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CHAPTER X 

GENERAL DISCUSSION AND FUTURE OUTLOOK 
 

10.1) Paper-based analytics 

The work in this thesis relies heavily on the use of paper, and we employ this versatile 

material in many different ways. As alluded to in Chapter 2 of this thesis, paper has many 

different and wonderful characteristics, and we would be best served by trying to employ as 

many of those characteristics as possible in each of our devices. A good example of the fact 

that a combination of features based on several of paper’s characteristics adds to the 

functionality of the device is the paper spray ionization (PSI) cartridge, reported in Chapters 

4, 5, and 9. This PSI cartridge relies on (i) wicking action for solvent control and supply, (ii) 

porous structure for sample storage, (iii) structural modifiability to produce sharp tips suitable 

for the generation of ion spray and the formation of wicks, (iv) flexibility to integrate the tip 

into a 3D-printed cartridge, (v) chemical modifiability to implement selectively permeable 

valves for sample preconcentration, (vi) applicability to separations, for online paper 

chromatography or sample filtration, and (vii-ix) affordability, availability and portability for 

serving as a disposable ion source for portable mass spectrometry. 

Furthermore, Chapter 2 shows an overview of what has been achieved in recent years with 

respect to the functionalization of paper-based analytics. We showed the paper-microfluidics 

toolbox and came to the conclusion that it is not as filled and definitely not as mature as we 

might like to believe. Current trends in the fields of paper-based analytics revolve around 

applying, rather than expanding the toolbox, which is somewhat unfortunate, as there is so 

much more we can get out of this fascinating material. Chapters 6-9 describe our efforts to 

contribute to the paper-microfluidics toolbox. Our strategies are based on the hydrophobic 

patterning agent, alkyl ketene dimer (AKD), which can covalently bind to the hydroxyl 

groups on cellulose fibers. In most paper microfluidics research, patterning agents are used 

solely for the confinement of fluids to specific regions on a paper device. We take this 

approach a step further by taking advantage of the fact that the modification in surface energy 

caused by AKD deposition and binding leads to different fluid wicking behaviors as dictated 

by fluid physico-chemical properties. This difference is caused by the resulting variation in 

capillary pressure. Simply put, it means that some fluids have a more favorable movement 

through the porous network than others. Which fluid is favored depends on the actual 

properties of both the solvent and the network. 

This differential interaction of the network with fluids, or selective permeability, was 

employed for two purposes in this work. First of all, it was used to make permanent on-paper 

valves (Chapter 6), which are closed to some solvents (high water content, thus high surface 

energy), yet can be wetted by other solvents (low water content, resulting in lower surface 
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energies). These valves were employed for several functional applications, amongst which the 

pre-concentration of aqueous sample on a PSI tip (Chapter 9). Upon elution with methanol, 

the valves opened and the concentrated sample could be introduced into the mass 

spectrometer. Secondly, selective permeability was employed for the generation of a two-

phase counter flow on paper (Chapter 7). Untreated cellulose exhibits higher capillary 

pressure for water than for octanol. However, after treating the paper with certain amounts of 

AKD, this relationship is reversed, and octanol becomes the more favorable wetting agent. If 

untreated and AKD-treated paper regions are then interfaced, we reach a steady-state in which 

both solvents stay on their own side of the interface. In this way, we can manipulate both 

solvents individually and, for example, make them flow in separate directions.  

Finally, we demonstrate another way to concentrate sample, similar to the so-called coffee 

stain effect (Chapter 8). By selectively drying a region of the paper (which distinguishes it 

from the passive coffee stain effect), liquid flow is directed towards those dry regions, taking 

along any sample it might carry. Upon drying, sample gets deposited and thus is concentrated, 

while new solvent with sample is continuously drawn towards the region. We have shown that 

with this approach, we can lower the detection limit of an analytical method by simply using 

more sample. Although this might seem very obvious, it is not, in fact, as adding more sample 

in paper microfluidics generally means creating a larger spot, rather than an increase in signal 

intensity. With our method, it is the other way around. 

Taking the above into account, the work in this thesis demonstrates, at least with respect to 

paper-based analytics, that it does make sense to focus on the further development of (flow) 

functionality, rather than applications. If we stick to the analogy of the toolbox: when you 

have invented the stone axe and wooden nails, one can build a hut; if you invent cranes, and 

computers, one can build a skyscraper.  

10.2) 3D Printing for Lab-on-a-Chip 

The second major player in the work for this thesis has been the 3D printer, specifically a 

fused-deposition-modeling (FDM) 3D printer. Chapter 3 describes in detail its mechanism 

and its applicability towards the engineering of Lab-on-a-Chip devices. The impact of the 3D 

printer on this work is best explained by trying to imagine what this work would have looked 

like without it. The PSI cartridge has been undergoing continuous iterative development, a 

process which has not ceased up to the writing of this thesis (Chapters 4 and 5). Hundreds of 

prototypes, in which details could be worked out precisely, were the result of buying a 3D 

printer (relatively inexpensive, low-resolution). Had it not been there, we would have had to 

rely on workshops to produce our plastic prototypes, which would had meant a significantly 

lower number of iterations, and thus a significantly less finished or less optimized product. 

Thanks to 3D printing, multiple prototypes could easily be produced on a daily basis. 
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Another great aspect of 3D printing is the fact that it is broadly applicable. We have used it, 

for example, for PDMS masters, channel fabrication, rapid protoyping of cartridges, and 

customization of experimental setups. A major reason why this is so attractive, is the low 

investment cost for both the printer and the materials. You can get away with not getting it 

right the first time. Imagine having to wait weeks or months for a part that you ordered 

custom-made, only to find out that you made a designing error, probably within minutes after 

opening the box that you had been so anxious to receive. Not only the printer, but also FDM 

materials allow broad application of the technology, for the simple reasons that they are 

widely available in various “flavors”, and that basically any thermoplastic (within the 

temperature range of the printer) can be pulled into a filament for FDM printing. 

It is very true that FDM 3D printing has its drawbacks as well, especially in terms of 

resolution and surface smoothness. Furthermore, it is ill-suited for mass production. However, 

this should not discourage people from using it. In every lab there are ways in which the 

printer can be applied, and in the end it will probably save time, money and frustration. One 

should understand and acknowledge the current limitations when deciding whether or not 3D 

printing is suitable for a given application. Finally, 3D printing techniques continue to evolve 

and many of the current issues associated with its use are fast being resolved. This is in part 

thanks to the fact that more and more people are using these techniques and actively 

exchanging their experiences online. 

10.3) Working at the interface 

For this thesis, we did not focus on 3D printing or paper-based analytics, but rather on the 

combination of 3D printing and paper-based analytics. The main manifestation is again the 

example of the PSI cartridge, which was made via 3D printing, yet integrates a paper tip as its 

core component. This hybrid device allowed us to employ capillary action between a wetted 

paper surface and a polymer surface, leading to fast, yet passive solvent transport (Chapter 4). 

By embedding hydrophilic wicks in and between 3D-printed structures, control was obtained 

over their exact positioning and therefore we could regulate different solvent flows in the 

device.  

In Chapters 5 and 8, we further explored the combination of paper and a 3D-printed cartridge, 

by the integration of air ducts for the delivery of gasses to enhance evaporation of solvent. In 

both examples, we obtained precise control over the site of release of the gas to (i) enhance 

desolvation and focusing of the ion spray in PSI, and (ii) selectively dry regions of paper to 

induce sample concentration. The gas tubes described in these chapters are not simple, 

straight tubes. They are branching networks of pipes with curves and angles that cannot be 

obtained via conventional production methods in a single produced part. 

Chapters 5 and 8 demonstrated another symbiotic property of the paper-plastic union, and that 

is that we can introduce even more components into the equation. In Chapter 5, we described 
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the implementation of an electrostatic lens into the 3D-printed cartridge to focus the ion spray 

which was generated from the paper tip, as well as lower the required potential for the 

generation of spray. In chapter 8, we introduced a cellulose column between pieces of paper, 

that was compressed and kept in place by the same 3D-printed cartridge used for the 

distribution of air for the preconcentration effect. 

Finally, assemblies of paper and 3D-printed components have been designed and developed 

for  the fabrication of paper microfluidic structures, via two approaches. The first approach 

uses oxygen plasma to rehydrophilize AKD-treated paper (Chapter 6). Masks, made with a 

3D printer, were employed to shield those regions of the paper that needed to retain their 

hydrophobicity. In Chapter 3 we also used 3D-printed masks in a wax-dipping method. 

Regions of the paper that were covered by the mask would not become patterned upon 

dipping the assembly in molten wax. For both methods, the mask could easily be made and 

adapted until a satisfactory result was obtained. 

In Chapter 2, we argued that the best systems for inexpensive analytics are those that integrate 

a high degree of (autonomous) functionality, yet are easy in their operation. Cartridge-based 

paper microfluidics combines the benefits of cheap materials with a ‘finished’ outer 

appearance, something which is crucial for acceptance by potential end-users. Not only is this 

hybrid approach good for the looks of the device, it also provides support and protection to 

the paper core. Finally, there are numerous ways of adding more and new functions to a 

cartridge-based paper microfluidics device, some of which were designed in the work for this 

thesis. Many steps lie ahead, especially on the interface between paper and polymer, yet we 

expect that cartridge-based paper microfluidics is the way forward if we want to make a real 

contribution in answering societal demands. 

10.4) Conclusion and Outlook 

As we have reached the final section of this thesis, it is time to place the work in this thesis in 

the context of the statements from the general introduction. We need to ask the question 

whether the devices that were developed fulfill the ‘Tamagotchi criteria’. Are they user-

friendly, yet sophisticated beneath the surface? Are they successful on the market, do they 

have societal impact, or do they have the potential to be so? Do they represent conceptual 

innovation? 

Obviously we would like to answer all three questions with a yes, and we would strongly 

argue that the answer to none of the questions is a no, which leads us to the gray area in 

between. To address the first question, we have strived to make all the devices as user-

friendly as possible. The solvent control system in the PSI cartridge is a good example of a 

feature which is not so straight-forward in design, yet only requires a single addition of 

solvent to a reservoir to make it work. On the other hand, some other features like sample 

application still need additional development. 
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The second question, with respect to realization of societal impact, is more difficult to answer, 

since we have mainly developed operational function and not applications. However, for our 

approaches, we can foresee numerous applications that are related to contemporary societal 

problems, such as adequate diagnostics in low-resource settings. Furthermore, the general 

consumer market is another market segment that could be targeted, especially by developing 

tests to better manage personal lifestyle, which is a popular topic nowadays. However, it is 

also important to mention that before such development is started, it is imperative to perform 

proper feasibility studies. Finally, we strongly believe that cartridge-based, integrated paper 

microfluidics has a much greater market potential than the cartridge-less approaches. 

However, such assumptions must to be verified. 

With regard to the third question, we are most strongly convinced that our devices do in fact 

all represent conceptual innovation. We took two popular techniques, which are paper-based 

analytics and 3D printing, and used them, sometimes separately, but most times in 

conjunction, to make new tools and invent new approaches to improve tool function, rather 

than apply. Such academic innovation paves the way for actual societal impact in the 

embodiment of applications developed for end-users.  

The concepts presented are novel and practical, and therefore represent approaches that might 

prove very well acceptable by society as their end-user. In academic research, there is only so 

much one can and should do to contribute to making viable products, for this is in the end a 

task for companies. However, if a company does not believe in a concept, then they will never 

try to make a product out of it. If research with a focus on solving societal problems cannot 

make it into a product or service, it cannot be applied to society and therefore might be 

considered a waste of time. In order to prevent this from happening, we, but more generally, 

the entire paper microfluidics community, need to continue to improve the user-friendliness 

and the user interface even further to make it accessible, and we need to communicate 

intensively with potential end-users to understand how to make it applicable. 
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