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Abstract 

Fast, cost-effective, portable and simple to use devices are highly relevant in the current field of 

medicine. “Lab-on-a-chip” devices are of special interest, as they enable the user to quickly perform tests 

with small concentrations of sample/analyte. The invention of affordable solutions to accurately perform 

sample preparation and analysis without the need for expensive equipment and trained personnel is of 

significant importance to our society. Specifically, the accurate distribution of microliter-sized volumes 

onto microfluidic systems is a process that needs to be streamlined to make the use of “lab-on-a-chip” 

devices as straightforward as possible. 

This work focuses on the development of a platform that utilizes surface tension induced pumping 

based on Young-Laplace pressure, which allows modifiable transport of fluids without external modules, 

making it an attractive approach for microfluidic applications. Using 3D-printing, a platform was developed 

that enables the distribution of specific liquid volumes onto a superhydrophobic chip that is modified with 

(super)hydrophilic areas called surface energy traps (SETs). The SETs are fabricated by a facile picosecond 

laser micromachining ablation method out of commercial NeverWetTM coated glass slides. The 3D printed 

platform allows for simultaneous initiation of Young-Laplace induced pumping on a chip. Furthermore, the 

flowrate of Young-Laplace induced pumping is adjustable through different designs and SET parameters 

(including length, width, and radius), allowing detailed flow control over liquid transport. Droplets within 

the range of 10-140 µL (7.3% deviation) can be distributed using adjustable and interchangeable component 

designs. Moreover, it is shown that the advantages and flexibility of this platform can be employed to enable 

and simplify the process of simultaneous on-chip experiments for silver nanoparticle and nanocluster 

synthesis. This work builds a promising groundwork for future lab-on-a-chip devices. An approach is 

discussed that can be employed to design and develop on-chip bio-immunoassays (e.g. employing 

sandwich-ELISA) for pathogen detection utilizing the platform developed in this work, thus creating a 

portable affordable and simple to use point of care lab-on-a-chip device that possesses significant value and 

interest to the field of medicine and to society overall.  
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Figure 2.19: SEM BSED micrographs of 3 mm dia SET patches milled onto NWTM Spray-coated glass 

slides with varying laser power percentages of 48 mW. Outer darker ring shows the MBZ, while dark spots 

on the SET itself show residue of ablated coating. Scale bar is 1.5 mm..................................................... 37 

Figure 2.20: Visual comparison of 3 mm dia SET patches laser machined into NWTM spin and spray-coated 

glass slides, with 10% laser power steps between each SET. Remaining residue is visible with yellow color. 

Scale bar is 12.5 mm. .................................................................................................................................. 38 

https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893606
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893606
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893607
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893607
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893608
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893608
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893608
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893609
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893609
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893609
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893610
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893610
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893610
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893610
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893610
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893610
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893611
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893611
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893612
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893612
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893612
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893613
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893613
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893613
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893614
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893614
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893614
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893615
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893615
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893615
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893616
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893616
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893616


xi 

 

Figure 2.21: Comparison of residue and MBZ shape / coating damage between SEM ETD micrographs of 
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droplet (four measurements for each patch), while the orange plot represents the visually observed MBZ 

on SEM pictures (measured with ImageJ, four measurements for each patch). ......................................... 40 
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Figure 2.30: Different fabricated SH-SET-chip designs on both 3x1″ and 4x3″ NWTM spin-coated glass 

slides; A: 4x3 mm dia patch SETs; B: Three different 3 mm dia patch SETs connected with channels (20 

https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893617
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893617
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893617
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893618
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893618
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893618
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893618
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893619
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893619
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893619
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893619
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893620
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893620
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893620
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893620
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893621
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893621
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893621
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893621
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893622
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893622
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893622
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893623
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893623
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893623
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893623
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893624
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893624
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893624
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893625
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893625
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893625
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893626
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893626


xii 

 

mm length, 500 µm width); C: Multiplexed “Star Chip” design with same parameters as B; D: 181 3 mm 

dia SET patch array. Darker patches were milled with lower laser speed due to an error in the laser 

machining process. Scale bar A-C 12.5 mm, D is 20 mm. ......................................................................... 46 

Figure 2.31: Different fabricated SH-SET-chip designs on NWTM spin-coated glass slides with 3 mm dia 

SET patches; A-C: 3x1″ SH-SET-chips 20 mm channel length & varying channel widths; D-G: 3x1″ SH—

SET-chips channel widths of 500 µm and varying channel lengths. Scale bar is 25 mm. .......................... 46 

Figure 2.32: Different fabricated multiplexed SH-SET-chip designs on 4x3″ NWTM spin-coated glass slides; 

A: “R-cascade chip”, five parallel SET designs with two 3 mm SET patches connected by 40 mm long 

channels with varying channel widths of 300-700 µm; B: “L-cascade chip”, seven parallel SET designs 

with two 3 mm SET patches connected by 10-40 mm long channels with 500 µm channel width; C: “Micro-

pumping array chip”, 12 SET designs with two 3 mm SET patches connected by 10 mm long channels with 

500 µm channel width. Scale bar is 20 mm. ............................................................................................... 47 

Figure 2.33: Different fabricated multiplexed SH-SET-chip designs on 4x3″ NWTM spin-coated glass slides; 

A: “Line-chip” three 3 mm SET patches connected by 30 mm long channels, 500 µm channel width; B: “T-

chip” four 3 mm SET patches connected by 30 mm long channels, 500 µm channel width; C: “X-chip”, 

five 3 mm SET patches connected by 30 mm long channels, 750 µm channel width; D: “Hourglass-chip” 

design, seven 3 mm SET patches connected by 30 mm long channels, 500 µm channel width. Scale bar is 

20 mm. ........................................................................................................................................................ 47 

Figure 3.1: Schematic drawing of designed 3D CAD parts, illustrating integral and interchangeable 

components of the multiplexed droplet factory platform and their assembly pattern ................................. 51 

Figure 3.2: MDF prototypes and iterations for 3x1″ and 4x3″ SH-SET-chips; A-C: Initial prototypes 

designed with angled waterslides to test liquid distribution and confinement in cylinders; D: First MDF 

iteration 1.0 for 3x1″ glass slides ; E: Upscaled design and optimized MDF iteration 2.0 for 3x1″ and 4x3″ 

glass slides; F: MDF 3.0 with elevated stage for analysis setup; All fluid contacting parts are coated with 

NWTM; Scale bar A-C is 25 mm, D is 20 mm, E is 25 mm, F is 20 mm. ................................................... 52 

Figure 3.3: MDF component overview; A: (A) Main platform for interlocking MDF parts; (B): Holder for 

3x1” glass slides that interlocks with (A); (C): Holder for 3x1″ CM that interlocks with (B); (D): Slider for 

pushing liquid of the CM; (E): Dam that interlocks with (C)/(G); (F) and (G) analogue to (B) and (C) for 

4x3″ glass slides. CMs shown in Fig. 3.7; B: Bottomless 4x3″ SH-SET-chip holder; C: Assembled MDF 

3.0 without elevated platform. Scale bars are 25 mm. ................................................................................ 52 

Figure 3.4: Graphical illustration of the step by step droplet distribution process onto a SH-SET-chip using 

the MDF; A: Pouring an aqueous mixture onto the hydrophobic CM; B: Illustration of the filled CM and 

subsequent pulling of the CM dam to let the water flow out; C: Illustration of excess droplet caps sitting on 

top of the cylindrical holes; D: Using the mask slider to push any excess liquids off the CM; E: Illustration 

https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893626
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893626
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893626
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893627
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893627
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893627
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893628
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893628
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893628
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893628
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893628
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893628
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893629
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893629
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893629
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893629
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893629
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893629
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893630
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893630
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893631
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893631
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893631
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893631
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893631
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893632
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893632
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893632
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893632
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893632
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893633
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893633
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893633
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893633


xiii 
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Figure 3.11: Calibration curve for water droplets distributed over 1.5 mm thick CMs onto dry 3 mm dia 

SET patches. Black fit shows the calculated cylinder (hole) volume (V = πr2h), red fit shows measured 

distributed volume on single SET patch (123.7% increase in volume), green fit shows measured distributed 

volumes on SET patch connected to 500 µm channels (additional 16.2% increase in volume) plotted against 

the hole area in mm2. Overall distribution deviation is 7.18%  based on fifteen measurements for each hole.

 .................................................................................................................................................................... 58 

https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893633
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893633
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893633
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893634
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893634
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893634
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893634
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893634
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893634
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893635
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893635
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893636
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893636
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893636
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893636
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893636
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893636
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893636
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893636
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893637
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893638
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893638
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893638
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893638
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893639
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893639
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893639
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893640
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893640
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893640
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893640
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893640
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893640


xiv 

 

Figure 3.12: Comparison between the varying shapes of droplets (36 µL ± 2 µL) distributed with MDF onto 

3 mm dia SET patches connected to varying number of 500 µm width SET channels: A: Single SET patch; 

B1: SET patch + 1 channel; B2: SET patch + 2 channels; B3: SET patch + 3 channels; B4: SET patch + 4 

channels; B5: SET patch + 6 channels; B6: SET patch + 8 channels. Scale bar is 5 mm. ......................... 59 

Figure 3.13: A: 181 food dye colored water droplets distributed onto  4x3″ NWTM spin-coated SH-SET-

chip through CM onto SET patch array ; B: 3x51 differently food dye colored water droplets distributed 

onto 4x3″ NWTM spin-coated SH-SET-chip through CM onto SET patch array; C: Food dye colored water 

droplets distributed onto 4x3″ NWTM spin-coated SH-SET-chip through CM onto multiplexed star-chip 

micro-pumping system. Scale bars are 10 mm. .......................................................................................... 60 

Figure 3.14: Graphical illustration of cross contamination scenarios: A: Without barriers, red dyed water 

will contaminate non-dyed water droplets confined on neighboring patch SETs; B: With barriers, no 

contamination is occurring between confined droplets on single patch SETs; C: If SETs are connected with 

channels, barriers cannot prevent contamination fully, only reduce it. Barriers are resting on SH-SET-chip.

 .................................................................................................................................................................... 61 

Figure 3.15: Examples of cross contamination barriers designed into CM holders: A: Three 4x3″ chip CM 

holders with varying barrier designs; B: Barrier array design for two-patch micro-pumping array chip; C: 

First barrier prototypes for 3x1″ CMs. Scale bars are 30 mm. ................................................................... 62 

Figure 3.16: Side view of micro-pumping time-lapse on a NWTM spin-coated star-chip. A: 0 seconds and 

B: 30 seconds. Scale bar is 15 mm.............................................................................................................. 62 

Figure 3.17: Analysis setup for Young-Laplace micro-pumping experiments: MDF 3.0 is employed as 

experiment stage. A smartphone functions as the recording device and is positioned in the center below the 

SH-SET-chip, observing the confined droplet bottoms. A bright light source is positioned above the MDF 

and a piece of paper is positioned as a white layer (diffuser) between the SH-SET-Chip and the light source 

in order to increase contrast and visibility for video recording................................................................... 63 

Figure 3.18: Photographs of the in Fig. 3.17 illustrated setup for video recording of Young-Laplace induced 

micro-pumping experiments using MDF 3.0. A: Side view with center location of SH-SET-chip marked on 

lab bench; B: Top view of MDF 3.0, position of smartphone camera below the SH-SET-chip, light source 

shining from above to provide suitable lighting conditions for video analysis. ......................................... 64 

Figure 3.19: Bottom view of micro-pumping time-lapse on a NWTM spin-coated star-chip using the MDF 

3.0 video analysis setup, showing clear distribution of food dye colored water droplets. Scale bar is 15 mm.

 .................................................................................................................................................................... 65 

Figure 4.1: Example of a pumping process time-lapse on a three patch SET design (500 µm channel width, 

20 mm channel length), showing a 50 µL red food dye colored D.I. H2O droplet pumping into two 110 µL 

D.I. H2O droplets distributed with MDF platform. ..................................................................................... 68 

https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893641
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893641
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893641
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893641
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893642
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893642
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893642
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893642
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893642
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893643
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893643
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893643
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893643
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893643
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893644
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893644
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893644
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893645
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893645
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893646
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893646
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893646
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893646
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893646
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893647
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893647
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893647
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893647
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893648
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893648
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893648
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893649
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893649
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893649


xv 

 

Figure 4.2: Effect of channel length on overall pumping time with visual endpoint detection using   three 

patch NWTM spin-coated 3x1” SH-SET-chips with 500 µm channel width. Measurements were performed 

four times for each channel length. ............................................................................................................. 69 

Figure 4.3: Effect of channel width on overall pumping time with visual endpoint detection using   three 

patch NWTM spin-coated 3x1” SH-SET-chips with 20 mm channel length. Measurements were performed 

four times for each channel width. .............................................................................................................. 69 

Figure 4.4: X-chip time-lapse (A: 0 sec ad B: 120 sec) of a red dyed water droplet (36 µL ± 2 µL)  that is 

split into four channels (30 mm length, 500 µm width), pumping into outer droplets (85 µL ± 6 µL), 

distributed and recorded with MDF 3.0 setup. ............................................................................................ 70 

Figure 4.5: Example of the results of a MATLAB RGB video analysis: Change in green and blue values 

for each frame in a 30 fps video of a pixel in a red food dye colored water droplet (36 µL ± 2 µL) pumping 

into pure water droplets (85 µL ± 6 µL) on a X-chip with 500 µm channel width, as shown in Fig. 4.4. 

Mirrored inflection points of “s”-shaped function were utilized to indicate the total pumping endpoint. . 71 

Figure 4.6: Example of the results of a MATLAB RGB video analysis with a non-symmetrical curve: 

Change in green and blue values for each frame in a 30 fps video of a pixel in a red food dye colored water 

droplet (36 µL ± 2 µL) pumping into pure water droplets (85 µL ± 6 µL) on a X-chip with 325 µm channel 

width. .......................................................................................................................................................... 72 

Figure 4.7: Example of linear regression analysis on RGB curve shown in Fig. 4.5 for X-chip pumping 

experiment of red analyte droplet on 500 µm channel width and 30 mm channel length using modified 

MATLAB video analysis code, determining pumping endpoint once the slope difference between two 

points of resulting graph reaches a value < 0. ............................................................................................. 73 

Figure 4.8: Linear regression MATLAB RGB analysis results example: Change in average green and blue 

values for each frame in a 30 fps video of a pixel in a red food dye colored water droplet          (36 µL ± 2 

µL) pumping into pure water droplets (85 µL ± 6 µL) on X-chip with 500 µm channel width. Linear 

regression was utilized to determine total pumping endpoint as shown in Fig. 4.7. ................................... 74 

Figure 4.9: Results of MATLAB analysis of average RGB value change over time of red food dye colored 

D.I. H2O droplets (36 µL ± 2 µL) pumping into D.I. H2O droplets (85 µL ± 6 µL) on X chips with different 

channel widths and 30 mm channel length, distributed and recorded with MDF 3.0 setup. ...................... 75 

Figure 4.10: The effect of different channel widths on the total pumping time on X-chips based on RGB 

MATLAB video analysis, showing an x-4 influence on the total pumping time, similar to parameter of 

channel radius, parameter in proposed equation 1.10 for flowrate, Q. Each pumping experiment was 

performed four times. .................................................................................................................................. 76 

Figure 4.11: Time-lapse of a simultaneously initiated pumping process on R-cascade chip with varying 

channel widths (300 - 700 µm) and a channel length of 40 mm. Smaller channel widths of 300 and 400 µm 

https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893650
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893650
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893650
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893651
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893651
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893651
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893652
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893652
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893652
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893653
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893653
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893653
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893653
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893654
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893654
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893654
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893654
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893655
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893655
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893655
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893655
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893656
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893656
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893656
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893656
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893657
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893657
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893657
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893658
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893658
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893658
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893658
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893659
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893659


xvi 

 

lead to a significantly longer pumping times up to 50 minutes. Video recording was stopped after 15 

minutes. Scale bar is 10 mm. ...................................................................................................................... 76 

Figure 4.12: Time-lapse of a simultaneously initiated pumping process on L-cascade chip with varying 

channel lengths (10 - 40 mm) and channel widths of 500 µm. Scale bar is 10 mm. .................................. 78 

Figure 4.13: Results of MATLAB analysis of average RGB value change over time of red food dye colored 

D.I. H2O droplets (36 µL ± 2 µL) pumping into pure D.I. H2O droplets (85 µL ± 6 µL) on L-cascade chip 

with channel lengths of 10-40 mm and 500 µm channel width, distributed and recorded with MDF 3.0 

setup. ........................................................................................................................................................... 79 

Figure 4.14: The effect of different channel lengths on the total pumping time on L-cascade chip and using 

RGB MATLAB video analysis. Fit indicates a linear relationship to the total pumping time, similar to 

channel length parameter in proposed equation for flowrate Q. Each pumping experiment was performed 

four times. ................................................................................................................................................... 79 

Figure 4.15: T-chip time-lapse of a red dyed D.I. H2O droplet (36 µL ± 2 µL) that is split into three channels 

(30 mm length, 500 µm channel width), pumping into outer D.I. H2O droplets (85 µL ± 6 µL). Scale bar is 

5 mm. .......................................................................................................................................................... 80 

Figure 4.16: Time-lapse of a red dyed D.I. H2O droplet (36 µL ± 2 µL) that is split into six channels (30 

mm length, 500 µm width) on an hourglass chip, pumping into outer D.I. H2O droplets (85 µL ± 6 µL). 

Scale bar is 10 mm. ..................................................................................................................................... 81 

Figure 4.17: Effect of the number of channels on the total pumping time based upon RGB MATLAB video 

analysis, showing a decrease in pumping time with increasing number of channels. Red plot shows results 

when using MDF platform (36 µL ± 2 µL pumping into 85 µL ± 6 µL), black plot shows results using 

pipetted volumes of 40 µL pumping into 100 µL droplets. Both plots serve as guide to the eye. Each 

pumping experiment was performed four times. ........................................................................................ 81 

Figure 4.18: RGB value change over time of red food dye colored D.I. H2O droplets with varying volumes 

pumping into pure D.I. H2O droplets of 100 µL on two-patch channel SET with a length of 30 mm and 500 

µm channel width, captured using video analysis with MATLAB. ............................................................ 82 

Figure 4.19: The effect of different droplet volume ratios of colored D.I. H2O droplets with varying pipetted 

volumes of 20-80 µL pumping into pipetted D.I. H2O droplets of 100 µL on two patch SET system on the 

total pumping time. Each pumping experiment was performed four times. ............................................... 83 

Figure 4.20: Before and after height comparison of a 40 µL D.I. H2O droplet pumping into a 100 µL D.I. 

H2O droplet through a 30 mm long channel with a 500 µm width, captured with a Goniometer. ............. 84 

Figure 4.21: Change of droplet height over time on a two-patch SET system with 40 µL dyed D.I. H2O and 

100 µL pure D.I. H2O droplet volumes, pumping endpoint can be visually determined after height of 0.6 

https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893659
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893659
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893660
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893660
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893661
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893661
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893661
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893661
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893662
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893662
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893662
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893662
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893663
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893663
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893663
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893664
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893664
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893664
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893665
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893665
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893665
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893665
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893665
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893666
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893666
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893666
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893667
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893667
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893667
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893668
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893668
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893669
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893669


xvii 

 

mm has been reached at 225 sec (black arrow) after which no further significant change in height is 

observable. Droplet photographs captured with Goniometer. The experiment was performed four times. 85 

Figure 4.22: Initial calculated average flowrate, Q, without correction factor, based upon separate droplet 

height studies of a colored and pure 40 µL D.I. H2O droplet pumping into a 100 µL D.I. H2O droplet, 

showing the impact that a change in viscosity and surface tension has on Q. Results stemming from droplet 

height experiments that were performed four times each. .......................................................................... 87 

Figure 4.23: Average RGB value change of a 40 µL dyed D.I. H2O droplet pumping into a 100 µL D.I. H2O 

droplet, showing similar pattern to calculated flowrate (Fig. 4.22). ........................................................... 87 

Figure 4.24: Calculated average flowrate, Q, after correction factor f has been applied, based upon separate 

droplet height studies of a colored and pure 40 µL D.I. H2O droplet pumping into a 100 µL D.I. H2O droplet, 

showing the impact that a change in viscosity and surface tension has on Q. Results stemming from droplet 

height experiment that was performed four times each. ............................................................................. 88 

Figure 5.1: Time-lapse of AgNP / AgNC synthesis on L-cascade chip: A = 0 min, B = 5 min, C = 10 min, 

D = 15 min, 36 µL ± 2 µL 15 M NaBH4 (aq) pumping into 85 µL ± 6 µL 5 mM AgNO3  / glutathione (aq) 

with varying channel lengths (10-40 mm) and widths of 500 µm. Scale bar is 10 mm. ............................ 91 

Figure 5.2: Color comparison between diluted AgNP / AgNC solutions synthesized by employing micro-

pumping over different channel lengths (L-cascade chip) with 15 M NaBH4 (aq) and 5 mM AgNO3 / 

glutathione solution (aq). ............................................................................................................................ 92 

Figure 5.3: Damaged NWTM coating around “mini-reactor” SET patches after reaction of 15 M NaBH4 (aq) 

with 5 mM AgNO3 / glutathione (aq) solution. Scale bar is 5 mm. ............................................................ 92 

Figure 5.4: UV-VIS absorbance spectrum of synthesized AgNPs / AgNC with L-cascade chip using 15 M 

NaBH4 (aq) as reducing agent. ................................................................................................................... 93 

Figure 5.5: Time-lapse of AgNP / AgNC synthesis on L-cascade chip: A = 0 min, B = 5 min, C = 10 min, 

D = 15 min, 36 µL ± 2 µL 10 mM NaBH4 (aq) pumping into 85 µL ± 6 µL 5 mM AgNO3  / glutathione (aq) 

with varying channel lengths (10-40 mm) and widths of 500 µm. Scale bar is 10 mm. ............................ 93 

Figure 5.6: Mixing of reagents within droplet on L-Cascade Chip after 36 µL ± 2 µL 10 mM NaBH4 (aq) 

pumped into 85 µL ± 6 µL AgNO3 / glutathione (aq). Scale bar is 10 mm. ............................................... 94 

Figure 5.7: Color comparison after three days of AgNP and AgNC solutions synthesized employing micro-

pumping over different channel lengths (L-cascade chip) with 10 mM NaBH4 and 5 mM AgNO3 / 

glutathione (aq) solution. ............................................................................................................................ 94 

Figure 5.8: UV-VIS absorbance spectrum of synthesized AgNPs / AgNC with L-Cascade chip using 10 

mM NaBH4 (aq) as reducing agent. Spectra indicate that mixing problems prevented synthesis from 

occurring, as no characteristic AgNP or AgNC absorbance is observable. ................................................ 95 

https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893669
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893669
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893670
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893670
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893670
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893670
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893671
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893671
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893672
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893672
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893672
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893672
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893673
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893673
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893673
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893674
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893674
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893674
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893675
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893675
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893676
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893676
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893677
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893677
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893677
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893678
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893678
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893679
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893679
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893679
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893680
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893680
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893680


xviii 

 

Figure 5.9: Time-lapse of AgNP / AgNC synthesis on R-cascade chip: A = 0 min, B = 5 min, C = 10 min, 

D = 15 min, 36 µL ± 2 µL 10 mM NaBH4 (aq) pumping into 85 µL ± 6 µL 5 mM AgNO3 / glutathione (aq) 

with varying channel widths (300-700 µm) and lengths of 30 mm. Scale bar is 10 mm............................ 96 

Figure 5.10: Mixing of reagents within droplet on R-Cascade Chip after 36 µL ± 2 µL 10 mM NaBH4 (aq) 

pumped into 85 µL ± 6 µL AgNO3 / glutathione (aq). Scale bar is 10 mm. ............................................... 96 

Figure 5.11: Color comparison after three days between synthesized AgNP / AgNC solutions employing 

micro-pumping over different channel widths of 300 – 700 µm (R-cascade chip) utilizing 10 mM NaBH4 

(aq) and 5 mM AgNO3 / glutathione (aq) solutions. .................................................................................. 97 

Figure 5.12: UV-Vis absorbance spectrum of synthesized AgNPs / AgNCs with R-Cascade chip using 10 

mM NaBH4 (aq) as reducing agent. ............................................................................................................ 97 

Figure 5.13: Emission spectrum of combined synthesized AgNC solutions with R-Cascade chip using 10 

mM NaBH4 (aq)  as reducing agent. ........................................................................................................... 98 

Figure 5.14: UV-Vis absorbance spectrum of synthesized AgNPs / AgNCs with R-Cascade chip using 100 

mM NaBH4 (aq) as reducing agent. ............................................................................................................ 99 

Figure 5.15 : Color comparison between synthesized AgNP / AgNC solutions employing micro-pumping 

over different channel widths of 300 – 700 µm (R-cascade chip) with 100 mM NaBH4 (aq) and  5 mM 

AgNO3 / glutathione (aq) solutions. ........................................................................................................... 99 

Figure 5.16: UV-Vis absorbance spectrum of synthesized AgNPs / AgNCs with R-Cascade chip utilizing 1 

M NaBH4 (aq) as reducing agent. ............................................................................................................. 100 

Figure 5.17: Color comparison between synthesized AgNP / AgNC) solutions employing micro-pumping 

over different channel widths of 300 – 700 µm (R-cascade chip) with 1 M NaBH4 (aq) and 5 mM AgNO3 

/ glutathione (aq) solutions. ...................................................................................................................... 100 

Figure 5.18: UV-VIS absorbance spectrum of synthesized AgNPs  / AgNCs with R-Cascade chip using 500 

mM NaBH4 (aq) as reducing agent. .......................................................................................................... 101 

Figure 5.19: Color comparison between synthesized AgNP / AgNC solutions employing micro-pumping 

over different channel widths of 300 – 700 µm (R-cascade chip) with 500 mM NaBH4 (aq) and 5 mM 

AgNO3 / glutathione (aq) solutions. ......................................................................................................... 101 

Figure 5.20: UV-Vis absorbance spectrum of synthesized AgNPs  / AgNCs with R-Cascade chip using 300 

mM NaBH4 (aq) as reducing agent. .......................................................................................................... 102 

Figure 5.21: Color comparison between synthesized AgNP / AgNC solutions employing micro-pumping 

over different channel widths of 300 – 700 µm (R-cascade chip) with 300 mM NaBH4 (aq) and 5 mM 

AgNO3 / glutathione (aq) solutions. ......................................................................................................... 102 

Figure 5.22: Comparison of UV-Vis absorbance spectrum of synthesized AgNPs  / AgNCs with 300 µm 

chip using 300 mM NaBH4 (aq)  as reducing agent, before and after filtration with ethanol. .................. 103 

https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893681
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893681
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893681
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893682
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893682
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893683
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893683
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893683
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893684
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893684
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893685
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893685
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893686
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893686
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893687
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893687
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893687
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893688
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893688
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893689
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893689
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893689
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893690
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893690
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893691
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893691
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893691
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893692
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893692
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893693
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893693
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893693
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893694
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893694


xix 

 

Figure 6.1: On-chip titration time-lapse (A: 0 sec / B: 180 sec) on a 3x1″ three patch SET design (500 µm 

channel width, 20 mm channel length), with 50 µL 1 M HCl (aq) droplet pumping into two 110 µL 1 M 

NaOH (aq) droplets; Phenolphthalein was employed as indicator, scale bar is 5 mm. ............................ 106 

Figure 6.2: Multiplexed reaction concept using different mini reactors: A single analyte droplet of 36 µL ± 

2 µL 0.1 M AgNO3 (Ag+) is tested & shown to precipitate in reactions of AgNO3 (aq) + NaCl (aq) → AgCl 

(s) + NaNO3 (aq) and AgNO3 (aq) + NaOH (aq) → AgOH (s) + NaNO3 (aq) when pumped into different 

85 µL ± 6 µL 0.1 M anion solution droplets, showing the possibility for different simultaneous reactions of 

single analyte droplets on multiplexed chips. ........................................................................................... 107 

Figure 6.3: Proposed antibody functionalization protocol for silica surfaces, consisting of initial silica 

surface activation with piranha solution (i) and functionalization with 3-aminopropyltriethoxysilane 

through an hydrolysis mechanism (ii),  subsequent reaction with 10% glutaraldehyde (GA) to achieve 

terminal aldehyde groups (iii), which are ultimately able to bind capture antibodies (AB) that are used for 

capturing specific antigens (iv). Adapted from Kamisetty et al. and Feyssa et al. ................................... 108 

Figure 6.4: Illustration of proposed immobilized antibody strip on a SET channel connecting SET patches 

A and B for on-chip bio-immunoassays based on sandwich ELISA that can be upscaled to designs like the 

X-chip to immobilize different kinds of antibodies on separate channels. ............................................... 108 

Figure 6.5: 181 D.I. H2O droplets confined on a 4x3″ SH-SET-Chip mixed with different amounts of blue 

food dye. Scale bar is 10 mm. ................................................................................................................... 108 

Figure 6.6: Initial two-step approach to create a dilution array. A: Top-view of a CM for distribution of 

different solvent volumes, with similar volume analyte droplets (blue) already placed on SH-SET-chips; B: 

Resulting droplets after CM in A has been utilized to distribute different solvent volumes onto analyte 

droplets, with no apparent change other than droplet size. Scale bar is 5 mm. ........................................ 109 

Figure 6.7: Excerpt of a droplet dilution micro-pumping array. A: Initial distribution of analyte with similar 

volumes. B: Subsequent distribution of different sized solvent volumes onto neighboring SETs that pump 

into analyte droplets, creating varying analyte concentrations. Scale bar is 5 mm. .................................. 110 

Figure 6.8: Example of a dilution array CM with open spaces for already confined droplets. ................. 110 

 

https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893695
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893695
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893695
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893696
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893696
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893696
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893696
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893696
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893697
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893697
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893697
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893697
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893697
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893698
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893698
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893698
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893699
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893699
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893700
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893700
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893700
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893700
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893701
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893701
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893701
https://d.docs.live.net/3970140807e52a9f/Career/School%20%5e0%20Work/Queen´s/O.%20Group/Research/Leo/Master%20Thesis/Master%20Thesis%20Leonard%20Mahlberg%2010.8.docm#_Toc17893702


xx 

 

List of Tables 

Table 1: Nomenclature of extreme wetting states. Left: prefixes for different liquid types. Right: suffixes 

for contact angle (CA) and sliding angle (SA) classifications ...................................................................... 5 

 



xxi 

 

List of Abbreviations 

ABS Acrylonitrile butadiene styrene 

AgNC Silver nanocluster 

AgNP Silver nanoparticle 

BSED Backscattered electron detection 

BPM Beats per minute 

CA  Contact angle 

CAD Computer-aided design 

CC Contour crafting 

CFM Continuous Flow Microfluidics 

CM Chip Mask 

DEP Dielectrophoresis 

D.I. Deionized water 

Dia / Dias Diameter / Diameters 

DMF Digital Microfluidics 

ETD Everhart-Thornley Detector 

EWOD  Electrowetting-on-dielectric 

FDM Fused deposition modelling 

LoC Lab-on-a-chip 

LOD  Limit of detection 

MBZ  Mill broadening zone 

MDF  Multiplexed Droplet Factory 

MF Microfluidics 

NWTM NeverWetTM 



xxii 

 

PEG  Polyethylene glycol 

PLA Polylactic acid 

PoC  Point-of-care 

PTFE  Polytetrafluoroethylene 

RGB  Red, green, blue 

RPM Revolutions per minute 

SA  Sliding angle 

SEM  Scanning electron microscopy 

SERS Surface-enhanced raman spectroscopy 

SET  Surface energy trap 

SH Superhydrophobic 

SH-SET-Chip Superhydrophobic surface energy trap patterned chip 

SLA Stereolithography 

µ-TAS Total analysis systems 

TEM Transmission electron microscopy 

UV-Vis Ultraviolet-visible spectroscopy 

 

  



 

1 

 

Chapter 1 

Introduction 

1.1 Microfluidics  

 

Microfluidics (MF) combines chemistry, physics and engineering in a technology that involves the 

manipulation of liquid volumes in the range of 10-9 to 10-18 L and is used in a broad range of devices to 

perform diverse applications. Micro (μ) is the SI-unit prefix denoting a factor of 10-6 (one millionth) and 

derives from the Greek word mikros (small). This unit is used as a relation for dimensions of components 

and features in MF-devices, which include chambers, valves, channels, etc. These components are usually 

designed in the dimensions of several micrometers in order to manipulate liquid volumes in the dimension 

of nano- to microliters. “Fluids” describes substances, both liquids and gases, that deform continually under 

application of a shear force. Compared to solids, fluids don’t respond with restoring forces to shear and 

normal stresses. The manipulation of such fluids through components on a sub-millimeter scale allows one 

to integrate and automate operations on single platforms, which are often titled “lab on a chip” (LoC) 

systems but are also described as point of care (PoC) devices or miniaturized total analysis systems (μ-

TAS)1. Based on the designed components and the applied techniques, MF devices are categorized into the 

subcategories of digital microfluidics (DMF) and continuous-flow microfluidics (CFM). The manipulation 

of fluids on such a small-scale leads to certain forces being more or less prevalent. While gravitational and 

inertial forces become negligible, surface energies and capillary forces play a much bigger role within MF 

systems. MF devices employing electrophoretic separations have been developed since the early 1990s1. 

This was followed by a steady growth of interest and research in LoC devices, as scientists realized the vast 

application possibilities for medicine, biology and environmental analysis. The advantages of portability, 

ease-of-use, low sample consumption and fast reaction times compared to conventional methods put MF 

devices in a unique position (Fig. 1.1). 
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1.1.1 Surface Wetting Behaviour of Liquids   

 

Droplets possess different wetting behaviour on different surfaces, based upon their own liquid 

properties and the surface they come into contact with. A well-known example of a so-called 

“superhydrophobic” (SH) (water repellent) surface is the lotus leaf2 (Fig. 1.23). These leaves possess 

nonpolar chemical functionalities and micro / nano-scale surface structure, which produce characteristic 

water-repellent features. When a water droplet comes into contact with a lotus leaf, it beads up and 

immediately rolls off the surface, leaving no liquid behind. This allows the lotus leaf to remain clean and 

maximize its photosynthetic efficiency4,5. Other examples in nature include butterfly wings or water strider 

legs3 which afford an organism with a competitive advantage. Understanding the different wetting 

behaviour of liquids is crucial to developing DMF devices. The wetting behaviour of a droplet on a surface 

Figure 1.1: Graphical illustration of a comparison between a common medicinal treatment process 

for a sick patient (1) and a treatment process using a microfluidic device (2), showing the possible 

advantages of reduced time, energy and money consumption of MF devices. 
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is determined by the interfacial energies γ, which is defined as the Gibbs energy ΔG per unit area A 

(Equation 1.1). 

                                                             𝛾 = (
𝛿𝐺

𝛿𝐴
)

𝑇,𝑝,𝑛
= [ 1

𝐽

𝑚2  = 1
𝑁

𝑚
]                                                   (1.1) 

  
                                                                   0 =  𝛾𝑠𝑔 −  𝛾𝑠𝑙 −  𝛾𝑙𝑔 cos (𝜃)                                                            (1.2) 

Three interfaces are present for a droplet anchored on an open solid surface that each possess an 

unique interfacial energy (Figure 1.3). This is described by Young’s equation (Equation 1.2), which 

Figure 1.3: Graphical illustration showcasing the different interfacial tensions of a droplet sitting on 

an open surface, with γsg for the solid-gaseous, γsl for the solid-liquid and γlg for the liquid-gaseous 

interfacial tension. Contact angle θ can be determined via the Young-Equation (Equation 1.2). 

Figure 1.2: Comparison of three (super)hydrophobic surfaces found in nature, courtesy of Wang et 

al. 
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considers a thermodynamic equilibrium of the solid phase (planar substrate) the liquid phase (droplet sitting 

on substrate) and the gaseous phase (gas surrounding the droplet). One can determine the equilibrium 

contact angle (CA) θ when considering the three differing interfacial energies. 

In the case of an open surface, with the surrounding medium of the droplet being air, the equilibrium 

CA depends upon the liquid and surface properties. To describe surface wetting behaviour more efficiently, 

liquids are classified as water and oils, while surfaces are classified as either high- or low-energy surfaces. 

On the one hand, low energy surfaces mainly show physical interactions such as Van-der-Waals 

interactions, which is a known property for fluorocarbons and hydrocarbons. These low energy surfaces 

possess high / low θ for water / oil respectively, as their interfacial energies with water are high (γsl) but are 

low with air (γsg). On the other hand, glasses, ceramics, and metals are examples of high energy surfaces as 

they possess strong bulk interactions through covalent, ionic, or metal bonds. These surfaces show the 

reverse behaviour to low energy surfaces, with low interfacial energies with water (γsl) and high interfacial 

energies with air (γsg), which results in low/high CAs θ for water / oil respectively. 

 

As such, the CA of different groups of liquids is the main indicator for the classification of surface 

wettability (Fig. 1.5). A different prefix is used (Table 1) for each group of liquid. The suffixes -philic 

(friendly, attracting) and -phobic (afraid of, repelling) are added in order to describe the presence of low or 

high CAs (Table 1)6. More specifically, hydrophilic materials have a CA < 90º, hydrophobic materials have 

a CA > 90º, and (super)hydrophobic materials have a CA > 150º and a sliding angle (SA) < 10º. 

Figure 1.4: Illustration of different droplet contact angles on (super)hydrophobic, hydrophobic, 

hydrophilic, and (super)hydrophilic classified surfaces 



 

5 

 

Furthermore, wetting behavior itself has different classifications for more than oil and water (Table 1: Left), 

with high surface tension oils and low surface tension oils being viewed separately.  

 

Table 1: Nomenclature of extreme wetting states. Left: prefixes for different liquid types. Right: 

suffixes for contact angle (CA) and sliding angle (SA) classifications 

 

Liquid type Prefix  CA/θ Suffix 

Water Hydro  < 10°  Super-Prefix-philic 

Oil (θ > 30 mN/m) Oleo  10°-90°  Prefix-philic 

Water and Oil (θ > 30 mN/m) Amphi  90°-150°  Prefix-phobic 

All Liquids Omni  > 150° and SA < 10° Super-Prefix-phobic 

 

While strongly repellent surfaces possess a high CA θ, they also possess a low sliding angle (SA) 

θt. This is the angle at which a droplet will roll or slide off a surface (Fig. 1.5). Equation 1.3 describes this 

relation, with p being the droplet density, V the droplet volume, R the radius of the wetted area and k a 

constant. 

                                                                       𝑝𝑔𝑉 sin 𝑆𝐴 =  2𝑅𝑘                                                             (1.3) 

Figure 1.5: Illustration of tilting angle θt, which is equal to the sliding angle SA that describes when 

a droplet detaches from the surface. θa is the advancing, and θr the receding contact angle of a droplet 

that is influenced by θt. 
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However, Equation 1.4 poses a more precise definition to describe this relation, where the constant 

k is correlated to the liquid-vapour interfacial tension γlg and the CA for a smooth substrate θ0. In Equation 

1.5, k is defined by γlg and the advancing θa and receding θr contact angle7. Both these CAs are illustrated 

in Fig. 1.5. 

                                                       𝑝𝑔𝑉 sin 𝑆𝐴 =  2𝑅𝛾𝑙𝑔 (1 + cos 𝜃0)                                                      (1.4) 

                                                   𝑝𝑔𝑉 sin 𝑆𝐴 =  2𝑅𝛾𝑙𝑔 (cos 𝜃𝑟 − cos 𝜃𝑎)                                                (1.5) 

Furthermore, the CA on a surface changes significantly with different micro- and macro-structures 

of each surface. Not only the material itself influences the CA, but a roughened surface can lead to an 

increase in CA as well, as is observable with polytetrafluoroethylene (PTFE). PTFE has water CAs up to 

120° when its surface is flat, while a roughened surface can lead to CAs up to 180°8. On such a rough 

surface, a droplet that sits on top can enclose air pockets between itself and the surface substrate, which 

leads to the increase in CA, as well as reduced surface adhesion. This phenomenon is called the 

Cassie/Baxter state (Fig. 1.6 c)9,10. In the opposite case, when the droplet wets the entire surface without 

enclosing any air pockets, it is defined as a Wenzel state (Fig. 1.6 b)9,10. 

 

 

Figure 1.6: Comparison of different surface structures and droplet wetting behaviors; a: CA of a 

water droplet sitting on a flat surface (LV = LG, SV = SG); b: Illustration of the Wenzel State with 

a droplet wetting the entire surface it is sitting on; c: Illustration of the Cassie/Baxter where air 

pockets are enclosed between the droplet and the surface it is sitting on. 
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The Cassie-Baxter CA θCB is directly related to the CA of a smooth surface θ0 as according to 

Equation 1.6, where f is the fraction of the solid surface area in contact with the liquid11. The roughness 

factor R, which describes the ratio of the actual surface to the planar surface area, is used for quantification 

of the surface roughness12. 

                                                             cos 𝜃𝐶𝐵  =  −1 + (1 + cos 𝜃0 )𝑓                                                  (1.6) 

Lithography, electrospinning, template-based techniques, plasma treatment, chemical deposition, 

spray coating, spin coating, and dip coating can be used to fabricate (super)hydrophobic surfaces9,12. The 

aforementioned (super)hydrophobic surfaces that are patterned with (super)hydrophilic areas on the other 

hand can be fabricated with direct or indirect approaches. In the latter, a hydrophobic surface is treated to 

generate hydrophilic patterns by using etching, plasma treatment13 or laser ablation14. In the direct approach, 

the desired areas are generated directly through lithography or templated-based techniques. These 

hydrophilic patterns make it possible to place aqueous droplets onto that surface, thus anchoring it onto the 

(super)hydrophilic area. In other words, hydrophilic areas are surrounded by a water repelling barrier, like 

a coating, which confines the anchored droplet and prevents it from moving across the barrier.  

The combination of such hydrophilic patterns with varying “wettabilities” creates arrangements 

that are called surface energy traps (SETs). These SETs allow the fabrication of droplet arrays13, channels14 

or other desired pattern designs. One can perform analysis15, extraction16 or splitting17 operations when 

using SETs. An example of such a microarray with different wetting capabilities can be found in nature on 

Stenocara gracilipes in the Namib Desert18. This species of beetles possesses patterned hydrophilic 

bumps/channels surrounded by hydrophobic areas located on its wings and its back, allowing it to collect 

water in the surrounding air, which rolls down its wings and leads to its mouth.  
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1.1.2 Digital Microfluidics  

 

DMF focuses on the manipulation and analysis of individual discrete droplets. DMF devices allow 

one to perform mixing, merging, dispensing, splitting and moving operations on discrete droplets (Fig. 

1.714)19. Manipulation methods in DMF include magnetic actuation, dielectrophoresis, (super)hydrophilic-

(super)hydrophobic patterned surfaces and electrowetting-on-dielectric (EWOD), with the latter being the 

most popular approach for droplet manipulation (Fig. 1.820)20–22.  

 

EWOD is based on controlling electrically conducting droplets, which are positioned on top of a 

bottom plate. The plate consists of an array of electrodes covered with an insulating dielectric layer and 

hydrophobic layer. An electric field is generated by applying serial potentials to the electrodes. This leads 

to a charge accumulation at the surface of the droplet and creates a driving force through the asymmetrical 

change of wetting behavior of the droplet20,22. Two configurations are used for EWOD: single-plate (open) 

and two-plate (closed). With the former described above, the latter covers and confines droplets with 

another plate. This second plate contains a continuous indium-tin-oxide ground electrode, and while being 

a more complicated configuration, it allows different operations like merging, dispensing, and splitting of 

droplets23. 

Figure 1.7: Discrete sessile water droplets sitting on a hydrophobic surface, colored with food dye, 

courtesy of Bachus et al. 
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Dielectrophoresis (DEP) uses electrically nonconductive droplets as dielectric media. Different 

from EWOD, charges do not accumulate on the droplet’s surface. If one applies a charge between two 

parallel electrodes one creates a capacitor in the process. At the edge of that capacitor a non-uniform field 

is present, which creates a force that pushes the droplet towards the center of the capacitor22. 

DMF devices that employ magnetic actuation manipulate droplets through the use of paramagnetic 

particles and magnetic fields. A droplet that contains magnetically susceptible material and sits on a 

(super)hydrophobic surface can be actuated with a magnet that is placed below the surface. The particles 

are contained within the liquid due to surface tension and make it possible to move droplets around the 

surface. The same magnetic actuation effect can also be achieved by dissolving paramagnetic salts in the 

droplet7.  

Figure 1.8: Illustration of the static contact angle of a conductive liquid on an EWOD surface 

surrounded by a dielectric fluid (a) under no voltage and (b) under voltage. For the boxed drawings 

enlarged for the contact line region, (a) is more magnified than (b). In (b), χ is on the order of d, which 

is on the order of 1 µm in many EWOD devices. Courtesy of Nelson et al. 
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When directly comparing DMF devices to CFM devices, several advantages are apparent. The 

fabrication and operation costs are typically much lower for DMF devices due to reduced complexity (e.g. 

no external pumps / valves are required). Lower fabrication costs allow the production of disposable devices 

and reduce optimization processes of experiments and applications. Due to the open design of DMF devices, 

with no channels and rigid walls, clogging is not an issue and it also allows simpler device washing. This 

makes the use and analysis of solid and more viscous samples possible. A major advantage over other MF 

devices is also the ability to analyze and actuate several individual droplets at the same time, allowing one 

to perform multiple parallel processes23. Regardless of which actuation method is used, the wetting 

behaviour of liquids for DMF devices is crucial. 

 

1.1.3 Continuous Flow Microfluidics 

 

CFM devices are the second subcategory for microfluidics and the more prominent one. While 

DMF devices focus on analyzing discrete droplets individually, CFM devices focus on the confinement of 

fluids via the use of channels with rigid walls. Through these channels, a continuous stream of fluid can be 

applied and thus transported from one point to another. Due to this concept, continuous-flow-MF devices 

are widely used for diverse applications, and countless devices have been developed and published. These 

MF devices are used for biological applications such as virus detection24, cell sorting25, DNA analysis26 and 

proteomics27, as well as energy related applications like fuel cells28 and CO2 conversions29. Furthermore, 

they are used in material science for polymer foam synthesis30–32, nanoparticle sorting33 and nanoparticle 

synthesis34, with the latter being the showcased application for this thesis. 

When observing the behaviour of liquids in such sub-millimetre scaled channels, one is able to 

notice different characteristics when comparing it to macroscale behaviour. This is due to the significant 

difference in liquid surface-to-volume ratios present in MF devices. As mentioned before, gravitational and 

inertial forces are negligible, but at the same time, surface tensions, viscosities and capillary forces are 
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significantly more crucial. This is described in the Hagen-Poiseuille equation (Equation 1.7) which gives 

the pressure drop ΔP of a fluid in laminar flow flowing through a cylindrical channel of constant cross 

section, depending on the viscosity, the channel length L, the flow rate Q and the channel radius R35.  

                                                                    𝛥𝑃 =
8 𝜂 𝐿 𝑄

𝜋 𝑅4                                                                           (1.7) 

The Hagen-Poiseuille-Equation is based on the assumptions that the fluid is Newtonian, 

incompressible, that a laminar flow is present and that the flow velocity at the interface of the wall and the 

liquid is zero. Especially important is the channel radius R which has a significant impact on the pressure 

drop with a power of 4. As an example, a liquid with a low viscosity like methanol (𝜂 = 0.544 mPa∙s at 25° 

C) requires a pressure of around 9 bar to maintain a velocity of v = 10 mm/min through a 2 cm long channel 

with a radius of 1 μm. In order to obtain identical flow velocity for water (𝜂 = 0.890 mPa∙s at 25° C) under 

similar conditions, a pressure of around 16 bar is necessary, and with conventional MF-pressure pumps 

only able to generate pressures of up to 10 bar36, a less precise syringe pump is required. These pumps can 

generate pressure up to several hundred bar37. However, in a scenario of an aqueous solution of 40% 

polyethylene glycol 8000 that is pumped through a channel with a 1 μm radius, a pressure of more than 

2000 bar would be needed. The presence of laminar flow is another difference between sub-millimetre sized 

channels and macro-scaled systems, which occurs when a fluid flows in parallel layers along the flow 

direction. 

Overall, while continuous flow MF devices are more prominent than DMF devices, they possess 

several disadvantages. A significant one is the requirement of pumps that enable the transport of fluids, 

which increases the total cost for each device and restricts portability. The most prominent advantage is the 

ability to precisely control the flow rate of small fluid volumes, lowering overall reagent consumption and 

thus simultaneously lowering the environmental impact of experiments. Additionally, reagent cost is greatly 

reduced while time efficiency is greatly increased. Furthermore, while laminar flow is advantageous for 

performing interfacial reactions or experiments where mixing is not desired, it is simultaneously 

disadvantageous for applications where mixing is desired.  
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1.1.4 Surface Tension Driven Pumping Based on Young-Laplace Pressure 

 

A passive pumping method between droplets can be established utilizing the differential pressure 

across the droplet interfaces between droplets, described by the Laplace pressure (Equation 1.8) (Fig. 1.938) 

which is determined by the Young-Laplace equation (Equation 1.9). With ΔP being the pressure difference 

between two droplets, γ the surface tension and r the radius of a droplet39. 

                                                                𝛥𝑃 = 𝛾 
2

𝑟
                                                                       (1.8) 

                                                                       𝛥𝑃 = 𝛾 (
1

𝑟1
 −

1

𝑟2
)                                                                  (1.9)            

The pressure difference is caused by the surface tensions of the interface between liquid and gas. 

Small droplets with higher internal pressure are spontaneously directed to merge into large droplets with 

lower internal pressure analogous to the Ostwald ripening effect. These self-propelled automated 

“micropumps” (MPs) are used for microscale fluidic transport and have been thoroughly analyzed and 

characterized39–42. They have been extended to biological applications such as automated cell cultures43, 

bacterial and viral detections44, analysis of protein expressions45 and electrofusion of cell39,46. 

 While most developed setups so far are easy to use and allow automated operations, multiple 

limitations are present in those designs. Due to most designs being enclosed (Fig. 1.1041), clogging, washing 

and passage blockage through gas bubbles are a common problem47. The interest in the development of 

Figure 1.9: Illustration of Laplace pressure force balance present in a hemispherical droplet sitting 

on a surface. Courtesy of Syms et al. 
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open MF platforms based on superhydrophobic materials has been increasing lately, as it offers an attractive 

alternative to enclosed MF systems for droplet manipulation48–50. These surface configurations are referred 

to as “surface microfluidics”, as described by Xing et al.39 and others48–50. Surface microfluidics presents 

several advantages when compared to enclosed MF-devices, including simple washing due to its open 

structure, environmental accessibility, clear optical path, reduced sample loss, high and reproducible 

flowrate, compatibility with biological experiments (depending on surface material) and monolithic 

construction. Using micromachining techniques, such as laser micromachining, SETs can be                      

Figure 1.10: Illustration of an enclosed Laplace micro-pumping system based on PDMS, taken from 

Ju et al.  

Figure 1.11: Laser micromachining SET design with circular hydrophilic patches with different dias 

(D) connected by channels with length (L) and width / height (H). 



 

14 

 

machined onto superhydrophobic surfaces in any desired design (as discussed in section 1.1.1). The 

hydrophobic/(super)hydrophobic barriers of the SET arrangement outline the wetting boundary to direct 

flow. Fig. 1.11 shows such a SET pattern consisting of circular patches connected by channels. 

With open surface microfluidic chips it is possible to transport fluids from one droplet to another 

without the need of a complicated setup or manufacturing process39. It is even possible to not only direct 

the flow of a droplet in one direction (Fig. 1.1239), but also split the droplet to be pumped into multiple 

A 

B 

Figure 1.12: Three parallel droplet-driven micropumps with channel widths of 150 µm, 300 µm, and 

500 µm, respectively (scale bar is 2 mm), courtesy of Xing et al. 

Figure 1.13: A: Top view of a SET arrangement consisting of straight channels and circular patches; 

B: Side view of a time lapse of a micro-pumping process based on the open surface design in Fig. 1.11. 

The droplet that is placed in the center of the SET is split into two channels and pumped into the two 

outward droplets that are positioned at 180° to one another. 
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directions at the same time (Fig. 1.13) utilizing the SET design shown in Fig. 1.11, which reduces overall 

pumping time. Upscaling such multiplexed SET designs opens up interesting opportunities for different 

applications, as one droplet of analyte can be split into multiple different reaction chambers, as shown in 

the star SET design in Fig. 1.14. 

 

By combining the Young-Laplace equation (Equation 1.9) with the Hagen-Poiseuille equation 

(Equation 1.7), we propose an equation to calculate the flowrate Q (Equation 1.10) for a surface tension 

driven micropump system for laminar flow of a fluid through a straight cylindrical channel. With r1 and r2 

being the radii of the droplets, an assumption is made that the radius can be viewed as the actual height of 

droplets confined on a SET based on the assumption that r ≈ h. 

                                                                   𝑄 =
𝜋 𝛾 𝑅4

8 𝜂 𝐿
 ( 

1

𝑟1
−

1

𝑟2
 )                                                              (1.10)                   

While in an aqueous medium, only the radius of the channel R and the length of the channel L, as 

well as the radii r1 and r2 of both droplets, influence the flowrate Q and total pumping time. This allows the 

direct control of Q through different SET designs and droplet volumes. When using liquids other than water, 

viscosity and surface tension are not constant and will therefore impact flow characteristics as well. 

Figure 1.14: Multiplexed star SET design on a SH-SET-chip coated with UEDTM, courtesy of Bachus 

et al. 
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1.2 3D-Printing  

 

3D Printing is a rapid prototyping method that offers advantages of flexibility, freedom of design, 

low waste, low cost and ease of use, and is becoming more present and accessible in our current day and 

age. It is an additive manufacturing technique that allows the user to design three-dimensional models and 

create complex geometries. A structure is printed in successive layers of materials that are formed on top 

of each other, which is a process developed by Charles Hull in 1986 that is called stereolithography (SLA)51. 

Other techniques followed, such as powder bed fusion, fused deposition modelling (FDM), inkjet printing 

and contour crafting (CC)52. While polymers like polylactic acid (PLA) and acrylonitrile butadiene styrene 

(ABS) are the most common materials used in 3D printing, a wider range of materials are available, 

including metals, ceramics and concrete53. Fig. 1.15 shows the four main methods of additive 

manufacturing52. 

Figure 1.15: Schematic diagrams of four main methods of additive manufacturing: (a) fused 

deposition modelling; (b) inkjet printing; (c) stereolithography; (d) powder bed fusion (found in 

Wang et al.). 
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In particular, industrial manufacturing (e.g. construction, prototyping and biomechanical fields) 

and logistic processes have been heavily influenced by 3D printing. Furthermore, affordable 3D printer 

options have become available due to new developments. This has expanded access to printers for people 

in their homes, schools, libraries or laboratories, allowing more users to design, share and print structures. 

In the last few years, 3D printing has been more commonly utilized for prototyping, product 

customization/refinement and process optimization. For example, 3D printing has gained more attention 

for the manufacturing of commercial products, especially for the biomedical and medical fields, where it 

can be used to quickly and efficiently print biocompatible medical implants54. The benefits of this flexible 

prototyping approach are also visible in this thesis (Chapter 3), as 3D printing was employed to develop 

multiple device iterations for our LoC platform. These advantages made the development and optimization 

process of our LoC platform possible in a lab environment as one can swiftly adapt to design challenges 

and implement new ideas. 

While the technology of 3D printing opens many doors with its advantages, further research and 

developments are required to improve the technology to reach its full potential: More materials are needed 

to apply 3D printing in various industries, the mechanical properties of 3D printed parts need to be enhanced 

for large scale printing, and micro-scale 3D printing processes need to be improved due to limited printing 

resolution, surface finish and layer bonding. The general precision of printed parts and printing speed is 

also highly influenced by the printing method and device used. Improvements in machine design are 

required to make 3D printing more accessible for mass production. It will be especially interesting to see 

the impact of advancing 3D printing technology on the automobile industry53.  
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1.3 Silver Nanoparticles and Nanoclusters 

 

Silver nanoparticles (AgNPs) are small particles between 1 nm and 100 nm in size55 that are very 

efficient at scattering and absorbing light, while also possessing unique electrical, optical and thermal 

properties56–58. Electrons about the nanoparticle surface couple to the incident electromagnetic radiation 

and oscillate on resonance with this light, resulting in a phenomenon known as the “surface plasmon”. The 

particle size and shape influence the nanoparticles ability to support different surface plasmons, which will 

absorb different wavelengths of light and thus change the visible color. AgNPs tend to form yellow / brown 

colored solutions, while silver nanoclusters (AgNC), which are smaller in size, form a red solution with 

fluorescence characteristic. Nanoclusters are small molecules, generally < 1 nm in size, that are atomically 

precise with discrete electronic transitions59. They possess unique electronical, optical and chemical 

properties compared to nanoparticles59–62. 

Figure 1.16: Extinction (⸺), scattering (---), and absorption (⸺) spectra of silver nanoparticle 

suspensions normalized per particle. The mean particle sizes (nm) are noted in each panel. The units 

on the y axis are multiplied by 1010. Courtesy of Evanoff et al. 
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The approximate properties of particles or clusters can be determined by analyzing their spectral 

properties in solution, with different absorption wavelengths for different particle and cluster 

sizes/distributions (characteristic absorbance maxima around 400 – 500 nm)56,57,63 (Fig. 1.1656). While their 

size can be vaguely determined by optical observation of the solutions color, AgNPs need to be visualized 

and characterized with the help of scanning electron microscopy (SEM) and/or transmission electron 

microscopy (TEM) on a very high magnification to enable the detailed determination of both specific shape 

and size. AgNPs find use in many applications and are often incorporated in sensors for chemical, 

biological, photonic (SERS) or photovoltaic applications64,65, while nanoclusters are strong candidates for 

fluorescence bio cell imaging, sensing and detection applications60,63,66–69. AgNPs are also often 

incorporated into keyboards, textiles such as jackets and biomedical devices, which use silver as an 

antimicrobial coating as protection from bacteria3. Other applications include conductive inks, fillers and 

pastes that make use of the AgNPs strong electrical conductivity 58. 

Silver nanoparticles can be created with several methods: wet chemistry70, ion implantation71 and 

biogenic synthesis72,73. Wet chemistry methods are most commonly used, which are all based on the 

reduction of Ag+ to Ag0 with the help of a reducing agent. The newly created AgNPs can then be modified 

with a capping agent, such as citrate, stabilizing their surface energy and preventing the AgNPs from 

oxidation and degradation. One example for such a method is the creation of AgNPs with the use of silver 

nitrate, sodium borohydride, sodium citrate or glutathione and deionized (D.I.) H2O as solvent. Silver 

nitrate, AgNO3, is reduced with the help of sodium borohydride, NaBH4 70,74, while sodium citrate acts as 

the capping agent and influences the shape of the AgNPs. Sodium borohydride and citrate are both reducing 

agents, but the latter is weaker. However, sodium borohydride is not meant to stabilize the surface of the 

created AgNPs, thus citrate is added as a capping molecule. The AgNPs form clusters of different sizes in 

direct correspondence to the amount of citrate used. If less citrate is used in the synthesis, the surface energy 

is less stabilized, which leads to larger AgNPs64.  
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For nanocluster synthesis, complexation with glutathione instead of sodium citrate poses another 

method of stabilization for the reaction, as it binds directly to the metal cluster core and stabilizes the metals 

charge75,76, which allows for AgNP synthesis based on the chosen reaction conditions. The rate in which 

the reducing agent is added to the reaction mixture influences the synthesis of particles or clusters and their 

corresponding sizes. This opens the possibility to design a LoC platform that enables the manipulation and 

control of microfluidic flow (Chapter 1.1.4) that allows simultaneous synthesis of nanoparticles and 

nanoclusters with different characteristics based on the applied flow dynamics34. 

 Gold nanoparticles share many similarities with AgNPs and are generally favored for their higher 

stability and ease of use compared to AgNPs in biomedical applications. The latter were chosen for this 

project due to cheaper cost, before moving on to gold nanoparticle synthesis experiments in the future77. 

1.4 Project Overview  

 

The development of a multiplexed LoC platform that is based on surface tension Young-Laplace 

induced pumping forms the main objective for this thesis. A key goal was the development of a simple and 

innovative user experience for lab-on-a-chip (LoC) applications which will allow for a more flexible 

approach for varying assays and synthesis’ procedures. 

Chapter 2 discusses the characterization of a commercially available coating called NeverWetTM 

that was used to manufacture (super)hydrophobic chips, as well as the optimization of a laser-

micromachining approach that was employed to mill hydrophilic patterns (SETs) onto the manufactured 

(super)hydrophobic substrates. 

Chapter 3 discusses an approach to the development of an innovative 3D printed platform for 

flexible liquid distribution, that was designed to complement the manufactured chips in Chapter 2. This 

platform significantly improves the ease-of-use of the final LoC platform for end users. 



 

21 

 

Chapter 4 focuses on the analysis of the pumping process, in particular total pumping time and 

flowrate, on different multiplexed chip designs via the use of MATLAB RGB with the developed LoC 

platform and droplet height change analysis. 

 Chapter 5 showcases an application as a proof of concept for the developed LoC platform that 

focuses on the simultaneous synthesis of silver nanoparticles and nanoclusters through the manipulation of 

flowrate on multiplexed chips. 

Chapter 6 is a summary of the work that has been done in this thesis and an outlook for possible 

future improvements, applications and directions beyond the groundwork that this work provides. 

 

 

 

 

 

 

Figure 1.17: Graphical illustration showing a simplified overview of all projects included in this 

thesis 
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Chapter 2 

Superhydrophobic Surface Energy Trap Patterned Chip Fabrication  

2.1 Introduction 

 

Superhydrophobic surface properties can be achieved by applying a (super)hydrophobic coating. 

The application of a suitable coating allows the subsequent modification of the surface with 

(super)hydrophilic patterns in order to create (super)hydrophobic/(super)hydrophilic patterned chips (SH-

SET-chips). These SH-SET-chips allow for confinement and manipulation of liquids (Fig. 2.16 B). The 

SH-SET-chips in this thesis were fabricated with NeverWet Multipurpose KitTM (NWTM) and the use of 

laser-micromachining with an Oxford Laser System. NWTM is an inexpensive commercially available SH-

coating that consists of a base- and top-coat. The basecoat, a polymer consisting of benzotriazole mixed 

with bis(1,2,2,6,6-Pentamethyl-4-Piperidinyl)sebacate (Fig. 2.1) suspended in solvent, is applied on the 

substrate first, which acts as an adhesive layer for the second layer. The topcoat, a dimethyl silicone polymer 

mixed with silica nanoparticles suspended in solvent, is applied onto the basecoat and is the layer that 

provides the SH surface properties. The advantages of NWTM include simple, reproducible and cost-

effective fabrication of SH-SET-chips. However, a notable disadvantage is the coatings incompatibility 

Figure 2.1: Structures of A: Benzoatriazole monomer; & B: Bis(1,2,2,6,6-Pentamethyl-4-Piperidinyl) 

sebacate 
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with organic solvents, which restricts its use for applications that require initial preparation with organic 

solvents, e.g. surface functionalization of silica surfaces (Chapter 6).  

The patterning of (super)hydrophilic areas is achieved as described in Chapter 1.1.1. Modification 

methods that can be used include plasma etching and laser micromachining, with the latter being the chosen 

method for this thesis. A laser ablates desired areas with high accuracy and exposes the hydrophilic glass 

substrate beneath the coating. In this thesis, glass microscope slides were used as the hydrophilic substrate. 

2.2 Experimental 

 

2.2.1 Superhydrophobic Chips 

 

Microscope glass slides (3x1″ & 4x3″) were used to fabricate SH-chips with NWTM coating. 

NeverWetTM Multipurpose Kit was purchased from Canadian Tire and is manufactured by Rust-Oleum (IL, 

USA). Two approaches, spray and spin coating, were tested as methods to reproducibly apply NWTM to 

glass microscope slides. Spray coating was performed as indicated by the product manual, with a single 

basecoat layer and one or two top-coat layers sprayed onto the glass slides from approximately 30 cm away.  

 Spin coating was performed with a Laurell WS-650MZ-23NPPB spin coater. With 1500 

revolutions per minute (RPM) for 45 seconds, a single layer of basecoat and a subsequent layer of topcoat 

were sprayed onto the glass slides from a set distance while the spin coater was running. Different spraying 

times were analyzed to observe the effect on the spin coating process. With both methods, the coating layers 

were allowed to dry for 30 min at room temperature. 

CAs, wetting diameters (dia) and droplet volumes were determined with a Dataphysics OCA 15 

Pro optical measuring system (Goniometer). Optical surface profilometry was performed with a Bruker 

ContourGT-K 3D Optical Microscope in order to prevent damage to the coating through direct contact. 
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2.2.2 Surface Energy Traps 

 

An Oxford Lasers A Series Compact Micromachining System, equipped with a 355 nm solid-state 

diode-pumped picosecond-pulsed laser operated with a power of 21.8 mW, was used to pattern surfaces. 

For SET fabrication, a prior CAD designed area was ablated with a speed of 2 mm/s and a pitch (distance 

between laser passes) of 15 µm. 

CAs, wetting diameters (dia) and droplet volumes were determined with a Dataphysics OCA 15 

Pro optical measuring system (Goniometer). Surface profilometry was performed with a Bruker 

ContourGT-K 3D Optical Microscope.  

2.3 Fabrication of SH-SET-Chips 

 

The instruction manual provided by Rust-Oleum for NWTM Multipurpose Kit recommends spray 

coating as the optimal method to apply NWTM to any surface. The advantages of spray coating lie in it being 

a simple and straightforward technique, resulting in completely covered surfaces. But based on the spraying 

process, it’s difficult to achieve reproducible coating thicknesses. While this is not important for the normal 

use of an SH coating, it is important when the SH surfaces are subsequently modified with SETs. The 

thickness of the coating affects the laser-micromachining process, with thicker coatings requiring more 

demanding conditions and higher energy inputs (i.e. higher laser power) to generate SETs. Thinner SH-

coating require less energy to generate SETs, and using the same conditions as for thicker coatings could 

impact the surrounding areas14. Therefore, spray coating was compared to a spin coating approach in order 

to decide which method is best suited for the fabrication of SH-chips. 
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2.3.1 Spray Coating vs. Spin Coating 

When comparing spray-coated to spin-coated glass slides (Fig. 2.2), several differences are present: 

Spray-coated glass slides show a strongly visible white nontransparent layer, while spin-coated glass slides 

are almost transparent. CAs between spray and spin-coated slides differ too as the coating surface 

characteristics change with each method, with spray-coated slide CAs of 143.27 ± 0.57° and spin-coated 

slide CAs of 134.11 ± 2.80°. While the coating thickness between both coating methods changes as well, 

with 1.39 ± 0.36 µm for spin and 7.41 ± 2.93 µm for spray coating (Fig. 2.3), it doesn’t directly affect CA 

and SA, because these properties are determined by the NWTM surface structure and not by the coating 

Figure 2.2: Comparison between NWTM spin-coated and spray-coated 3x1″ glass slides, showing the  

improved transparency characteristics of spin-coated slides. Both methods applied one basecoat and 

one topcoat layer. Scale bar is 10 mm. 

Figure 2.3: Coating thickness comparison of spin and spray coating methods for NWTM, each results 

based on three fabricated chips and twelve measurements at different points across each chips 

surface. 

Spin 

Spray 
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thickness itself. The overall variation in thickness is noticeably higher with spray-coated slides compared 

to spin-coated slides. This is likely due to the spray coating application process parameters being different 

from time to time (e.g. different distances between the glass slides and spray can, overall spray time, and 

number of passes). The improved transparency characteristics of NWTM spin-coated slides over spray-

coated slides are seen in their absorbance (Fig. 2.4) and transmission spectra (Fig. 2.5), with lesser 

absorption and higher transmittance results. For the desired fabrication of SETs on SH-chips, a reproducible 

coating method was developed to ensure more consistent coating thickness.  

Figure 2.4: UV-Vis absorbance spectra of NWTM spin and spray-coated slides 

Figure 2.5: UV-Vis transmission spectra of NWTM spin and spray-coated chips 
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2.3.2 Spray Coat Characterization 

 

Spray coating was performed as suggested by the user manual provided by Rust-Oleum, shown in 

Fig. 2.6. Spray-coated glass slides were analyzed for CA, coating structure (Fig. 2.7) and thickness (Fig. 

2.3). When observing the surface through an optical microscope, particle clusters are visibly scattered over 

the surface of the basecoat layer, while one can see the top-coat layer surface being a milky film that covers 

the basecoat structure. The 3D surface profile shows the surface roughness of spray-coated NWTM (Fig. 2.7 

C), with the broad distribution of particle clusters being responsible for its uneven surface structure. CAs 

lie at the upper end of hydrophobic surfaces with an average of 143.27° ± 0.57° and sliding angles <1°, 

with spray-coated NWTM base layers having average CAs of 90.35° ± 3.29°. Fig. 2.8 shows SEM 

micrographs of a spray-coated NWTM slide captured in ETD (Everhart-Thornley Detector for secondary 

electrons) and BSED (backscattered electron) modes78.  The surface is visibly covered compactly with 

NWTM, which further highlights the higher coating thickness of spray-coated NWTM. Based on the 

procedure shown in Fig. 2.6, the variation in coating thickness (Fig. 2.3) can be explained with different 

Figure 2.6: Illustration of SH-chip spray coating setup for NWTM; first a basecoat layer is applied and 

allowed to dry for 30 minutes at room temperature, secondly, one or two topcoat layers are applied 

and allowed to dry for 30 minutes at room temperature. 
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parameters between each coating procedure (e.g. different distances between the glass slides and spray can, 

overall spray time, and number of passes).  

Figure 2.7: Optical microscope and 3D surface profile images of a spray-coated NWTM glass slide. A: 

Optical image of basecoat layer, 5x magnification; B: Optical image of base & topcoat layer, 5x 

magnification; Scale bar is approximately 0.5 mm C: 3D profilometer analysis of base & topcoat 

layer, showing a surface structure with significant topography. The measured area is 2.259 mm x 

2.259 mm. The average coating thickness is approximately 7.41 ± 2.93 µm. The blue area represents 

the bare glass surface to highlight the coating thickness. 
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2.3.3 Spin Coat Characterization 

Figure 2.8: Side by side comparison of SEM micrographs of a spray-coated NWTM surface, captured 

with ETD & BSED modes. 

Figure 2.9: Illustration of the developed NWTM spin coating method for fabrication of SH-chips. The 

spray can is positioned above the spinning glass slide to maintain a constant set distance when 

spraying. 
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To ensure consistent coating thicknesses for SH-chips, a combination of spray and spin coating 

was used as an approach to streamline the process of coating glass slides. A NWTM spray can is placed on 

top of the spin coater to keep the spraying distance between the spinning glass slide and the spray can 

constant, as illustrated in Fig. 2.9. Because a uniform coating is desired for subsequent fabrication steps, a 

systematic study was performed to observe the effect of different spraying times on the final coating 

appearance on 3x1” microscope glass slides. Spraying times of 1 second to 3 seconds were tested and 

optically characterized. Coating time was maintained with a metronome at 120 beats per minute (bpm). The 

counting method was employed to minimize human error (1 beat = 0.5 sec). Spin-Coater speed was kept at 

a constant 1500 rpm for 30 seconds. Fig. 2.10 shows several slides that are spin-coated with one layer of 

NWTM basecoat, with minimal differences being visible. Subsequently applying a second top-coat layer 

results in different coating appearances based on spraying time (Fig. 2.11). A spray time < 2 seconds shows 

that not enough coating material was applied in order to create a uniform coating, while spray times > 2 

seconds resulted in very similar uniform coating appearances. Furthermore, if the spray can is close to being 

empty, the lower output pressure of the spray can result in strongly varying coating appearances, as shown 

in Fig. 2.12.  

 

Figure 2.10: Visual comparison between five NWTM basecoat spin-coated 3x1″ glass slides with 

spraying times of 1-3 seconds. Scale bar is 12.5 mm. 

1 sec 1.5 sec 2 sec 2.5 sec 3 sec 
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Ultimately, the most reproducible uniform coatings were achieved with spray times between 1.5-

2.5 seconds, and in order to cut down on material usage, spray times of 2 seconds for both base and topcoat 

were chosen for further SH-chip fabrication. Additionally, varying spray times and spin times for 

application of base and then topcoat were tested, but no visual differences were noted. The optimized spray 

parameters were then applied to 4x3″ glass slides in order to create SH-chips with larger surface area, with 

Figure 2.11: Comparison between five NWTM topcoat spin-coated 3x1″ glass slides with spraying 

times of 1-3 seconds. Scale bar is 12.5 mm. 

Figure 2.12: Example of visual appearance of five NWTM topcoat spin-coated 3x1″ glass slides 

resulting from utilizing near empty spray cans, showing the varying effect on coating appearance 

once the pressure of the spray can is not at a constant level. Scale bar is 25 mm. 

1 sec 1.5 sec 2 sec 2.5 sec 3 sec 
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the only difference being a longer spin time of 45 seconds in order to ensure a uniform coating across the 

larger surface. 

The spin-coated slides were analyzed for CA, coating thickness (Fig. 2.3) and structure (Fig. 2.14). 

When observing the surface through an optical microscope, one can immediately see a difference to the 

spray-coated slides in Fig. 2.7, as the particle clusters on the surface are smaller and more scattered (Fig. 

2.14 A&B). A 3D profile of the surface (Fig. 2.14 C) shows a more evenly distributed coating compared to 

spray coating. CAs are slightly lower than spray-coated slides, but still classify as hydrophobic surfaces 

with a CA average of 134.11° ± 2.80° and sliding angles <1°, with spin-coated NWTM base layers having 

average CAs of 96.53° ± 0.58°. 

Fig. 2.15 shows SEM micrographs of a spin-coated NWTM slide captured in ETD and BSED modes, 

with the surface showing different visual characteristics when compared to the spray-coated counterpart 

(Fig. 2.8). The higher reproducibility and less material consumption are clear advantages over the spray 

coating method. 

Figure 2.13: NWTM spin-coated 4x3″ glass slide with one basecoat and one topcoat layer utilizing the 

optimized spin coating parameters of 1500 rpm, 45 sec, and 2 sec spraying time, showing coating 

transparency characteristics. Scale bar is 15 mm. 
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Figure 2.14: Optical microscope and 3D surface profile images of spin-coated NW surface. A: Optical 

image of basecoat layer, 5x magnification; B: Optical image of base & topcoat layer, 5x 

magnification; Scale bar is approximately 0.5 mm; C: 3D surface profile of base & topcoat layer, 

showing a smoother and less significant surface topography when compared to spray coating (Fig. 

2.7). The measured area is 2.259 mm x 2.259 mm. The average coating thickness is approximately 

1.39 ± 0.36 µm. The blue area represents the bare glass surface to highlight the coating thickness. 
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2.3.4 SET Laser Micromachining Optimization 

 

Laser micromachining was utilized to fabricate SETs on SH-chips, ablating designed portions of 

the NW coating and exposing the hydrophilic glass underneath (Fig 2.16 A). Several parameters influence 

the effect of the machining process on the coatings surface, namely the laser power, writing speed, pitch 

Figure 2.15: Side by side comparison of SEM micrographs of spin-coated NWTM surfaces, captured 

with ETD & BSED modes. 

Figure 2.16: A: Scanning electron micrograph of a 500 μm patch milled at 5% power (∼2.25 mW) 

and 1.0 mm/s with a pitch step of 10 μm between concentric rings in the SET. Scale bar is 200 μm; 

B: 5 μL water droplet resting on a 500 μm patch; Courtesy of Bachus et al. 
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between laser passes and the designed pattern dimensions14 (Fig. 1.11). The laser micromachining system 

possesses a fixed laser and programmable x/y-stage on which the SH-chip is mounted. The laser ablation 

pattern is designed with a program in G-Code that controls the x/y-stage.  

As shown by Bachus et al.14, a so-called mill broadening zone (MBZ) is always present after a 

design is milled into a coating with a laser, representing an additional region outside of the initially milled 

pattern, which influences CAs and wetting dia of a liquid14 (Fig. 2.17).  Hence, a systematic study was 

performed to see the difference in MBZ size in correlation to laser power, as well as the required laser 

power to penetrate and ablate the coating layers.  

Figure 2.17: Microscope images of the MBZ resulting from laser ablation (A: 0.45 mW, B: 2.25 mW, 

C: 6.75 mW, D: 13.5 mW) of different patterns on Ultra-Ever Dry, a commercial superhydrophobic 

coating. Scale bar is 1.5 mm. Courtesy of Bachus et al. 
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Figure 2.18: SEM BSED micrographs of 3 mm dia SET patches milled onto NWTM Spin-coated glass 

slides with varying laser power percentages of 48 mW. Outer darker ring shows MBZ, while dark 

spots on the SET itself show residue of ablated coating. Scale bar is 1.5 mm. 



 

37 

 

  

Figure 2.19: SEM BSED micrographs of 3 mm dia SET patches milled onto NWTM Spray-coated glass 

slides with varying laser power percentages of 48 mW. Outer darker ring shows the MBZ, while dark 

spots on the SET itself show residue of ablated coating. Scale bar is 1.5 mm. 
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The parameters that have been used to mill the 3 mm dia SET patches were 10%-100% laser power 

at 48 mW, 0.015 mm pitch between each pass and a linear velocity of 2 mm/s. Fig. 2.18/19 show the 

corresponding SEM BSED micrographs of laser powers used for both spin and spray-coated slides, while 

Fig. 2.20 shows the visually observable effect of increasing laser power on NWTM spray and spin-coated 

slides. One can observe that the MBZ is generally bigger around SETs milled onto spin-coated NWTM 

slides, which can be explained by a stronger effect of the laser power on the thinner coating than on the 

thicker spray-coated layers. In particular, laser powers close to 48 mW result in especially strong damage 

to the surrounding coating of NWTM spin-coated slides with an MBZ that is no longer circular, which is 

especially visible when capturing SEM micrographs in ETD mode (Fig. 2.21).  Furthermore, when directly 

comparing how much laser power is required in order to ablate through both coating layers, one can see 

that a higher laser power for NWTM spray-coated slides is required due to its overall higher coating 

thickness. When employing > 45% laser power at 48 mw (Fig. 2.18 F), which correlates to 21.8 mW, a 

NWTM spin-coated surface will be almost ablated clean from any residue, while a NWTM spray-coated 

surface requires > 70% laser power at 48mw (Fig. 2.19 I), which correlates to 33.5 mW.  The increase of 

Figure 2.20: Visual comparison of 3 mm dia SET patches laser machined into NWTM spin and spray-

coated glass slides, with 10% laser power steps between each SET. Remaining residue is visible with 

yellow color. Scale bar is 12.5 mm. 
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size of the MBZ in relation to laser power was analyzed with the use of SEM micrographs (Fig. 2.19/2.20) 

and ImageJ, while the actual wetting dia of an aqueous droplet sitting on the SET was recorded with the 

use of a Goniometer, shown in Fig. 2.22/2.23.  The results show an increasing trend in MBZ size with 

increase in laser power, and a simultaneous increase in wetting dia that is even larger than the actual MBZ 

area. The overall MBZ increase was measured to be approximately 16-17% in regard to a 3 mm dia SET 

patch when employing 45% and 70% laser powers for NWTM spin and spray-coated slides, respectively. 

This translates to a general additional increase in total SET dia of approximately 0.50 mm when utilizing 

these laser powers. Again, the results show that spin-coated slides are more strongly affected by the laser 

machining process than spray-coated slides, with an overall larger increase in MBZ size and wetting dia.  

 

Figure 2.21: Comparison of residue and MBZ shape / coating damage between SEM ETD 

micrographs of 3 mm dia SET patches milled onto NWTM (A) spin and (B) spray-coated glass slides 

with varying laser power percentages of 48 mW. Scale bar is 1.5 mm. 
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 Additionally, to further showcase the trend of increasing wettability dia that can be seen in Fig. 

2.22/2.23, food dye was placed on SETs and allowed to dry in order to capture the actual wetted areas on 

the outer areas of the machined surface (Fig. 2.24). The pictures highlight the fact that the actual wetting 

dia is even larger than the designed SET + MBZ. The dye gathers at the edges of the wetted area due to a 

coffee ring effect79. With the goal to reduce manufacturing cost and increase reproducibility, the developed 

method to spin coat NWTM onto microscope glass slides for subsequent fabrication of SETs is more 

advantageous than the spray coating procedure. Therefore, NWTM spin-coated glass slides have been 

utilized for SET fabrication for the rest of this thesis, with laser parameters of 21.8 mW, 2 mm/sec laser 

writing speed and 0.015 mm laser pitch width. 

 

 

Figure 2.22: Increase in extra dia (MBZ) in regards to machined 3 mm SETs on NWTM spin-coated 

glass slides with varying laser power percentages at 48 mW. Black plot shows the measured wetting 

dia of a droplet (four measurements for each patch), while the orange plot represents the visually 

observed MBZ on SEM pictures (measured with ImageJ, four measurements for each patch). 
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Figure 2.23: Increase in extra dia (MBZ) in regards to machined 3 mm SETs on NWTM spray-coated 

glass slides with varying laser power percentages at 48 mW. Black plot shows the measured wetting 

dia of a droplet (four measurements for each patch), while the orange plot represents the visually 

observed MBZ on SEM pictures (measured with ImageJ, four measurements for each patch). 

 

Figure 2.24: Optical microscope photographs of laser micromachined SETs on NWTM spin-coated 

slides dyed with dried red food dye, highlighting wetting dia. Size of the extra wetting dia is 

approximately the same between A/C (375 µm channel width) and B/D (625 µm channel width). SETs 

were laser machined with 21.8 mW laser power, 0.015 mm pitch width, 2 mm/sec. Scale bar is 300 

µm. 
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2.3.5 Characterization of Water Droplet Behavior on SET Patches 

 

A systematic study on the effect of varying SET patch dias on water droplet CAs, wetting dia and 

droplet height was conducted with a Goniometer in order to find the optimal patch size for ongoing SH-

SET-chip fabrication. The height of the outer barrier around a SET (coating thickness) that confines the 

fluid influences water droplet behavior on SETs. All measurements were carried out on both NWTM spray 

and spin-coated glass slides for comparisons sake. SET patches (1 mm to 5 mm dia) were milled onto both 

NWTM spray and spin-coated glass slides with the optimized laser parameters. Fig. 2.25 shows that larger 

SET dias lead to a decrease in the CA of water droplets, as the droplet is spread over a larger surface area 

and thus changes its shape. This is also visible in Fig. 2.28 when comparing dias of 1 mm to 5 mm, which 

shows a prominent decrease in CA. The data for the correlated wetting dias (Fig. 2.26) and droplet heights 

(Fig. 2.27) was gathered simultaneously to further show the effect of increasing SET dia on droplet 

behaviour, with an increase in wetting dias and decrease in droplet heights for larger SET dias. This trend 

is also visibly observable in Fig. 2.28. Overall, the resulting data for NWTM spin and spray-coated slides 

shows strong similarities, with generally smaller CA and higher wetting dia for SETs on spin-coated slides 

due to its thinner coating. Furthermore, a study was conducted to analyze the droplet height change for 

different droplet volumes on constant SET dias (Fig. 2.29), which is important for later analysis of Young-

Laplace micro-pumping systems. One can see an initial strong increase in droplet height with increase in 

droplet volume, but a stagnating plateau is reached after approximately 50 µL where an additional increase 

in volume no longer significantly affects the droplet height. At this point the droplet starts growing in size 

over the edges of the SET instead of growing further in height, as gravitational forces pull the droplet down. 

SET patches with 3 mm dia presented a good compromise since they showed good droplet anchoring 

behavior when compared to smaller SET dias, but still possess high a CA and reduced manufacturing 

cost/time when compared to even larger SETs. 
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Figure 2.26: Change in wetting dia of 20 µL to 40 µL water droplets confined on SET patches of 

different dias (1000-5000 µm) on NWTM spin and spray-coated glass slides. Trendlines serve as guide 

to the eye to show increasing wetting dia with increasing patch size. Each measurement was 

performed five times. 

 

Figure 2.25: Change in contact angles of 20 µL to 40 µL water droplets confined on SET patches of 

different dias (1000-5000 µm) on NWTM spin and spray-coated glass slides. Trendlines serve as guide 

to the eye to show decreasing contact angle with increasing patch size. Each measurement was 

performed five times. 
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Figure 2.27: Change in droplet height of 20 µL to 40 µL water droplets confined on SET patches of 

different dias (1000-5000 µm) on NWTM spin and spray-coated glass slides. Trendlines serve as guide 

to the eye to show decreasing droplet height with increasing patch size. Each measurement was 

performed five times. 

 

Figure 2.28: Comparison of 20 µL to 40 µL water droplets confined on 1-5 mm dia SET patches on 

NWTM spin-coated glass slides, illustrating the trend of changing contact angles, wetting dia and 

droplet height. Images captured with a Goniometer. 
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2.3.6 Multiplexed SET Designs 

 

Similar to the illustrated design in Fig. 1.11, multiplexed chips that were fabricated for this thesis 

consist of either circular SET patches or circular SET patches connected with straight channel SET patterns. 

Fig. 2.30 shows four examples of SET pattern designs on NWTM spin-coated glass slides that were 

fabricated with optimized laser parameters. Patch dimensions are kept constant at 3 mm dia (dia). The 

channel parameters are particularly interesting for the characterization of multiplexed surface tension 

micro-pumping systems. Based upon on our proposed equation for the flowrate, Q (Equation 1.10), the 

flow dynamics can be controlled by modifying the parameters of radius, R (= channel width) and length, L. 

Both L and R are parameters that can be easily altered through the SET design.  A row of 3x1″ SH-SET-

chips was initially fabricated to analyze the effect of channel radius and length on Q (Fig. 2.31). The 

resulting observations were subsequently used to design 4x3″ SH-SET-chips to analyze more complex 

interconnected surface tension driven multiplexed micro-pumping systems & SET patterns (detailed 

Figure 2.29: Change in droplet heights of 10 µL to 100 µL water droplets confined on 3 mm SET 

patches on NWTM spin-coated glass slides. Trendline serves as guide to the eye to show decreasing 

droplet height with increasing droplet volume. 
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discussion in Chapter 4). In order to analyze the effect of the parameters channel radius, R and length, L on 

the flowrate, Q, two chip designs, namely “R-cascade chip” and “L-cascade chip” have been fabricated 

(Fig. 2.32 A/B). Several different multiplexed SET designs have been fabricated for the analysis of 

simultaneous surface tension driven multiplexed micro-pumping systems on NWTM spin-coated 4x3″ glass 

slides (Fig. 2.33). Different versions of the X-chip were fabricated with channel widths ranging from 250 

to 750 µm to conduct a detailed systematic study on channel width influence for multiplexed micropump 

systems. Additionally, a SET array consisting of 181, 3 mm dia SET patches and a 4x3 two-patch micro-

pumping system array was fabricated (Fig. 2.31 D & Fig. 2.32 C).  

Figure 2.30: Different fabricated SH-SET-chip designs on both 3x1″ and 4x3″ NWTM spin-coated 

glass slides; A: 4x3 mm dia patch SETs; B: Three different 3 mm dia patch SETs connected with 

channels (20 mm length, 500 µm width); C: Multiplexed “Star Chip” design with same parameters 

as B; D: 181 3 mm dia SET patch array. Darker patches were milled with lower laser speed due to 

an error in the laser machining process. Scale bar A-C 12.5 mm, D is 20 mm. 

Figure 2.31: Different fabricated SH-SET-chip designs on NWTM spin-coated glass slides with 3 mm 

dia SET patches; A-C: 3x1″ SH-SET-chips 20 mm channel length & varying channel widths; D-G: 

3x1″ SH—SET-chips channel widths of 500 µm and varying channel lengths. Scale bar is 25 mm. 
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Figure 2.33: Different fabricated multiplexed SH-SET-chip designs on 4x3″ NWTM spin-coated glass 

slides; A: “Line-chip” three 3 mm SET patches connected by 30 mm long channels, 500 µm channel 

width; B: “T-chip” four 3 mm SET patches connected by 30 mm long channels, 500 µm channel 

width; C: “X-chip”, five 3 mm SET patches connected by 30 mm long channels, 750 µm channel 

width; D: “Hourglass-chip” design, seven 3 mm SET patches connected by 30 mm long channels, 500 

µm channel width. Scale bar is 20 mm. 

Figure 2.32: Different fabricated multiplexed SH-SET-chip designs on 4x3″ NWTM spin-coated glass 

slides; A: “R-cascade chip”, five parallel SET designs with two 3 mm SET patches connected by 40 

mm long channels with varying channel widths of 300-700 µm; B: “L-cascade chip”, seven parallel 

SET designs with two 3 mm SET patches connected by 10-40 mm long channels with 500 µm channel 

width; C: “Micro-pumping array chip”, 12 SET designs with two 3 mm SET patches connected by 

10 mm long channels with 500 µm channel width. Scale bar is 20 mm. 



 

48 

 

2.4 Conclusions 

 

A reproducible spin coating procedure for transparent superhydrophobic-surfaces utilizing 

NeverWetTM Multi-Purpose Kit was presented and compared to spray coating. NWTM spin-coated glass 

slides were modified with an optimized laser micromachining process in order to fabricate SH-SET-chips 

with different SET pattern designs for the analysis of surface tension driven micro-pumping processes. 

 The results of the discussed coating characterization show that spin coating possesses several 

advantages over its counterpart, spray coating: The NWTM spin coating procedure allows for reproducible 

fabrication of inexpensive transparent SH-substrates, with coating thicknesses of 1.390 ± 0.361 µm in 

comparison to 7.405 ± 2.927 µm when employing spray coating. Spin-coated NWTM slides possess a CA 

of 134.11 ± 2.80° and sliding angles < 1°, while spray-coated NWTM slides possess a slightly higher CA of 

143.27 ± 0.57° and sliding angles < 1°. The improved optical transparency of NWTM spin-coated slides was 

confirmed with UV-Vis absorbance and transmission measurements and is an essential requirement for the 

employed colorimetric analysis of micro-pumping systems and other DMF applications, while the thinner 

coating thickness also allows for reduced material consumption as well as faster and more cost-effective 

fabrication. The fabricated NWTM spin and spray-coated glass slides were modified with a laser micro-

machining process in order to generate different permanent SET patterns and optimize the fabrication 

procedure. The influence of laser power on the two coating types was studied and compared, with less 

energy required to penetrate and ablate thinner NWTM spin-coated slide layers (21.8 mW) than NWTM spray-

coated slide layers (33.5 mW). The thinner NWTM spin-coated slides therefore allow for SH-chip fabrication 

with reduced energy consumption and potentially reduced machining times, as laser parameters like the 

pitch between laser passes can be increased, allowing for faster fabrication of SH-SET-chips. The optimized 

protocol for NWTM spin coating and subsequent modification with laser micromachining (21 mW laser 

power, 0.015 µm pitch, 2 mm/sec writing speed), was employed to fabricate SH-SET-chips that are suited 

for surface tension driven micro-pumping experiments. 
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Chapter 3 

3D Printed Liquid Distribution Platform for Multiplexed Superhydrophobic 

Surface Energy Trap Patterned Chips 

3.1 Introduction 

 

A commonly known example for portable point of care devices is the pregnancy test. It is widely 

available, simple to use, and the test results are easy to understand. The device is also small, portable and 

affordable. These represent some of the common advantages of microfluidic point of care devices and serve 

as a guiding principal for our development of a lab-on-a-chip device. A simplified user experience in 

particular is an essential part of any MF device, as it streamlines the use of the employed technique for fluid 

manipulation. 

The movement of fluids in microfluidic systems can be controlled through different techniques like 

capillary pressure80, external pumping systems or paper-based lateral flow approaches81. However, as 

discussed in Chapter 1, common drawbacks are present for these kinds of microfluidic devices: paper-based 

lateral flow MF devices don’t allow for specific flow control/manipulation, external pumps are expensive 

and restrict portability, and capillary driven MF devices suffer from clogging issues. Hence, a different 

approach is required to outmaneuver these disadvantages. As discussed in section 1.1.5, an open surface 

micro-pumping system as presented by Xing et al.39 possesses multiple advantages. It allows for flow 

control manipulation, eliminates clogging issues due to its open surface, is cost-effective in its material use, 

portable, and no outer influences are required for the micro-pumping process to occur after initiation. The 

movement of fluid is initiated by placing (e.g. pipetting) different sized droplets onto a wetted SET pattern 

as shown in Fig. 1.11, which then starts the pumping process based on Laplace pressure. However, once 

the SET pattern is upscaled to a multiplexed design, the simultaneous initiation of a micro-pumping system 

via pipetting becomes significantly more difficult.  



 

50 

 

Therefore, a 3D printed platform was developed for simple, fast and simultaneous liquid 

distribution in the volume range of 10 – 140 µL onto multiplexed (super)hydrophobic/(super)hydrophilic 

patterned chips (SH-SET-chips). Such a platform eliminates the need of precision pipetting every single 

droplet onto an SH-SET-chip and enables the simultaneous initiation of multiplexed micro-pumping 

systems. Using a 3D printer allows for inexpensive flexible and simplified prototyping during the 

development process, as cost-effective and minimal materials are employed. Such a 3D printed prototyped 

platform can be scaled onto other fabrication approaches and thus allows for further flexibility in its 

construction. This platform is hereafter referred to as the “multiplexed droplet factory” (MDF). This chapter 

focuses on the design, calibration and optimization of the MDF development process. 

3.2 Experimental  

 

The MDF was designed using a computer-aided design (CAD) software for designing 3D 

structures, Autodesk Inventor Professional 2019TM, creating .stl files that were subsequently sliced within 

Repetier-Host V2.0.0 (Willich, Germany) and ultimately 3D printed using a Felix 3.1 extrusion printer and 

1.75 mm polylactic acid filament (FELIXprinters, Netherlands). Droplet volumes were determined with a 

Dataphysics OCA 15 Pro optical measuring system (Goniometer).  

3.3 Multiplexed Droplet Factory  

3.3.1 Design and Functionality 

 

The design of the MDF involves a simple process where a vertical cylindric hole held over a SET 

patterned chip is filled with a liquid by simply pouring or directing the liquid over the top of the hole. 

Excess fluid is then removed from the top of the hole on the factory platform in a process similar to a 

squeegee. The volume of the cylindric hole dictates the volume of the droplet produced by the MDF. Several 
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prototypes were designed, 3D printed and tested through an optimization process in order to build the MDF 

(Fig. 3.1). Fig. 3.2 shows several prototypes and design iterations (MDF 1.0, 2.0, 3.0) employed for droplet 

distribution and positioning, and Fig. 3.3 shows a component breakdown / overview of the MDF. In 

addition, portions of the device needed to be coated with NWTM to produce SH surfaces to facilitate 

appropriate fluid manipulation and prevent sample loss. However, due to the limitations of NWTM, the 

coated factory parts are only stable when using aqueous mixtures, identical to our fabricated SH-SET-chips. 

Slight changes were implemented into the MDF 2.0 design in order to build a setup for flowrate analysis, 

which led to the development of MDF 3.0: The MDF is placed on a 15 cm elevated platform with a 

bottomless chip holder, which allows observations from below and is essential for the analysis method used 

in chapter 4 (Fig. 3.2 F). The entire platform consists of two modules: The first is the factory itself, 

constructed of multiple 3D printed components, and the second is a SH-SET-chip, on which the distributed 

droplets are ultimately confined. The factory utilizes a platform, SH-chip holder, mask frame, dam, SH-

chip mask (CM) and a mask slider (mask squeegee), that interlock and enclose the SH-chip (Fig. 3.1 / Fig. 

3.3). The integral part of the MDF that enables the liquid distribution are the SH-SET-chip masks (CM). 

Figure 3.1: Schematic drawing of designed 3D CAD parts, illustrating integral and interchangeable 

components of the multiplexed droplet factory platform and their assembly pattern 
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The distributed droplet volume is controlled through cylindrical holes, which are located in the CMs that 

are designed to match the fabricated SH-SET-chip designs and sit on top of the mask frame, preventing 

contact between the CM and the SH-SET-chip coating.   

Figure 3.3: MDF component overview; A: (A) Main platform for interlocking MDF parts; (B): 

Holder for 3x1” glass slides that interlocks with (A); (C): Holder for 3x1″ CM that interlocks with 

(B); (D): Slider for pushing liquid of the CM; (E): Dam that interlocks with (C)/(G); (F) and (G) 

analogue to (B) and (C) for 4x3″ glass slides. CMs shown in Fig. 3.7; B: Bottomless 4x3″ SH-SET-

chip holder; C: Assembled MDF 3.0 without elevated platform. Scale bars are 25 mm. 

Figure 3.2: MDF prototypes and iterations for 3x1″ and 4x3″ SH-SET-chips; A-C: Initial prototypes 

designed with angled waterslides to test liquid distribution and confinement in cylinders; D: First 

MDF iteration 1.0 for 3x1″ glass slides ; E: Upscaled design and optimized MDF iteration 2.0 for 

3x1″ and 4x3″ glass slides; F: MDF 3.0 with elevated stage for analysis setup; All fluid contacting 

parts are coated with NWTM; Scale bar A-C is 25 mm, D is 20 mm, E is 25 mm, F is 20 mm. 
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Figure 3.4: Graphical illustration of the step by step droplet distribution process onto a SH-SET-chip 

using the MDF; A: Pouring an aqueous mixture onto the hydrophobic CM; B: Illustration of the 

filled CM and subsequent pulling of the CM dam to let the water flow out; C: Illustration of excess 

droplet caps sitting on top of the cylindrical holes; D: Using the mask slider to push any excess liquids 

off the CM; E: Illustration of actual distributed droplet volumes consisting of the droplet belly sitting 

between the CM and the SH-chip (0.5 mm air gap); F: Illustration of final distributed water droplets 

confined on SETs on a SH-chip after the MDF CM has been lifted. 
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Fig. 3.4 schematically illustrates the step by step process of using the MDF on a multiplexed SH-

chip. When an aqueous mixture is poured onto the hydrophobic CM, it fills the cylindrical holes and 

attaches onto the hydrophilic SETs (Fig. 3.4 B). The dam is removed subsequently, which leads to a large 

portion of the aqueous mixture flowing into a lower positioned separate chamber due to the hydrophobic 

surface of the MDF (Fig. 3.4 D).  The mask slider (squeegee) is then moved across the surface of the CM 

to remove any additional volume that remains on the surface of the CM (Fig. 3.4 D). Small 0.5 mm high 

rails on the side of the CM prevent the slider from touching the CM coating. Lifting the mask frame leaves 

the desired droplet volumes on the SETs of the SH-chip (Fig. 3.4 F).  

Figure 3.5 illustrates the step by step process of using the MDF for simultaneous distribution of a 

181 droplet array. Figure 3.5 A is a photograph of an SH-SET-chip patterned with 181 individual SETs for 

droplet anchoring positioned in the SH-SET-chip holder. Figure 3.5 B shows the CM holder and CM now 

Figure 3.5: Step by step process of using the MDF for blue dyed water droplet distribution onto a 

multiplexed SET patch array on a SH-SET-chip; A: Placement of the SH-SET-chip in the chip 

holder; B: Placement of the CM and mask slider on top of the SH-SET-chip; C: Top-view of blue 

dyed water sitting on the hydrophobic CM; D: Removing the CM dam and letting the water flow into 

the chamber next to the CM; E: Moving the mask slider to remove any excess droplets sitting on top 

of the cylindrical holes; F: Top-view of the distributed droplets confined on the SH-SET-chip. 
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in place above the SET patterned substrate with the slider positioned all the way to left. Figure 3.5 C shows 

the device after the fluid (dyed blue to facilitate easier viewing) has been poured onto the CM, with the 

fluid dam in place, confining the liquid above the CM. Once the dam is removed (Figure 3.5 D) some excess 

fluid slides from above the CM into the spillover chamber. Some fluid now contained in the individual 

chambers still remains and is subsequently removed with the mask slider yielding 181 cylinders filled with 

fluid (Figure 3.5 E). Once the CM is carefully removed, 181 individual droplets are confined on each of the 

SETs.  

A typical time to complete these steps is < 1 minute. When utilizing a prewetted SH-SET-chip with 

micro-pumping design, the pumping process is automatically initiated once the droplets are distributed onto 

the SH-SET-chip (with or without lifting the CM), allowing for simultaneous MF processes to be employed.  

3.3.2 SH-SET-Chip Masks 

 

As the CMs are required to match the SH-SET-chip design to place droplets of appropriate volume 

into appropriate position, a main template weas designed to be quickly adaptable/interchangeable. 

Partitions/walls could be included to separate/deliver different aqueous mixtures onto the same SH-SET-

chip through use of these chambered CMs (Fig. 3.6).  

Fig. 3.7 shows several CM examples that were used throughout this thesis, for 3x1″ and 4x3″ chips 

alike. To be able to use chambered CMs, a matching adjustable slider template was designed (Fig. 3.8). 

Throughout an empirical design optimization process, reproducibility of droplet distribution via CMs was 

refined. The height of every CM was kept at a constant 1.5 mm, as it showed the most reproducible printing 

and droplet distribution results. A lower height resulted in CMs that were not stable enough for droplet 

Figure 3.6: Graphical illustration of chambered CM functionality, allowing simultaneous 

distribution of different fluids. 
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distribution, and heights above 1.5 mm led to problems with droplet distribution, as the holes were not 

always filled as intended.  

Figure 3.7: Varying CM designs for 3x1″ and 4x3″ SH-SET-chips; A-D: Three hole CM design with 

varying lengths between holes (4.5/6.5 mm dia)) to fit increasing channel lengths of SH-SET-chips 

(Fig 2.31) with 10/15/20/25 mm, respectively; E-H: CM design for single droplet distribution with 

increasing hole size from 3 mm to 4.75 mm (between E & F) and 5 mm to 6.75 mm (between G & H) 

in 0.25 mm steps as arrows indicate; I-M: CMs for 4x3″ chips: star design (I) (6.5 mm outer hole / 

3.5 mm center hole dias), 181 hole array (3.5 mm hole dia) without chamber (J) / with chambers (K), 

X-chip CM design with chambers (6 mm outer hole / 4 mm center hole dias) (L), L-cascade chip 

design (6 mm outer holes/ 4 mm center hole dias) (M); all CMs are coated with NWTM; Scale bar A-

H is 25 mm, I-M is 50 mm. 

Figure 3.8: Example CM slider for three chambers, blue component is swappable 
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3.3.3 Volume Distribution Calibration  

  

Precision and reproducible fluid distribution is essential for the MDF to be a well-functioning 

platform. We developed a protocol to probe both the functioning droplet range and associated 

reproducibility for the droplet distribution system. The volume of a cylinder is calculated with equation 3.1, 

and the cylinder volume can be used to gauge the droplet volume distributed by the CM. However, the 

actual distributed volume of the deposited droplets is larger due to a 0.5 mm gap between the SH-chip and 

the CM, as well as the additional cylindric cap (meniscus) of a droplet that is confined within a hydrophobic 

cylinder (Fig. 3.4 C&E). 

                                                                     𝑉 =  𝜋ℎ𝑟2                                                                          (3.1) 

 

As the radius of the cylinder r has a more significant impact on the volume than the cylinder height 

h, and due to the design optimization described in 3.3.2, the height was kept at a constant 1.5 mm. Therefore, 

a systematic study on the effect of different cylinder dia on distributed droplet volume has been conducted 

in two ways. Firstly, distributed volumes with the MDF 1.0 were recorded on single patch SETs (Fig. 3.9 

A) and secondly SET patches connected to channels to measure volume differences (Fig. 3.9 B), with the 

latter possessing an additional droplet “tail” due to the SET wetting area and shape for the confined droplet 

Figure 3.9: Comparison of volume and shape between distributed droplets through a 4 mm dia hole 

on single 3 mm dia SET patch (A) and 3 mm dia SET patch connected to a channel with a width of 

500 µm (B), showing an increase in volume once a droplet is distributed onto a patch that is connected 

to a channel. Photographs captured with a Goniometer. 
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not being symmetrical (Fig. 3.9 B). Results were plotted against the hole area of the cylinders to show the 

increase of volume described in 3.3.1. Interestingly to note, a volume of 3.35 ± 1.08 µL was measured when 

wetting a 3 mm dia SET patch by simply dipping it into water, based on five measurements. 

Figure 3.10: Showcase of eight food dye colored water droplets with different volumes distributed 

onto single 3 mm dia SET patches via MDF 1.0 and CMs with different hole dias (Fig. 3.7) used for 

MDF calibration. Scale bar is 10 mm. 

Figure 3.11: Calibration curve for water droplets distributed over 1.5 mm thick CMs onto dry 3 mm 

dia SET patches. Black fit shows the calculated cylinder (hole) volume (V = 𝛑𝐫𝟐h), red fit shows 

measured distributed volume on single SET patch (123.7% increase in volume), green fit shows 

measured distributed volumes on SET patch connected to 500 µm channels (additional 16.2% 

increase in volume) plotted against the hole area in mm2. Overall distribution deviation is 7.18%  

based on fifteen measurements for each hole. 
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CMs with sixteen different hole dias, ranging from 3 mm up to 6.75 mm in 0.25 mm steps, have 

been utilized for droplet distribution (Fig. 3.10) and measured with a Goniometer in order to create a 

calibration curve (Fig. 3.11). Furthermore, distributed droplet volumes were cross verified with a weight 

balance, as the density of water can be translated into 10 mg = 1 µL. The minimum hole size that could be 

3D printed before the water surface tension prevents liquids from filling the cylinders was observed to be 

3 mm. Each hole was tested fifteen times to analyze the volume deviation between each performed 

distribution. The calibration curve shows a correlation between the increase in distributed volume and the 

increase in hole size, as seen in equation 3.1. The black plot represents the mathematical expression for 

cylinder volume correlating to hole sizes, whereas the red plot represents the actual measured distributed 

volumes when using the MDF on single 3 mm dia SET patches, and the green plot represents the measured 

distributed volumes on SETs patches connected to 500 µm channels. Interestingly, an increase in the 

number of channels that are connected to a SET patch does not lead to an increase in distributed volume, 

as it splits the additional droplet tail into each channel in smaller fractions with a larger number of channel 

SETs (Fig. 3.12). A larger number of SET channels connected to a SET patch results in a less distorted 

droplet shape (Fig. 3.12 G) when compared to a smaller number of connected channels (Fig. 3.12 B). The 

channel width also influences the shape and volume of the confined droplets. The observable deviation in 

droplet distribution results can be explained with deviations in the fabrication process, namely 3D printing 

resolution, chosen 3D printing material and uneven NWTM coating within the cylinders, which change the 

Figure 3.12: Comparison between the varying shapes of droplets (36 µL ± 2 µL) distributed with 

MDF onto 3 mm dia SET patches connected to varying number of 500 µm width SET channels: A: 

Single SET patch; B1: SET patch + 1 channel; B2: SET patch + 2 channels; B3: SET patch + 3 

channels; B4: SET patch + 4 channels; B5: SET patch + 6 channels; B6: SET patch + 8 channels. 

Scale bar is 5 mm. 
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shape for each individual hole and therefore the ultimately distributed volume. Conducting a study with a 

digital caliper, the printed hole size deviates 2-7% from the designed 3D printer model. Additionally, as the 

MDF was designed with a straightforward user experience, the user error has minimal effect on the end 

results.   

Figure 3.13: A: 181 food dye colored water droplets distributed onto  4x3″ NWTM spin-coated SH-

SET-chip through CM onto SET patch array ; B: 3x51 differently food dye colored water droplets 

distributed onto 4x3″ NWTM spin-coated SH-SET-chip through CM onto SET patch array; C: Food 

dye colored water droplets distributed onto 4x3″ NWTM spin-coated SH-SET-chip through CM onto 

multiplexed star-chip micro-pumping system. Scale bars are 10 mm. 
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Droplets were distributed with the MDF by several different users to simulate device usage as a 3rd 

party and results were in line with the results of recorded studies. Using the calibration curve, CMs can be 

designed to distribute specific desired droplet volumes in the range of 10-140 µL onto SET patches or 

channels. Ultimately, with an average error of 7.18% for distributed volumes based upon 240 

measurements, the MDF can reproducibly distribute droplets. While not as precise as a pipette (2% volume 

distribution error of full scale at all volume settings82]), the advantages lie in the simultaneous liquid 

distribution for multiplexed applications, as shown in Fig. 3.13.  

3.3.4 Prevention of Cross-Contamination  

Once multiple analytes are simultaneously distributed with the use of chambered CMs, cross-

contamination can occur. Due to the 0.5 mm gap between SH-SET-chip and CM, the distributed liquid will 

flush into neighboring SETs if no prevention is employed (Fig. 3.14). Hence, different barrier designs were 

Figure 3.14: Graphical illustration of cross contamination scenarios: A: Without barriers, red dyed 

water will contaminate non-dyed water droplets confined on neighboring patch SETs; B: With 

barriers, no contamination is occurring between confined droplets on single patch SETs; C: If SETs 

are connected with channels, barriers cannot prevent contamination fully, only reduce it. Barriers 

are resting on SH-SET-chip. 
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implemented into the CM frames (Fig. 3.14 B/C, Fig. 3.15), that act as a barrier/dam between SETs. Even 

though the barriers work for single patch SETs and multiplexed designs on 3x1″ chips, cross-contamination 

on multiplexed micro-pumping SET patterns on 4x3″ chips cannot be prevented after liquid distribution 

with 100% success rate (Fig. 3.14 C). Experiments show that a careful pouring of the analyte onto the CM 

helps minimize cross contamination, whereas a focused pouring of analyte onto a hole will flush the it 

across the SH-SET-chip.  

3.3.5 Simultaneous Initiation of Multiplexed Surface Tension Induced Micro-Pumping Systems 

Figure 3.15: Examples of cross contamination barriers designed into CM holders: A: Three 4x3″ 

chip CM holders with varying barrier designs; B: Barrier array design for two-patch micro-pumping 

array chip; C: First barrier prototypes for 3x1″ CMs. Scale bars are 30 mm. 

Figure 3.16: Side view of micro-pumping time-lapse on a NWTM spin-coated star-chip. A: 0 seconds 

and B: 30 seconds. Scale bar is 15 mm. 
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Using the MDF allows for simultaneous distribution of liquids onto prewetted 3x1″ and 4x3″ SH-

SET-chips to initiate micro-pumping between the droplets. As shown in the time-lapse in Fig. 3.16, splitting 

an analyte droplet into multiple different pathways through surface tension driven pumping is possible when 

utilizing the MDF. In this example, the central red coloured droplet is pumped to the eight peripheral 

droplets using Laplace pressure after all droplets have been distributed simultaneously onto the SET 

patches. 

3.4 Setup for Micro-Pumping Video Analysis 

 

Figure 3.17: Analysis setup for Young-Laplace micro-pumping experiments: MDF 3.0 is employed 

as experiment stage. A smartphone functions as the recording device and is positioned in the center 

below the SH-SET-chip, observing the confined droplet bottoms. A bright light source is positioned 

above the MDF and a piece of paper is positioned as a white layer (diffuser) between the SH-SET-

Chip and the light source in order to increase contrast and visibility for video recording. 
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Looking at the time-lapse shown in Fig. 3.16, it is hard to observe the details of the pumping process 

that is occurring, and even harder to pinpoint exact times when the pumping process has completed. 

Therefore, in order to properly analyze multiplexed micro-pumping processes in detail, a functioning 

optical analysis setup for all experiments and recordings was developed. MDF 3.0 was employed as the 

analysis setup illustrated in Fig. 3.17 and shown in Fig. 3.18. This setup allows for reproducible smartphone 

video recording of liquid distribution and micro-pumping processes. Food dye solutions provided strong 

color contrast, as shown in Fig. 3.20, and this setup was utilized for all pumping time and flowrate analysis 

experiments (Chapter 4). 

 

 

Figure 3.18: Photographs of the in Fig. 3.17 illustrated setup for video recording of Young-Laplace 

induced micro-pumping experiments using MDF 3.0. A: Side view with center location of SH-SET-

chip marked on lab bench; B: Top view of MDF 3.0, position of smartphone camera below the SH-

SET-chip, light source shining from above to provide suitable lighting conditions for video analysis. 
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3.5 Conclusion 

 

Through an empirical design and optimization process, a flexible 3D printed platform for 

simultaneous multiplexed liquid distribution for LoC applications was developed, titled “multiplexed 

droplet factory”, consisting of multiple swappable and adjustable components. Employing 3D printing as a 

prototyping technique allows for cost-effective and quick manufacturing and design alterations. Utilizing 

the MDF platform eliminates the need for precision pipetting of droplets. Multiple liquid droplets in the 

range of 10-140 µL ± 7% can be distributed simultaneously onto any chosen SH-SET-Chip design (up to 

180 droplets on 4x3″ SH-SET-chips) through vertical cylinders located in 1.5 mm thick CMs. A study was 

conducted to observe cylinder dia effect on distributed droplet volumes confined on single SET patches and 

SET patches connected to channels. The results were utilized to create a calibration curve which allows the 

design of CMs for tailored distribution of droplet volumes. The platform is simple to use, with less than a 

minute to go from component setup to liquid distribution. Furthermore, employing the MDF platform for 

droplet distribution onto prewetted SH-SET-chips allows for simultaneous initiation of micro-pumping 

processes. Additionally, a barrier system was developed to reduce cross-contamination between droplets 

confined on SETs. Employing the MDF, a setup was developed for video recording and analysis of surface 

tension driven micro-pumping processes on SH-SET-chips. 

Figure 3.19: Bottom view of micro-pumping time-lapse on a NWTM spin-coated star-chip using the 

MDF 3.0 video analysis setup, showing clear distribution of food dye colored water droplets. Scale 

bar is 15 mm. 
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Chapter 4 

Analysis of Surface Tension Driven Micro-Pumping Systems Based on Young-

Laplace Pressure 

4.1 Introduction 

 

Open surface tension driven micro-pumping systems are influenced by several different parameters 

as discussed in section 1.1.4. Understanding the pumping process on fabricated multiplexed 

(super)hydrophobic/(super)hydrophilic patterned chips (SH-SET-chips) is essential for designing adaptable 

PoC devices that can be utilized for varying applications. Detailed analysis of variables such as pumping 

time, volume consumption and flow control is required in order to be able to design SH-SET-chips that can 

perform either synthesis or assays.  

    𝑄 =
𝜋 𝛾 𝑅4

8 𝜂 𝐿
 ( 

1

 𝑟1
−

1

𝑟2
 )                                                                 (1.10)         

 A relation combining both the Young-Laplace equation (equation 1.9), which describes the 

pressure difference sustained across the interface between two fluids, and the Hagen-Poiseuille equation 

(equation 1.7), which describes the pressure drop in an incompressible and Newtonian fluid in laminar flow 

flowing through a cylindrical pipe of constant cross sections, has been proposed to describe flow 

characteristics of open surface SH-SET microfluidic systems (Equation 1.10). This chapter studies the flow 

characterization of several micro-pumping systems specifically designed to test the impact of varying 

variables in the proposed equation for flowrate Q of aqueous mixtures, specifically channel radius R, 

channel length L and droplet radius r. Employing the Multiplexed Droplet Factory (MDF) platform setup 

shown in section 3.4 allows for simultaneous initiation and video recording of pumping experiments on 

multiplexed SH-SET-chips, which can be subsequently analyzed. 
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4.2 Experimental 

 

Analysis of pumping processes on multiplexed SH-SET-chips, including overall pumping time and 

flowrate, was performed using the MDF 3.0 setup described in Section 3.4. Pumping processes were 

initiated with the use of the MDF 3.0 on different fabricated multiplexed SH-SET-chips that were pre-

wetted with D.I. H2O before each use. Red food dye from a Club House Food Color KitTM, containing 

water, color (tartrazine), and propylparaben, was used to dye D.I. H2O droplets that are employed as the 

analyte that is pumped into D.I. H2O droplets. Videos of pumping experiments were recorded with an 

iPhone 6 Plus Front Camera (Apple, USA) at 30 fps and the center colored droplet (Fig. 4.1) was analyzed 

with a MATLAB code (Appendix) for green and blue (RGB) value change over time for each frame. The 

MATLAB code was modified with a smooth function that was applied to showcased RGB values graphs, 

reducing noise in the form of strong frame-frame deviations likely stemming from changing lighting and 

color saturation conditions for the pixel analysis. Droplet height change over time analysis was performed 

with an optical Goniometer after initiation of pumping process. CM hole sizes and thus distributed volumes 

were kept identical for all analysis experiments (centre droplet = 36 µL ± 2 µL & outer droplets = 85 µL ± 

6 µL) except for sections 4.4.6 and 4.4.7 where specific droplet volume ratios were employed through 

pipetting. 
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4.3 Visual Analysis of Surface Tension Driven Micro-Pumping 

 

Initial studies on pumping time were performed using visual observations of pumping processes on 

fabricated 3x1″ SH-SET-chips in order to gain a better understanding of how varying SET parameters 

influence Q. Fig. 4.1 shows an example of a pumping experiment at different time points. The endpoint 

was determined when no further height change of the center red analyte droplet could be visually observed. 

Increased channel widths correspond to reduced overall pumping time (Fig. 4.2), while channel length 

appeared to show a linear influence on pumping time (Fig 4.3). While this appears to correlate to the 

proposed equation for Q in terms of influence of R and L (power of 4 and 1, respectively), large standard 

deviations for pumping time result from difficulties assessing the pumping endpoints.  Therefore, the MDF 

3.0 setup was used for specific analysis of pumping processes for multiplexed SH-SET-chips 

 

 

Figure 4.1: Example of a pumping process time-lapse on a three patch SET design (500 µm channel 

width, 20 mm channel length), showing a 50 µL red food dye colored D.I. H2O droplet pumping into 

two 110 µL D.I. H2O droplets distributed with MDF platform. 
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Figure 4.3: Effect of channel width on overall pumping time with visual endpoint detection using   

three patch NWTM spin-coated 3x1” SH-SET-chips with 20 mm channel length. Measurements were 

performed four times for each channel width. 

 

Figure 4.2: Effect of channel length on overall pumping time with visual endpoint detection using   

three patch NWTM spin-coated 3x1” SH-SET-chips with 500 µm channel width. Measurements were 

performed four times for each channel length. 



 

70 

 

4.4 Video Analysis of Surface Tension Driven Micro-Pumping  

4.4.1 Overview 

 

A systematic video analysis study on the effect of channel width, channel length, number of 

channels, droplet volume ratios and droplet height on flowrate and total pumping time was conducted. 

Multiple videos of pumping processes utilizing the MDF 3.0 and fabricated multiplexed SH-SET-chips 

shown in Chapter 2 were recorded and RGB analysis was carried out with MATLAB to determine pumping 

times (Fig. 4.4). X-chips with channel widths of 250, 325, 375, 500, 625 and 750 µm, were fabricated each 

with a channel length of 30 mm. Varying chip designs (Hourglass-chips, T-chips and Line-chips) were 

prepared with channel widths of 500 µm and channel lengths of 30 mm. L-cascade chips were prepared 

with channel widths of 500 µm and lengths ranging from 10-40 mm. Pumping experiments with droplet 

ratios between 20-100 µL were performed and analyzed to observe the impact of different droplet volumes 

on flowrate behavior. Furthermore, the change in droplet height over time during the same pumping 

experiments was analyzed with a Goniometer in order to study flowrate behavior. 

Figure 4.4: X-chip time-lapse (A: 0 sec ad B: 120 sec) of a red dyed water droplet (36 µL ± 2 µL)  that 

is split into four channels (30 mm length, 500 µm width), pumping into outer droplets (85 µL ± 6 µL), 

distributed and recorded with MDF 3.0 setup. 
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4.4.2 RGB Result Analysis: Determination of Pumping Endpoint  

 

The change of green and blue in RGB values was recorded throughout pumping experiments using 

RGB MATLAB video analysis. The values were gathered and plotted against time for each measurement. 

Initial graphs show a symmetrical S-shaped sigmoid curve (logistic growth) as a characteristic feature, with 

a gradual value increase at first and a more rapid growth in the middle until the curve levels off at a 

maximum value after a certain period of time (e.g. 100 sec in Fig. 4.5). This flat plateau with no significant 

change in RGB value indicates that the pumping process has completed. However, it is unclear where the 

exact pumping endpoint occurs. RGB values can differ for each measurement, as a single pixel is analyzed 

each time and a change in light intensity, color saturation or smartphone color calibration can lead to 

changing RGB intensities. However, this deviation is negligible, as the behavior of the RGB value change 

is of interest for this study, and not the numerical intensity. 

Figure 4.5: Example of the results of a MATLAB RGB video analysis: Change in green and blue 

values for each frame in a 30 fps video of a pixel in a red food dye colored water droplet (36 µL ± 2 

µL) pumping into pure water droplets (85 µL ± 6 µL) on a X-chip with 500 µm channel width, as 

shown in Fig. 4.4. Mirrored inflection points of “s”-shaped function were utilized to indicate the total 

pumping endpoint. 
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To try to more accurately determine the endpoint of each pumping experiment, two different 

approaches were utilized and compared. First, with S-curve shapes expected to be symmetrical, inflection 

points in the resulting graphs from MATLAB analysis were taken as the center of the curve, indicating the 

time where pumping is halfway completed. Thus, the inflection point value was doubled in an attempt to 

determine the pumping endpoint based on S-curve symmetry (Fig. 4.5). 

 However, while this method was applicable for pumping processes that resulted in a very 

symmetrically S-shaped curve, other resulting curves did not show similar symmetrical characteristics. The 

plateau that is reached in Fig. 4.5 after approximately 95 seconds, where no further significant change in 

green and blue values can be seen, is not present in the RGB analysis for smaller channel widths (Fig. 4.6). 

The significantly longer pumping time leads to influences on the micro-pumping system that alter flow 

behavior, with liquid evaporation likely being the most impactful. This makes it difficult for the MATLAB 

code to determine a defined inflection point. Furthermore, the RGB curve symmetry changes significantly 

Figure 4.6: Example of the results of a MATLAB RGB video analysis with a non-symmetrical curve: 

Change in green and blue values for each frame in a 30 fps video of a pixel in a red food dye colored 

water droplet (36 µL ± 2 µL) pumping into pure water droplets (85 µL ± 6 µL) on a X-chip with 325 

µm channel width. 



 

73 

 

with the use of different droplet volumes, as shown in section 4.4.5, which makes the mirrored inflection 

point method misleading in endpoint determination for certain situations. Therefore, while the inflection 

point method gives a good indication for pumping endpoint of symmetric RGB curves, a different analysis 

method is required for specific endpoint determination of RGB video analysis that can be more universally 

employed for all pumping processes. 

The employed MATLAB code was therefore modified in order to perform linear regression on the 

resulting RGB graphs, analyzing the time at which the change in slope of the “S”-shaped curve reaches a 

value < 0 (Fig. 4.7 at approximately 90 sec). For each frame of the video, MATLAB calculates the slope of 

Figure 4.7: Example of linear regression analysis on RGB curve shown in Fig. 4.5 for X-chip pumping 

experiment of red analyte droplet on 500 µm channel width and 30 mm channel length using modified 

MATLAB video analysis code, determining pumping endpoint once the slope difference between two 

points of resulting graph reaches a value < 0.  
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the RGB curve by taking the value before and after any frame and subtracting them from each other to 

create a value difference. This results in a graph that shows the change in slope behavior over time (Fig. 

4.7) and determines the time at which the change in slope between two points reaches a value of 0 or lower. 

This modified MATLAB code was employed to determine the total pumping endpoint for each experiment 

and leads to a more specific determination of total pumping endpoints (Fig. 4.8), which can also be verified 

optically with the recorded videos.  

The resulting graphs for linear regression (Fig. 4.7) show strong noise in the form of deviations 

between values for each frame, which can be attributed to the effect of lighting change and color correction 

on the analyzed pixel. This can potentially lead to deviation in analysis results and should be considered 

for future optimization of this analysis method.  

  

 

Figure 4.8: Linear regression MATLAB RGB analysis results example: Change in average green and 

blue values for each frame in a 30 fps video of a pixel in a red food dye colored water droplet          

(36 µL ± 2 µL) pumping into pure water droplets (85 µL ± 6 µL) on X-chip with 500 µm channel 

width. Linear regression was utilized to determine total pumping endpoint as shown in Fig. 4.7. 
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4.4.3 Analysis of Channel Width Influence on Flow Dynamics 

 

X-chips with different channel widths (250, 325, 375, 500, 625 & 750 µm) were utilized to analyze 

the effect of channel width parameter R on total pumping time. Employing the MDF 3.0 setup, videos were 

recorded and analyzed with a MATLAB code that tracks a chosen pixels RGB value change for each frame. 

The resulting RGB graphs for pumping processes on a X-chip with different channel widths is shown in 

Fig. 4.9. Using the MATLAB code discussed above, the resulting pumping endpoints were plotted against 

time (Fig. 4.10). The impact of channel width is significant, with smaller channel widths leading to visibly 

longer pumping times. One can see that the pumping time changes with a power of x-4, showing that the 

channel radius influence is of the same magnitude as the channel radius parameter R of our proposed 

equation for flowrate Q. However, some channel widths show deviations during pumping: 325 µm and 625 

µm form the lower and upper width limits for pumping experiments on X-Chips with a SET channel length 

of 30 mm.  

Figure 4.9: Results of MATLAB analysis of average RGB value change over time of red food dye 

colored D.I. H2O droplets (36 µL ± 2 µL) pumping into D.I. H2O droplets (85 µL ± 6 µL) on X chips 

with different channel widths and 30 mm channel length, distributed and recorded with MDF 3.0 

setup. 
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Figure 4.10: The effect of different channel widths on the total pumping time on X-chips based on 

RGB MATLAB video analysis, showing an x-4 influence on the total pumping time, similar to 

parameter of channel radius, parameter in proposed equation 1.10 for flowrate, Q. Each pumping 

experiment was performed four times. 

 

Figure 4.11: Time-lapse of a simultaneously initiated pumping process on R-cascade chip with 

varying channel widths (300 - 700 µm) and a channel length of 40 mm. Smaller channel widths of 300 

and 400 µm lead to a significantly longer pumping times up to 50 minutes. Video recording was 

stopped after 15 minutes. Scale bar is 10 mm. 
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Channel widths below 325 µm fall victim to quick evaporation within the channels that ultimately 

disconnect the droplets, thus stopping the pumping from occurring any further. Channel widths > 625 µm 

lead to very fast pumping times that prevented specific flow control on the X-chip. As discussed above, the 

RGB results for small channel widths of 325 µm and 375 µm are difficult to analyze with our employed 

MATLAB method, as the long pumping time leads to significant droplet evaporation,  influencing their 

height at the same time as the pumping occurs, which impacts flow dynamics and therefore the recorded 

RGB values. In particular, analysis of pumping results for 325 µm channel width was only possible by 

optical analysis, as linear regression analysis did not work efficiently. It seemed that the droplet volume 

increase due to flow dynamics became similar to the volume loss due to evaporation, resulting in a state 

where no endpoint could be defined as the RGB values kept changing (Fig. 4.6). X-chips with channel 

widths in the range below 400 µm are therefore not optimal for analysis with our employed method. 

However, smaller and larger channel widths can be employed for less multiplexed SET designs, such as 

single channels. For demonstration purposes, the R-Cascade chip was utilized to record a pumping time-

lapse with channel widths of 300 – 700 µm (Fig. 4.11), showing the significant influence of channel width 

on pumping times. While channels of 500, 600 and 700 µm width concluded pumping after approximately 

3, 8 and 14 minutes, respectively, channels of 400 µm and 300 µm took around 30 and 50 minutes, 

respectively. This also highlights the reduced pumping time when utilizing multiple channel SH-SET-chips, 

which is further discussed in section 4.4.5. 
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4.4.4 Analysis of Channel Length Influence on Flow Dynamics 

 

Similar to the conducted channel width analysis using X-chips, the channel length influence on 

pumping time was analyzed employing the L-cascade chip. Fig. 4.12 shows a time-lapse of a 

simultaneously initiated pumping experiment. One can observe that a greater channel length leads to longer 

pumping times, as is expected. The resulting RGB graphs (Fig. 4.13) share similar S-shaped characteristics 

to previously shown RGB graphs for channel width analysis. Plotting the measured pumping endpoints 

against channel lengths results in a graph (Fig. 4.14) that shows a linear correlation between channel length 

and pumping time and shows how much L influences Q. No upper limit to channel length design was found 

during these experiments, which leads to the conclusion that a specific pumping time for micro-pumping 

systems can be controlled with this linear dependance. However, SH-SET-chips size is a limiting factor to 

the design of lengthy SETs, as well as the fact that after a certain point the flow control will cease to work 

as intended, as evaporation loss will dominate flow dynamics. 

 

Figure 4.12: Time-lapse of a simultaneously initiated pumping process on L-cascade chip with 

varying channel lengths (10 - 40 mm) and channel widths of 500 µm. Scale bar is 10 mm. 
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Figure 4.14: The effect of different channel lengths on the total pumping time on L-cascade chip and 

using RGB MATLAB video analysis. Fit indicates a linear relationship to the total pumping time, 

similar to channel length parameter in proposed equation for flowrate Q. Each pumping experiment 

was performed four times. 

 

Results of MATLAB analysis of RGB value change over time of red food dye colored D.I. H2O droplets 

(36 µL ± 2 µL) pumping into D.I. H2O droplets (85 µL ± 6 µL) on X chips with different channel widths 

Figure 4.13: Results of MATLAB analysis of average RGB value change over time of red food dye 

colored D.I. H2O droplets (36 µL ± 2 µL) pumping into pure D.I. H2O droplets (85 µL ± 6 µL) on L-

cascade chip with channel lengths of 10-40 mm and 500 µm channel width, distributed and recorded 

with MDF 3.0 setup. 
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4.4.5 Analysis of Channel Number Influence on Flow Dynamics 

 

One parameter that is not present in the proposed equation for Q is a factor for the number of 

channels in an interconnected SET system, as the equation only describes Q for laminar flow through a 

single channel. Therefore, a study was conducted to see differences in total pumping times comparing a 

single channel system on the L-cascade chip, two-channel system on the Line-chip, three-channel system 

on the T-chip, and six-channel system of the Hourglass-chip in comparison to the X-chip. Fig. 4.15 shows 

a time-lapse of a pumping process on the T-chip, while Fig. 4.16 shows a time-lapse of a pumping process 

on the hourglass chip. In the latter, the red dyed water droplet is visibly forced into a stretched state due to 

the SET channel pattern. This conformation and strained fluid form likely influences flow dynamics, as a 

spherical shape is no longer present. Fig. 4.17 shows the total pumping times of the measured processes for 

the employed chip designs, with a visible decrease in total pumping time correlating to an increase in the 

numbers of connected SETs. Therefore, equation 1.10 for Q could be modified with a factor n for the 

number of channels that is employed for the micro-pumping system. 

Figure 4.15: T-chip time-lapse of a red dyed D.I. H2O droplet (36 µL ± 2 µL) that is split into three 

channels (30 mm length, 500 µm channel width), pumping into outer D.I. H2O droplets (85 µL ± 6 

µL). Scale bar is 5 mm. 
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Figure 4.17: Effect of the number of channels on the total pumping time based upon RGB MATLAB 

video analysis, showing a decrease in pumping time with increasing number of channels. Red plot 

shows results when using MDF platform (36 µL ± 2 µL pumping into 85 µL ± 6 µL), black plot shows 

results using pipetted volumes of 40 µL pumping into 100 µL droplets. Both plots serve as guide to 

the eye. Each pumping experiment was performed four times. 

 

Figure 4.16: Time-lapse of a red dyed D.I. H2O droplet (36 µL ± 2 µL) that is split into six channels 

(30 mm length, 500 µm width) on an hourglass chip, pumping into outer D.I. H2O droplets (85 µL ± 

6 µL). Scale bar is 10 mm. 
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4.4.6 Analysis of Volume Influence on Flow Dynamics 

 

Since the volumes of each droplet that is confined on interconnected SETs constantly changes 

during a pumping experiment, and these volumes dictate the applied Young-Laplace pressure, the flow rate 

between the liquid reservoirs is dynamic. This can be observed in the resulting graphs from video analysis 

of RGB value change during pumping experiments. It is apparent that the pumping flowrate increases 

significantly towards the end of the pumping process when the analyte droplet becomes smaller and the 

pressure difference between the droplets becomes largest. In order to observe if the volume differences, and 

thus droplet heights, between droplets impact the behavior of flowrate and shape of the RGB curves, a study 

of varying volume ratios with 20 µL / 100 µL (0.2), 40 µL / 100 µL (0.4), 60 µL / 100 µL (0.6) and 80 µL 

/ 100 µL (0.8), was conducted on a single channel SET system utilizing the L-cascade chip. As the droplet 

volumes were required to be specific for this study and a simultaneous initiation was not necessary, all 

droplets were distributed with precision pipetting. Fig. 4.18 shows the resulting RGB graphs while Fig. 

Figure 4.18: RGB value change over time of red food dye colored D.I. H2O droplets with varying 

volumes pumping into pure D.I. H2O droplets of 100 µL on two-patch channel SET with a length of 

30 mm and 500 µm channel width, captured using video analysis with MATLAB. 
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4.19 shows the corresponding linear regression results showing increase in pumping time for droplet 

volumes close to 100 µL. The smaller the volume difference, the longer it takes for the flowrate to increase 

rapidly, proving that the pumping process not always progresses in the same symmetrical S-shaped manner, 

but depends on the actual difference in droplet volumes, and thus droplet heights. However, these RGB 

results will not be the same with droplets for smaller volumes, as droplet height is the actual driving factor 

behind pumping behavior, which is a parameter strongly influenced by droplet volumes in a non-linear 

manner (Fig. 2.29). These varying results thus highlight even further that the initially applied mirrored 

inflection point method for pumping endpoint determination is not viable for analysis, as the resulting RGB 

graphs are often unsymmetrical based on several parameters, and the ultimately applied linear regression 

analysis approach is more suitable.  These results show that a micro-pumping system could be designed 

with large droplet volumes around 100 µL that would result in a constant slow flowrate, as Q will only 

significantly increase after a certain droplet height has been reached (detailed discussion in section 4.4.7 

and 4.5). 

 

Figure 4.19: The effect of different droplet volume ratios of colored D.I. H2O droplets with varying 

pipetted volumes of 20-80 µL pumping into pipetted D.I. H2O droplets of 100 µL on two patch SET 

system on the total pumping time. Each pumping experiment was performed four times. 
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4.4.7 Analysis of Droplet Height Change Influence on Flow Dynamics 

 

The results in section 4.4.1-4.4.6 show a correlation between the change in droplet height and RGB 

value change over time of a pumping process. The varying RGB curves for different volumes in section 

4.4.6 follow a similar trend of droplet height change for droplet volumes shown in Fig. 2.29. While an 

initial increase in volume results in a strong increase in droplet height, the influence eventually stagnates 

as the confined droplet will cease to grow in height and instead grow in width (i.e. sideways). As a result, 

during a pumping process, the droplet height will not change significantly until a certain lower threshold in 

height is reached, at which point the height begins to change very quickly due to the increasing pressure 

difference. Until then, the RGB curve will not change significantly and the flowrate will almost be constant. 

As the droplet height is not changing and almost constant during this time, the resulting RGB values are 

also constant, as the light is not reflected or broken differently until the droplet height decreases, which will 

then lead to a decrease in color saturation.  

 

Figure 4.20: Before and after height comparison of a 40 µL D.I. H2O droplet pumping into a 100 µL 

D.I. H2O droplet through a 30 mm long channel with a 500 µm width, captured with a Goniometer. 
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Hence, a systematic study on the change of droplet height during a pumping process was conducted. 

Different 40 µL and 100 µL D.I. H2O droplets were pipetted onto a prewetted L-cascade chip (30 mm 

channel length, 500 µm channel width) and the pumping process was captured with an optical Goniometer 

(Fig. 4.20). Fig. 4.21 shows the droplet height change over time after pumping is initiated, including optical 

pictures. The red analyte droplet (A) shows a strong decrease in droplet volume, especially after 120 

seconds, whereas the receiving droplet (B) only changes droplet height very slowly. The same pattern is 

visible in RGB graphs of Fig. 4.18 for the same droplet volume ratio. The recorded droplet heights were 

subsequently used to calculate the change in flowrate throughout this particular pumping process with our 

proposed equation for Q, as discussed in section 4.5, to observe flowrate behavior in correlation to droplet 

height change. 

Figure 4.21: Change of droplet height over time on a two-patch SET system with 40 µL dyed D.I. 

H2O and 100 µL pure D.I. H2O droplet volumes, pumping endpoint can be visually determined after 

height of 0.6 mm has been reached at 225 sec (black arrow) after which no further significant change 

in height is observable. Droplet photographs captured with Goniometer. The experiment was 

performed four times. 
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4.5 Flowrate Analysis of Surface Tension Driven Micro-Pumping Systems 

 

The change in flowrate Q during a pumping process is visible in the graphs of presented RGB 

analysis results, with each parameter (channel radius R, channel length L and droplet radius r) impacting Q 

in a different way. During a pumping process the only constantly changing parameter is the droplet height, 

which either increases or decreases, as shown in section 4.4.7. The droplet height results from the pumping 

process used in section 4.4.7 (40 µL red food dye colored D.I. H2O droplet pumping into a 100 µL D.I. H2O 

droplet, 500 µm channel width, 30 mm channel length), as well as droplet heights for a pumping process 

without food dye, were used to calculate the change in flowrate, Q. The same pumping process was recorded 

and processed with the MDF 3.0 MATLAB RGB analysis method in order to observe similarities in 

flowrate behavior. Fig. 4.22 shows the resulting flowrate calculations when utilizing the proposed equation 

for Q, with similar S-shaped patterns seen in the above presented results for RGB and droplet height studies. 

A change in flowrate behavior is visible between both pumping processes, as the ingredients of food dye 

(propylene glycol, color (tartrazine) and propylparaben) influence the water droplets viscosity and surface 

tension, and thus the total pumping time. Furthermore, the RGB results for the same experiment show a 

very similar pattern to the flowrate calculation (Fig. 4.23), which leads to the conclusion that flowrate 

behavior can be visualized by RGB analysis with no need for droplet height measurements with a 

Goniometer. However, it is very prominent that the calculated flowrate values are significantly too large 

for the dimensions of a SET channel, as they reach up to 6 µL/sec, which is due to the Hagen-Poiseuille 

equation describing Q for a single closed channel system like a cylindrical pipe. Therefore, a correction 

factor f needs to be applied to the calculation. When integrating the resulting graphs area, one obtains the 

total volume that was pumped by the system throughout the experiment according to the calculation, in this 

case 832 µL. Dividing the known droplet volume of 40 µL by this theoretical volume yields the correction 

factor f (0.048), which is applied to the calculated values for Q. Fig. 4.24 shows the resulting corrected 

graph for Q value change over time.  
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Figure 4.23: Average RGB value change of a 40 µL dyed D.I. H2O droplet pumping into a 100 µL 

D.I. H2O droplet, showing similar pattern to calculated flowrate (Fig. 4.22). 

Figure 4.22: Initial calculated average flowrate, Q, without correction factor, based upon separate 

droplet height studies of a colored and pure 40 µL D.I. H2O droplet pumping into a 100 µL D.I. H2O 

droplet, showing the impact that a change in viscosity and surface tension has on Q. Results stemming 

from droplet height experiments that were performed four times each. 
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4.6 Conclusion 

 

With the developed MDF setup and MATLAB code for linear regression of RGB value change, 

detailed video analysis of surface tension driven micro-pumping processes is possible. Overall, pumping 

times between 30 seconds and 60 minutes are presented utilizing different SH-SET-chip designs with 

varying SET parameters. Different influences of SET parameters are presented on total pumping time. In 

particular, channel width is shown the most impactful (power of x-4) on total pumping time, but also most 

difficult to control and analyze. Controlling the total pumping time with the alteration of channel lengths is 

the most precise way of flowrate manipulation, as the linear impact of L allows for precise system 

modifications. Based on these resulting pumping times stemming from video analysis, the parameters L 

and R influence on flowrate, Q have been shown to be as suggested within the proposed equation 1.10.  

 

Figure 4.24: Calculated average flowrate, Q, after correction factor f has been applied, based upon 

separate droplet height studies of a colored and pure 40 µL D.I. H2O droplet pumping into a 100 µL 

D.I. H2O droplet, showing the impact that a change in viscosity and surface tension has on Q. Results 

stemming from droplet height experiment that was performed four times each. 
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 Furthermore, results showed that adding more channels to an interconnected SH-SET-chip design 

results in a decrease in pumping time, and also allows for design of more complex systems that can be 

employed for multiplexed pumping applications. However, this also leads to the volume of an employed 

analyte droplet being split into multiple parts as it is distributed through each connected channel, which has 

to be kept in mind. As long as channel widths on multiplexed SH-SET-chips are kept to approximately 500 

µm, evaporation, which leads to dry channels, can be negated.  

Additionally, droplet height analysis of micro-pumping processes via use of a Goniometer allows 

for calculations of flowrate behavior over time with proposed equation for Q (Equation 1.10). Values 

ranging from 0.02 – 0.3 µL/s throughout a pumping process employing 40 µL and 100 µL D.I. H2O droplets 

on a two-patch channel SET system have been shown. Furthermore, the similarities in results of RGB 

analysis and flowrate calculations show a correlation to droplet height change over time. The RGB values 

of the employed red-colored D.I. H2O droplets change accordingly to the droplet height, as the color 

saturation changes based on how much light is passing through the droplet. Therefore, both the graph for 

calculated flowrate (Fig. 4.24) and the graph for RGB value change (Fig. 4.23) show similar flowrate 

behavior over time, as both methods are influenced by the parameter of constantly changing droplet heights.  

Both employed MATLAB and droplet height analysis methods allow for determination of total 

pumping endpoint of an employed pumping process. However, as the endpoint determination through 

droplet height analysis with a Goniometer is more time consuming and complicated than the developed 

MATLAB video analysis, especially for multiplexed systems, the latter proves to be the more simple and 

straightforward approach for reproducible multiplexed surface tension driven micro-pumping process video 

analysis. 
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Chapter 5 

Simultaneous On-Chip Synthesis of Silver Nanoparticles and Nanoclusters via 

Flowrate Control 

5.1 Introduction 

 

Countless reactions and experiments in chemistry labs are based on the addition of reagents to a 

reactant mixture in a slow, droplet-based rate in order to control reaction conditions, such as titrations or 

highly exothermic reactions. A LoC platform that utilizes controllable microfluidic flow could allow for 

simultaneous on-chip reactions on a miniature scale within droplets. Regarding each droplet as a “mini-

reactor”, multiple reactions that are dependent on the addition rate of a reagent can be performed 

simultaneously on the same (super)hydrophobic/(super)hydrophilic patterned chips (SH-SET-chips). The 

employment of such an on-chip synthesis protocol allows for the simultaneous synthesis of different sized 

nanoparticles / nanoclusters utilizing the developed Multiplexed Droplet Factory (MDF) platform. As 

discussed in section 1.3, the rate in which a reducing agent such as NaBH4 is added to an aqueous mixture 

of dispensed silver ions ultimately results in the creation of either silver nanoparticles (AgNPs), silver 

nanoclusters (AgNCs), or a mix of both, with varying sizes and shapes. A shorter addition rate results in 

AgNPs (generally yellow in color and nonemissive), while a longer addition rate results in AgNCs 

(generally brown/red in color and emissive)34,56–59. 

This chapter focuses on testing the influence of different reaction rates on SET-SH-chips with 

varying channel width and channel length parameters on AgNP / AgNC synthesis using varying 

concentrations of aqueous NaBH4 as a reducing agent pumping into aqueous Ag+ ions stabilized with 

glutathione. A correlation between pumping time, reducing agent concentration, and synthesized AgNPs / 

AgNCs is explored. Thus, a protocol for simultaneous synthesis of AgNPs and AgNCs as a proof of concept 

for on-chip synthesis that is influenced by flowrate is developed with employment of the MDF platform. 
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5.2 Experimental 

 

Synthesis experiments were performed on L-cascade and R-cascade chips and recorded with an 

iPhone 6 Plus front camera (Apple, USA) using the MDF 3.0 setup. Solutions of 36 µL NaBH4 (aq) with 

varying concentrations (10 mM, 100 mM, 300 mM, 500 mM. 1 M, 15 M) and 85 µL 5 mM AgNO3 (aq) / 

glutathione solution were used as synthesis reagents and distributed with either MDF or precision pipetting. 

The addition rate of reagents was controlled via SET parameters (channel length and channel width) and 

pumping times range from 1 minute to 60 minutes. Absorbance spectra of AgNPs / AgNCs were recorded 

using an Agilent Cary 60 UV-Vis absorbance spectrometer. Emission spectra were taken using the Horiba 

Duetta Fluorescence and Absorbance Spectrometer, and inner-filter effects and Rayleigh scattering were 

corrected using EzSpecTM software. 

5.3 On-Chip Synthesis 

5.3.1 Synthesis on L-Cascade Chip 

 

Initial experiments were performed utilizing L-cascade chips and MDF to observe the effect of 

varying pumping times between 1-15 minutes on AgNP and AgNC synthesis. With consistent channel 

Figure 5.1: Time-lapse of AgNP / AgNC synthesis on L-cascade chip: A = 0 min, B = 5 min, C = 10 

min, D = 15 min, 36 µL ± 2 µL 15 M NaBH4 (aq) pumping into 85 µL ± 6 µL 5 mM AgNO3  / glutathione 

(aq) with varying channel lengths (10-40 mm) and widths of 500 µm. Scale bar is 10 mm. 
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widths of 500 µm, the interface between the channel and the “mini-reactor” is kept the same for all reactions. 

First trials were conducted with a high concentration of 15 M NaBH4 to test compatibility with NWTM 

coating under extreme conditions and its impact on AgNP and AgNC synthesis, with a time-lapse shown 

in Fig. 5.1. The high concentration of NaBH4 led to a strong reaction with Ag+ ions in each mini reactor, 

which turned each droplet orange/brown in color (Fig. 5.1 D and Fig. 5.2). However, flow dynamic behavior 

deviated strongly from previous experiments in Chapter 4, which was most likely due to NaBH4 producing 

significant amounts of H2 (g) within the droplet (Fig. 5.2). Furthermore, the high concentration of reducing 

agent can damage the NWTM coating (Fig. 5.3), which makes the SH-SET-Chip unusable. While the UV-

Vis absorbance spectra show a characteristic absorbance wavelength of AgNP particles (400 nm), the 

results are too similar in wavelength absorbance to determine a correlation between pumping time and 

Figure 5.2: Color comparison between diluted AgNP / AgNC solutions synthesized by employing 

micro-pumping over different channel lengths (L-cascade chip) with 15 M NaBH4 (aq) and 5 mM 

AgNO3 / glutathione solution (aq). 

Figure 5.3: Damaged NWTM coating around “mini-reactor” SET patches after reaction of 15 M 

NaBH4 (aq) with 5 mM AgNO3 / glutathione (aq) solution. Scale bar is 5 mm. 
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AgNP sizes (Fig. 5.4). Furthermore, no cluster absorbance is visible, which shows that the use of a high 

concentration of reducing agent strongly directs towards AgNP synthesis.  Therefore, in order to avoid the 

mentioned damage to the chip and strong H2 (g) production, the same experiment was conducted with a 

lower concentration of 10 mM NaBH4 (aq). Fig. 5.5 shows a time-lapse of the experiment, with a visibly 

lower saturation of brown color after pumping has concluded. No significant H2 (g) production was visible 

Figure 5.4: UV-VIS absorbance spectrum of synthesized AgNPs / AgNC with L-cascade chip using 

15 M NaBH4 (aq) as reducing agent. 

Figure 5.5: Time-lapse of AgNP / AgNC synthesis on L-cascade chip: A = 0 min, B = 5 min, C = 10 

min, D = 15 min, 36 µL ± 2 µL 10 mM NaBH4 (aq) pumping into 85 µL ± 6 µL 5 mM AgNO3  / 

glutathione (aq) with varying channel lengths (10-40 mm) and widths of 500 µm. Scale bar is 10 mm. 
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and flow dynamics worked as intended. Furthermore, the NWTM coating was not damaged by this lower 

concentration of NaBH4.  

However, droplet mixing seemed to be hindered during the pumping experiment, which can be 

seen in Fig. 5.5 D and Fig 5.6. The resulting solutions after three days shows only a faint brown color, 

indicating that the mixing has prevented the synthesis from occurring as intended (Fig. 5.7). Fig. 5.8 shows 

the UV-Vis absorbance spectrum of the synthesized AgNPs / AgNCs with 10 mM NaBH4 (aq). While a 

strong difference in wavelength absorbance and spectra shape is visible when compared to previous results, 

the absorbance spectrum only indicates the presence of a polymer solution consisting of AgNO3 / 

glutathione, and not that of synthesized AgNPs or AgNCs, further indicating that the reaction did not occur 

correctly. Furthermore, no emission from the droplets could be observed when placed under UV light. 

Figure 5.6: Mixing of reagents within droplet on L-Cascade Chip after 36 µL ± 2 µL 10 mM NaBH4 

(aq) pumped into 85 µL ± 6 µL AgNO3 / glutathione (aq). Scale bar is 10 mm. 

Figure 5.7: Color comparison after three days of AgNP and AgNC solutions synthesized employing 

micro-pumping over different channel lengths (L-cascade chip) with 10 mM NaBH4 and 5 mM 

AgNO3 / glutathione (aq) solution. 
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Therefore, the same experiment setup was performed on R-cascade chips in order to study the influence of 

significantly longer and varying pumping times on synthesis results.  

5.3.2 Synthesis on R-Cascade Chip  

 

Subsequent synthesis experiments were performed utilizing R-cascade chips to observe the effect 

of significantly differing pumping times (5-60 minutes) and channel widths to patch interface size on AgNP 

/ AgNC synthesis. With varying channel widths of 300 - 700 µm, the interface between the channel and the 

mini reactor droplet changes with each SET. Experiments were performed with varying NaBH4 (aq) 

concentrations (10 mM, 100 mM, 300 mM, 500 mM and 1M) and 5 mM AgNO3 / glutathione (aq) solution. 

Precision pipetting was employed for most liquid distributions in order to avoid volume deviations that 

could impact synthesis, and compare results to the L-cascade chip experiment that was employed with the 

MDF. Fig. 5.9 shows a time-lapse of an experiment initiated with MDF employing 10 mM NaBH4 (aq), 

with a significantly differing pumping time between 5 minutes (700 µm channel) and 45 minutes (300 µm 

Figure 5.8: UV-VIS absorbance spectrum of synthesized AgNPs / AgNC with L-Cascade chip using 

10 mM NaBH4 (aq) as reducing agent. Spectra indicate that mixing problems prevented synthesis 

from occurring, as no characteristic AgNP or AgNC absorbance is observable. 
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channel). The mixed reagents form a clear brown solution (Fig. 5.10), which differs visually to the results 

on the L-Cascade chip (Fig. 5.6) and vary slightly in color tone between each other (Fig. 5.11). Fig. 5.12 

shows the UV-Vis absorbance spectrum of each droplet, and while a characteristic nanocluster absorbance 

is visible, the absorbance of each solution is almost identical.  These results show that a low concentration 

of reducing agent directs synthesis towards AgNCs. 

To verify the presence of AgNCs, all solutions were combined, and an emission spectrum was 

recorded (Fig. 5.13), showing characteristic red AgNC emission. When placed under UV light, a 

characteristic red glow could be observed emitting from the fluid. However, the spectra results show that 

Figure 5.10: Mixing of reagents within droplet on R-Cascade Chip after 36 µL ± 2 µL 10 mM NaBH4 

(aq) pumped into 85 µL ± 6 µL AgNO3 / glutathione (aq). Scale bar is 10 mm. 

 

Figure 5.9: Time-lapse of AgNP / AgNC synthesis on R-cascade chip: A = 0 min, B = 5 min, C = 10 

min, D = 15 min, 36 µL ± 2 µL 10 mM NaBH4 (aq) pumping into 85 µL ± 6 µL 5 mM AgNO3 / 

glutathione (aq) with varying channel widths (300-700 µm) and lengths of 30 mm. Scale bar is 10 mm. 
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the employed concentration of 10 mM NaBH4 (aq) with varying pumping times and interface sizes did not 

result in visible differences in synthesis of AgNPs and AgNCs on the same chip. As a high concentration 

of 15 M led to synthesis of AgNPs and a low concentration of 10 mM led to synthesis of AgNCs, a 

systematic study on the effect of different reducing agent concentrations was conducted to find an optimized 

ratio for simultaneous  synthesis of AgNPs and AgNCs based on pumping times. 

 

Figure 5.12: UV-Vis absorbance spectrum of synthesized AgNPs / AgNCs with R-Cascade chip using 

10 mM NaBH4 (aq) as reducing agent. 

Figure 5.11: Color comparison after three days between synthesized AgNP / AgNC solutions 

employing micro-pumping over different channel widths of 300 – 700 µm (R-cascade chip) utilizing 

10 mM NaBH4 (aq) and 5 mM AgNO3 / glutathione (aq) solutions. 
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Therefore, the same experiment was repeated with precision pipetted NaBH4 (aq) concentrations 

of 100 mM, 300 mM, 500 mM, and 1 M to study which concentration results in the creation of AgNPs or 

AgNCs based on different pumping times. Fig. 5.14, Fig. 5.20, Fig. 5.18 and Fig. 5.16 show the 

corresponding UV-Vis absorbance spectra, respectively. Fig. 5.15, Fig 5.21, Fig. 5.19 and Fig. 5.17 show 

the resulting colored solutions, respectively.  The experiment utilizing 1 M NaBH4 resulted in synthesis of 

similar AgNPs, as is visible by the characteristic absorbance at 400 nm, with different visual color tones 

(yellow/golden solutions for shorter pumping times and brown solutions for longer pumping times, Fig. 

5.17). A lower concentration of 100 mM of reducing agent results in deep red-colored solutions for both 

short and long pumping times. The experiment resulted in a mixture of AgNPs + AgNCs for channel widths 

of 500 – 700 µm (short pumping time) as can be seen by their broad absorbance, and a more dominant 

nanocluster absorbance characteristic being visible at 490 nm for channel widths of 300 and 400 µm (long 

pumping time) (Fig. 5.14). When utilizing a concentration of 500 mM NaBH4, a more dominant presence 

of AgNP absorbance mixed with absorbance of AgNCs is visible (Fig. 5.18). Finally, a concentration of 

300 mM NaBH4 (aq) results in a more distinct separation of synthesized AgNPs absorbance for shorter 

Figure 5.13: Emission spectrum of combined synthesized AgNC solutions with R-Cascade chip using 

10 mM NaBH4 (aq)  as reducing agent. 
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pumping times utilizing 600 and 700 µm channel widths, and synthesized AgNC absorbance for longer 

pumping times utilizing 300 and 400 µm channel widths (Fig. 5.20). The solution colors show a trend from 

deep red to brown (Fig. 5.21). This suggests that utilizing concentrations of 300 mM NaBH4 (aq) and 5 mM 

AgNO3 / glutathione (aq) produce different synthesis results in correlation with the pumping time (between 

5 and 60 minutes) that is controlled via SET parameters. To further separate synthesized AgNPs from 

AgNCs, ethanol was added to the solution synthesized on the 300 µm channel and subsequently centrifuged. 

Figure 5.14: UV-Vis absorbance spectrum of synthesized AgNPs / AgNCs with R-Cascade chip using 

100 mM NaBH4 (aq) as reducing agent. 

Figure 5.15 : Color comparison between synthesized AgNP / AgNC solutions employing micro-

pumping over different channel widths of 300 – 700 µm (R-cascade chip) with 100 mM NaBH4 (aq) 

and  5 mM AgNO3 / glutathione (aq) solutions. 
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The resulting precipitate was filtrated, diluted in D.I. H2O and then again analyzed for absorbance (Fig. 

5.22), with a more prominent cluster absorbance at a wavelength of 540 nm being observable. 

Figure 5.16: UV-Vis absorbance spectrum of synthesized AgNPs / AgNCs with R-Cascade chip 

utilizing 1 M NaBH4 (aq) as reducing agent. 

Figure 5.17: Color comparison between synthesized AgNP / AgNC) solutions employing micro-

pumping over different channel widths of 300 – 700 µm (R-cascade chip) with 1 M NaBH4 (aq) and 5 

mM AgNO3 / glutathione (aq) solutions. 
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Figure 5.19: Color comparison between synthesized AgNP / AgNC solutions employing micro-

pumping over different channel widths of 300 – 700 µm (R-cascade chip) with 500 mM NaBH4 (aq) 

and 5 mM AgNO3 / glutathione (aq) solutions. 

Figure 5.18: UV-VIS absorbance spectrum of synthesized AgNPs  / AgNCs with R-Cascade chip using 

500 mM NaBH4 (aq) as reducing agent. 
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Figure 5.20: UV-Vis absorbance spectrum of synthesized AgNPs  / AgNCs with R-Cascade chip using 

300 mM NaBH4 (aq) as reducing agent. 

Figure 5.21: Color comparison between synthesized AgNP / AgNC solutions employing micro-

pumping over different channel widths of 300 – 700 µm (R-cascade chip) with 300 mM NaBH4 (aq) 

and 5 mM AgNO3 / glutathione (aq) solutions. 
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5.4 Conclusion 

 

A systematic study on the effect of reducing agent concentration and different pumping times 

utilizing the MDF setup and R-cascade and L-cascade chips on AgNP and AgNC synthesis was performed. 

UV-Vis absorbance spectra results and solutions color indicate that high NaBH4 concentrations above 1 M 

and short pumping times below 10 minutes led to synthesis of AgNPs, whereas small concentrations of 10 

mM and long pumping times up to 60 minutes led to synthesis of AgNCs. Additionally, emission spectra 

were recorded to prove the presence of nanoclusters. 

The simultaneous on-chip synthesis of AgNPs and AgNCs was successfully performed employing 

the R-Cascade chip with varying SET channel widths (300-700 µm) and 35 µL of 300 mM NaBH4 (aq) 

pumping into an 85 µL 5 mM AgNO3 / glutathione (aq) solution. The UV-Vis absorbance spectra showed 

Figure 5.22: Comparison of UV-Vis absorbance spectrum of synthesized AgNPs  / AgNCs with 300 

µm chip using 300 mM NaBH4 (aq)  as reducing agent, before and after filtration with ethanol. 



 

104 

 

characteristic AgNP absorbances with wavelengths around 400 nm for short pumping times (5-20 minutes) 

and nanocluster absorbance around 500 nm for long pumping times (40-60 minutes).  

The difference in channel width impacts the pumping time significantly and controls the amount 

of reducing agent that ultimately comes into contact with the 5 mM AgNO3 / glutathione (aq) solution at 

any point in time, therefore influencing the synthesis as discussed in section 1.3. A significantly larger 

pumping time variation when utilizing varying channel widths (5-60 min) is shown to have a more 

significant impact on synthesized AgNPs and AgNCs than a shorter linear change in pumping time (1-15 

min) with the employed NaBH4 (aq) concentrations. 

For future work, a study employing more varying concentrations of reducing agent and Ag+ solution 

and varying reaction times have to be tested in order to find the optimal conditions for simultaneous 

synthesis of AgNPs and AgNCs. Additionally, synthesized samples need to be analyzed with SEM / TEM 

to specifically determine the presence of AgNPs / AgNCs and study their size and shape in detail, as some 

broad absorbances shown in the above spectra indicate mixtures of varying AgNP sizes and/or AgNCs. 

Furthermore, two side effects were observable during this study that impacted experiments 

negatively and need to be avoided. Firstly, experiments showed that a strong concentration of reducing 

agent can damage the NWTM coating and thus needs to be controlled accordingly, as it can destroy SH-

SET-chips and render them unusable otherwise. Secondly, problems with droplet mixing during synthesis 

utilizing a L-cascade chip hindered the synthesis reaction from occurring. While the cause for this is unclear, 

it needs to be kept in mind for future experiments, as different reagent solutions could show similar behavior 

due to different viscosities or surface tensions and prevent reactions from working as intended. 

This protocol serves as a proof of concept that can be transferred and employed for other suitable 

synthesis experiments, e.g. nanoparticle synthesis through etching of AgNPs with a mixture of AgNO3 / 

ascorbic acid (aq), as well as other experimental setups that require varying addition rates of reagents / 

reaction times in an aqueous medium. 
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Chapter 6 

Alternative Multiplexed Droplet Factory Applications, Future Work and Final 

Conclusions 

6.1 Alternative Multiplexed Droplet Factory Applications 

6.1.1 Introduction 

 

During the development of the protocol for simultaneous on-chip nanoparticle synthesis in Chapter 

5, other application concepts were designed and tested. On-chip titration and precipitation reactions were 

studied to showcase possible multiplexed reaction applications, with outer droplets consisting of different 

reagents thus forming different mini reactors. This multiplexed approach would allow to perform varying 

reactions on the same (super)hydrophobic/(super)hydrophilic patterned chips (SH-SET-chip) 

simultaneously with a single droplet of analyte. This is particularly interesting for potential bio-

immunoassay applications, as a single drop of blood could be used to be analyzed for multiple different 

antigens or other compounds. Additionally, the development of an automated dilution series array was 

studied that could find use in various calibration assay applications. 

6.1.2 Experimental 

 

All reactions were performed on multiplexed SH-SET-chips and MDF 3.0 setup. Titration 

experiments were conducted with 1 M HCl (aq) and 1 M NaOH (aq) and phenolphthalein as indicator, 

while precipitation reactions were performed with 0.1 M AgNO3 (aq), 0.1 M NaCl (aq) and 0.1 M NaOH 

(aq) solutions. Videos were used for optical analysis and recorded with an iPhone 6 Plus (Apple, USA) 

front camera and MDF 3.0 setup. Blue food dye from a Club House Food Color KitTM, containing water, 

color (tartrazine), and propylparaben, was used to dye D.I. H2O droplets utilized for dilution arrays. 
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6.1.3 Concept for Simultaneous Multiplexed On-Chip Reactions  

With multiplexed SH-SET-chips designs it is possible to split or combine analytes based on the 

chosen SET design and employed droplet volumes. For example, with a three-patch SET design, a single 

analyte droplet can be split and pumped into two separate mini reactors. Fig 6.1 shows an on-chip titration 

to showcase this process. However, with upscaled multiplexed designs like the X-chip, a single analyte 

droplet can be split into four parts, or four analyte droplets can be combined together into one. This led to 

the idea to use the flow control not for specific reaction rate dependent synthesis like discussed in Chapter 

5, but as a way to conduct different reactions within one pumping process in different mini reactors. Fig. 

6.2 shows two simultaneously occurring precipitation reactions as an approach that was tested to showcase 

the possibility of performing different chemical reactions on one single SH-SET-chips. An aqueous solution 

of Ag+ ions is split into four and pumped into the outer lying mini reactors, with two chambers containing 

aqueous solutions of OH- ions, and the other two chambers containing aqueous solutions of Cl- ions. The 

resulting precipitates, AgCl (s) and AgOH (s), are white and brown solids, respectively. While slight cross-

contamination is visible in the center droplet, this proof of concept shows the potential for a simultaneous 

multiplexed on-chip reaction approach using different mini reactors. This approach could be combined with 

the protocol discussed in Chapter 5 to simultaneously synthesize different AgNPs or AgNCs based on 

varying concentrations placed on the outer mini reactors or be employed for potential multiplexed bio-

immunoassay applications. 

Figure 6.1: On-chip titration time-lapse (A: 0 sec / B: 180 sec) on a 3x1″ three patch SET design (500 

µm channel width, 20 mm channel length), with 50 µL 1 M HCl (aq) droplet pumping into two 110 

µL 1 M NaOH (aq) droplets; Phenolphthalein was employed as indicator, scale bar is 5 mm. 



 

107 

 

6.1.4 Concept for Simultaneous Multiplexed Bio-Immunoassay Applications 

 

Based on the above discussed multiplexed reaction concept and an approach by Feyssa et al. to 

perform a MF ELISA bio-immunoassay for CRP-antigen detection within a channel83, and the approach by 

Kamisetty et al. for amine-functionalized silica surfaces84, a potential future application for our SH-SET-

chips was designed. Employing the procedure shown in Fig. 6.383,84 SET channels could be functionalized 

(Fig. 6.3) with multiple capture antibodies in order to perform detection of antigens within a analyte droplet. 

Through a fluorescent tag bound to the target antibody which attaches to the targeted antigens, the amount 

of captured antigen on a channel is made visible through fluorescence, which allows for quantitative and 

qualitative analysis. However, to avoid cross-contamination within a single channel, multiplexed SET 

designs for simultaneous detection of different antigens based on our upscaled micro-pumping systems and 

chip designs are possible (e.g. X-chip, Star-chip). In the case of our Star-chip design, eight differently 

functionalized channels could be fabricated to simultaneously test for eight types of antigens.  

Figure 6.2: Multiplexed reaction concept using different mini reactors: A single analyte droplet of 36 

µL ± 2 µL 0.1 M AgNO3 (Ag+) is tested & shown to precipitate in reactions of AgNO3 (aq) + NaCl (aq) 

→ AgCl (s) + NaNO3 (aq) and AgNO3 (aq) + NaOH (aq) → AgOH (s) + NaNO3 (aq) when pumped into 

different 85 µL ± 6 µL 0.1 M anion solution droplets, showing the possibility for different 

simultaneous reactions of single analyte droplets on multiplexed chips. 
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6.1.5 Concepts for Multiplexed Droplet Dilution Assays 

Figure 6.3: Proposed antibody functionalization protocol for silica surfaces, consisting of initial silica 

surface activation with piranha solution (i) and functionalization with 3-aminopropyltriethoxysilane 

through an hydrolysis mechanism (ii),  subsequent reaction with 10% glutaraldehyde (GA) to achieve 

terminal aldehyde groups (iii), which are ultimately able to bind capture antibodies (AB) that are 

used for capturing specific antigens (iv). Adapted from Kamisetty et al. and Feyssa et al. 

Figure 6.4: Illustration of proposed immobilized antibody strip on a SET channel connecting SET 

patches A and B for on-chip bio-immunoassays based on sandwich ELISA that can be upscaled to 

designs like the X-chip to immobilize different kinds of antibodies on separate channels. 

Figure 6.5: 181 D.I. H2O droplets confined on a 4x3″ SH-SET-Chip mixed with different amounts of 

blue food dye. Scale bar is 10 mm. 
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After utilizing the MDF in an experiment to distribute more than a hundred droplets onto a SH-

SET-chip, the picture in Fig. 6.5 was taken. It shows 181 droplets with different concentrations of blue food 

dye, with a transition from almost transparent to deep blue being visible. The uneven color distribution was 

a result from initial uneven mixing of food dye and D.I. H2O within the CM before their distribution. 

However, even though it was a misstep, this shows a possible avenue for the creation of a multiplexed 

dilution series. Initially, tests were performed with a two-step approach for liquid distribution through CMs 

with varying hole sizes (Fig. 6.6 A). The goal lied in the initial distribution of similar analyte droplet 

volumes onto SET patches and subsequent distribution of varying solvent droplet volumes on top of the 

analyte in order to create differently diluted droplets. However, the attempt to place liquids on top of an 

already confined droplet leads to the droplet being “washed” out of the SET it is confined on. Fig. 6.6 B 

shows that no visible change in color saturation, only in droplet size, is the result of this approach. 

Modifications could be designed to the second distribution step to prevent droplets getting washed out of 

the SET they are confined on in order to optimize this approach for single SET patches in order to transform 

it into a viable concept. 

Figure 6.6: Initial two-step approach to create a dilution array. A: Top-view of a CM for distribution 

of different solvent volumes, with similar volume analyte droplets (blue) already placed on SH-SET-

chips; B: Resulting droplets after CM in A has been utilized to distribute different solvent volumes 

onto analyte droplets, with no apparent change other than droplet size. Scale bar is 5 mm. 
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A separate approach was designed in order to bypass this unwanted side effect. Utilizing the micro-

pumping array chip design shown in Fig. 2.32 C and a CM frame with implemented barriers (Fig. 3.15 B), 

the two-step distribution of liquids was employed onto connected SETs in order to create an automated 

dilution of analyte droplets. Firstly, similar-sized droplets of analyte are distributed onto a SET patch of a 

prewetted micro-pumping array chip, and secondly, solvent droplets with varying volumes are distributed 

onto the other SET patch which initiates pumping into the analyte droplet (Fig. 6.7) and creates differently 

diluted droplets. Liquid distribution was performed with two CMs similar to the CM shown in Fig. 6.6 A, 

with holes only targeting one patch of the interconnected SET. However, when using the second CM and 

thus switching the target SET patch, this led to initially distributed droplets being compressed by the CM, 

thus forcing them out of the SET they were confined on. Hence, CMs with open spaces that leave room for 

Figure 6.7: Excerpt of a droplet dilution micro-pumping array. A: Initial distribution of analyte with 

similar volumes. B: Subsequent distribution of different sized solvent volumes onto neighboring SETs 

that pump into analyte droplets, creating varying analyte concentrations. Scale bar is 5 mm. 

Figure 6.8: Example of a dilution array CM with open spaces for already confined droplets. 
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already distributed droplets (Fig. 6.8) can be employed to bypass this unwanted effect. This method, or a 

modified approach similar to Fig. 6.6, has the potential to be optimized and upscaled in order to create a 

protocol for simple multiplexed dilution array based on either the use of CMs and SET patches, or SH-

SET-chips that allow for surface tension driven micro-pumping.  

6.2 Future Work  

 

The flexible MDF platform allows for development of different MF applications that employ 

multiplexed SH-SET-chips. The above-discussed concepts are examples with great potential that could be 

improved into LoC applications. In particular, the possible employment of multiplexed bio-immunoassays 

on SH-SET-chips with different mini reactors bears strong potential, as the simultaneous quantitative and 

qualitative test of multiple different antigens in a substance like blood on a portable device is of great 

significance. However, in order for the discussed antibody functionalization protocol to work (toluene is 

employed as solvent), a different superhydrophobic coating with compatibility in organic media is required, 

e.g. Aculon AL-A 5x / Aculon ATM coating developed by Aculon (USA). While employing a more 

compatible and stable coating such as AculonTM will lead to a higher SH-SET-Chip fabrication cost, it 

simultaneously opens the gateway for research and development of many micro-pumping LoC applications 

that require organic media. Alternative electrochemical applications could be developed that use electrodes 

imbedded within channels of a multiplexed chip to detect or control conductive liquids flowing across them. 

In particular, the study of ionic strength effect on flow dynamics is of interest for these potential systems. 

 Utilizing another (super)hydrophobic coating than spin-coated NWTM will also possess different 

liquid behavior characteristics that influence the MDF platform, as well as flow behavior of micro-pumping 

experiments. In particular, a different CA could be the most impactful parameter, as it changes the shape 

and behavior of confined droplet parameters, such as droplet height and wetting dia. Furthermore, the MDF 

platform will be required to be coated with an organic media compatible (super)hydrophobic coating too, 

as the MDF platforms functionality is designed around its (super)hydrophobic components. Ultimately, the 
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flexibility of the MDF platform, combined with a coating compatible with organic solvents, shows strong 

potential for future LoC applications that can be employed in portable, fast, simple and cost-effective PoC 

devices based on the concepts shown in this work. 

6.3 Final Conclusions 

 

The work presented in this thesis shows an inexpensive, portable, simple to use, fast and flexible 

liquid distribution platform for multiplexed microfluidic applications based on Young-Laplace pressure 

driven pumping systems.  

A reproducible spin coating procedure for superhydrophobic-surfaces based on NeverWetTM Multi-

Purpose Kit was presented and compared to spray coating on 3x1″ and 4x1″ microscope glass slides. The 

spin coating procedure allows for reproducible fabrication of inexpensive and almost transparent SH-

substrates, with coating thicknesses of 1.390 ± 0.361 µm in comparison to 7.405 ± 2.927 µm when 

employing spray coating.  Spin-coated NWTM slides possess a CA of 134.11 ± 2.80° and sliding angles < 

1°, while spray-coated NWTM slides possess a slightly higher CA of 143.27 ± 0.57° and sliding angles < 1°. 

The improved transparency characteristic is an essential requirement for the employed colorimetric analysis 

of micro-pumping processes, while lower coating thicknesses results in less material consumption and 

faster and cost-effective SH-SET-chip fabrication. 

These SH-substrates were subsequently modified by laser-micromachining to generate permanent 

SETs in order to fabricate SH-SET-chips. A systematic study was conducted for optimization of laser 

parameters for spin and spray-coated NWTM slides to improve the machining process by reducing laser 

energy consumption, fabrication time and cost. 

A flexible and adaptable 3D printed platform for liquid distribution onto multiplexed SH-SET-

chips was developed in order to be compatible with future LoC applications and streamline the user 

experience without the need of precision pipetting. The simultaneous distribution of multiple droplets in 
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the range of 10-140 µL with deviations of 7% was shown on different systems, such as SET arrays or SET 

micro-pumping designs. 

An optical setup for smartphone video recording was designed in combination with a MATLAB 

code for colorimetric RGB and linear regression analysis of micro-pumping processes. The MDF and 

fabricated SET-SH-chips were employed to conduct systematic studies on surface tension driven micro-

pumping experiments on multiplexed systems. Based on a combination of the Young-Laplace equation 

with the Hagen-Poiseuille equation, a new equation was proposed for laminar flow control on SH-SET-

chips through modification of the flowrate, Q (Equation 1.10). The influence of parameters such as SET 

channel radius R and channel length L, as well as droplet volumes/heights, on flow behavior of pumping 

experiments was studied. Pumping time results show a significant impact of channel radius with a power 

of x-4, a linear correlation between channel length and pumping time, as well as a strong impact on flowrate 

behavior based on droplet height. Pumping times between < 1 minute up to 60 minutes were shown. The 

proposed equation was employed to calculate flowrate, Q behavior over time, showing strong resemblance 

to RGB results depending on droplet heights and values between 0.02 to 0.3 µL/s.  

Altering these SET parameters allows for specific flow control of micro-pumping systems with 

aqueous mixtures. The advantages and use of this ability to manipulate flow were showcased in a LoC 

application for simultaneous synthesis of AgNPs and AgNCs on an SH-SET-chip. Synthesis experiments 

were conducted utilizing Laplace pumping systems of varying channel widths and lengths that employed 

varying concentrations of NaBH4 (aq) as a reducing agent and a 5 mM AgNO3 / glutathione solution (aq). 

Low reducing agent concentrations and long pumping times (40-60 minutes) resulted in AgNC synthesis, 

while high reducing agent concentrations and short pumping times (5-20 minutes) led to synthesis of 

AgNPs. After a systematic study on varying NaBH4 concentrations had been conducted, a 300 mM 

concentration was shown to result in both AgNP and AgNC synthesis in correlation with different total 

pumping time. These results serve as proof of concept that the ability to control flowrate opens the 

possibility to perform various LoC applications that employ reactions that rely on different reaction times 
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or addition rates. This developed proof of concept protocol could therefore be upscaled for multiplexed 

synthesis approaches, as other multiplexed reaction concepts have been presented for future potential 

applications.  

In particular, this flexible multiplexed microfluidic platform could be utilized for the development 

of a portable and cost-effective PoC device that is able to perform simultaneous multiplexed bio-

immunoassays for pathogen detection in substances like blood-based on sandwich-ELISA. The creation of 

such a PoC device is of significant value for the field of medicine and society overall, as patients could use 

it to test their blood independently from home at any time, without the need to visit and consult a doctor. 

Such a PoC device would help patients to save time, energy and money, which could greatly benefit their 

treatment and help improve their lives. 
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Linear Regression RGB MATLAB Code for Video Analysis 
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