead to improved bacteria capture.

However, given a constant capillary pressure, there is a trade-off between the size

of microbeads and the flow resistance in the CC. As the microbead diameter decreases,

the flow resistance increases rapidly and the time required to flow 100 µL of sample

through the CC would also increase significantly. The CC design in chapter 5 allowed

processing of a large sample volume (i.e. 100 µL) in a short time (i.e. < 7 min) with a
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capture efficiency of ≈ 1 in 100 bacteria. Using numerically derived correlation equa-

tions that describe the expected capture profile of bacteria in porous media[23] one

could estimate the likely capture efficiency of bacteria and develop design rules for

CCs for bacteria detection. Such correlation equations were developed to study pas-

sive capture of bacteria in porous media such as sand over larger distances and would

need to be modified to account for the specific interactions over much smaller length

scales within the CC. Predictions from the equations would be empirically verified

with experiments where the microbead size was systematically varied to study its in-

fluence on bacteria capture efficiency and flow rate. Thus, for applications that require

bacteria detection at much lower concentrations one could rationally design a circuit

with appropriate bead diameter and flow resistance based on the acceptable trade-off

capture efficiency and sample processing time.

7.2.5 Testing clinical urine samples

The CC for bacteria detection developed in chapter 5 was demonstrated to meet a

clinically-relevant limit of detection. However, the work was carried out using bac-

teria spiked into synthetic urine. Although synthetic urine has the same chemical

composition as real urine, it does not have the same debris that may be present in real

patient urine. For example, clinical urine samples often have materials such as: pus,

skin cells, white blood cells, red blood cells, and proteins.[27]

Presence of debris in clinical urine samples

The presence of debris could impact the results of fluorescence readout of bioassays.

As such, an initial filtration step would be required to remove large debris from the

urine samples prior to on-chip testing. Given that E. coli cells are expected to be ≈

1×2 µm2 and white blood cells are typically > 10 µm in size, a simple syringe filtration

step with a filter with pores > 5 µm could be used to remove debris while leaving

bacteria in the sample. Characterization would be required to determine the required
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pore size and surface area of the filter to avoid filter clogging and loss of bacteria

during the filtration step.

Another potential challenge when working with clinical samples is that bacteria

that cause UTI may clump and bind to each other and to epithetial cells, possibly as a

virulence factor that helps them evade the host’s immune response.[28] Clumping of

bacteria with themselves and with other cells might prevent the use of only filtration

as a means to separate bacteria from other debris in clinical urine samples. Charac-

terization of the frequency and size range of bacteria clumps present in clinical urine

samples would need to be carried out. This can be tested in tube-based experiments

and if necessary different declumping strategies such as ultrasonication or the use of

chemicals could be explored to break up large bacteria clumps. Also, the presence of

bacteria clumps does not necessarily have to deter accurate measurement of the pres-

ence of UTI. The bacteria spot counting algorithm can be adjusted to identify large

clumps that are specifically labelled with detection antibodies. The bead size could be

adjusted to account for the typical size of clumps. Alternately, the formation of bac-

teria clumps might result in trapping of bacteria at the leading edge of the microbead

column and could resemble assays where filtration and specific antibody staining are

combined for bacteria detection.[29]

Initial attempts were made to test real clinical samples. One major issue encoun-

tered was the presence of autofluorescent materials (crystals, white blood cells, cellu-

lar debris) in clinical urine samples. The presence of this heterogeneously-sized aut-

ofluorescent debris precluded fluorescence-based detection as was carried in Chapter

5. To address this concern, the bacteria capture assay could be re-designed to use

colorimetric detection since the biotinylated detection antibodies readily be detected

using streptavidin-conjugated enzymes that process colorimetric substrates. Further

research is required to validate and determine the assay sensitivity using colorimetric

assays.
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Detecting different bacteria species

Another important consideration when working with clinical urine samples is that

the need to detect multiple bacterial species. Our proof of concept test in chapter 5

targeted E. coli which is the cause of > 80 % of UTIs[30]. We used E. coli O157:H7 as

the target bacterium spiked into synthetic urine since it is a well-characterized bac-

terial pathogen with readily available antibodies that target it. However, there are

many different strains of E. coli that have been isolated from the urine of patients with

UTI. For example, a study investigated the strains of E. coli that cause UTI in Mon-

treal, Quebec.[31] The authors found that E. coli serotypes O1, O6, O17, and O25 were

particularly well-represented in samples collected from 256 consecutive episodes of

UTI diagnosed by the Student Health Services at McGill University in Montreal in

2006.[31] To detect the diversity of E. coli strains implicated in UTI, polyclonal cap-

ture and detection antibodies that target conserved extracellular regions of the E. coli

cell wall would need to be obtained. Such antibodies are commercially available and

have already been purchased and validated in our lab using E. coli K12 and O157:H7

strains. Further validation of polyclonal antibodies using clinical urine samples will

be required.

Although E. coli causes 80 - 85 % of UTI infections among walk-in patients, other

bacteria such as Klebsiella pneumoniae (6.2 %), Enterococcus species (5.3 %), Group B

Streptococcus (2.8 %), Proteus mirabilis (2.0 %), and Staphylococcus saprophyticus (1.4 %)

are also implicated in UTI. Consequently, CCs functionalized with antibodies that tar-

get these common bacterial strains could also be developed. Given that a proof of

principle assay format has been demonstrated, assay conditions would need to be

tested and optimized for each bacterial uropathogen. Parallel microchips could be set

up to test for each of the different strains. In addition, microchip architecture could

be designed such that a single sample inlet feeds several CCs with preprogrammed

liquid delivery.
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Detecting antibiotic resistance

The CC design detailed in chapter 5 is envisioned as an initial triage tool to rapidly

identify the most common bacterial species implicated in UTI. This could help to pre-

vent over-prescription of antibiotics to patients without UTI. Although the sandwich

immunoassay for bacteria detection implemented in the CC enables rapid and specific

identification of bacterial species, it does not provide information about the antibiotic

resistance of bacteria. This is because the assay targets extracellular markers for bac-

terial identification. There are a few extracellular markers of antibiotic resistance. For

example, there are antibodies that target the modified form of the penicillin binding

protein that confers resistance to β-lactam antibiotics such as penicillin.[32] However,

given the diversity of mechanisms of antibiotic resistance, accurate detection of the

antibiotic resistance requires nucleic acid testing.

Future work could incorporate the capability to do combined bacterial detection

and antibiotic susceptibility testing. For example, cell lysis reagents could be stored

in additional reservoirs in CCs or DMs, and delivered after initial bacteria detection

to release DNA. One could combine the CC for bacteria capture with downstream

continuous flow polymerase chain reaction (PCR) for DNA amplification and real-

time fluorescence detection[33, 34]. Alternatively, one could also design the CC to

incorporate a reaction chamber for temperature cycling and DNA amplification[35,

36].

7.2.6 Applications of Capillaric Circuits

One of the exciting future prospects for the work presented in this thesis is finding

applications that showcase the scalability and robustness of the CCs presented in this

thesis. In chapter 6, DCCs were used for preprogrammed delivery of multiple liquids

and were demonstrated for 9 liquids and 17 liquids thus far. Since the control units

are identical reservoirs and air conduits, one can readily envision a DCC for prepro-

grammed delivery of 96 or 384 liquids.
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We are now at the point where the number of preprogrammed liquid delivery op-

erations that can be implemented in capillary systems exceeds the immediate appar-

ent need. At this point, the question then becomes “which applications require such

throughput and capillary-driven flow control?” There are a variety of applications that

could benefit from such flexibility. For example, one can envision a DCC with capture

antibodies for a 16-protein panel spotted in a reaction chamber in front of the capillary

pump. Although antibodies could be mixed in a single chamber, such mixing results

in cross-reactivity between antibodies that increases quadratically with the number of

targets and often prevents practical implementation of multiplexed assays.[37] Cross-

reactivity between antibodies in a multiplexed immunoassay may be minimized by

avoiding mixing of different antibodies, and this can be accomplished by spatially

separating them.[37] The DCC could be used to implement preprogrammed sequen-

tial delivery of a single blood sample followed by detection antibodies (separated into

distinct reservoirs) and wash buffer for each of the 16 proteins in the panel. Such a

setup would require at least 33 sequential liquid delivery steps and could be readily

implemented with DCCs. There are a variety of applications that could benefit from

rapid screening of protein panels, for instance, one could use such a disposable de-

vice for portable point-of-care testing for breast cancer biomarker signatures in blood

that were identified using proteomic techniques.[37] Other bioassays including time-

dependent enzymatic assays, immunohistochemistry, or chemical synthesis could also

benefit from the scalable and robust liquid delivery offered by DCCs.

Another important consideration in the design of DCCs is how to minimize the

number of pipetting steps. Currently, each reservoir requires its own pipetting step.

One could design DCCs to have common inlets for all buffer solutions, possibly by

taking advantage of 3-dimensional microchannel architectures that can be obtained

using 3D-printing.[38]
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7.2.7 Closing Remarks

At the start of this PhD project, fabrication of new capillary system designs required

slow and expensive photomask design and several hours in a cleanroom facility. The

work described in this dissertation shows a path to truly rapidly prototyped capillary

microfluidics by leveraging 3D-printing technology. Despite the current resolution

limits of 3D-printers, we do not sacrifice liquid delivery capabilities in capillary mi-

crofluidics. Instead, by developing design rules and new liquid handling paradigms,

we exceed previous liquid delivery capabilities in capillary microfluidics and offer ac-

cessible technologies that may be applied to a variety of applications in diagnostics,

research, or education.
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