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Summary 

Large industries such as for food and chemicals production, and for wastewater treatment 

always strive to improve their processes. Separation processes are amongst the most common 

and most energy intensive processes and therefore subjected to continuous improvement 

efforts. In this thesis, the aim is to improve the industrial scale separation of dispersed particles 

or droplets in suspension by scaling up a microfluidic separation principle. Microfluidic 

(micron-sized) separation techniques are extremely effective and precise, but unfortunately, 

these systems only process very small volumes. To apply these systems on an industrial scale 

their throughput must be increased by several orders of magnitude. For this reason, we 

investigated methods to increase the throughput of microfluidic techniques in order to 

function as alternative to existing separation techniques, such as microfiltration.  

In chapter 2, several microfluidic techniques were identified, compared to cross-flow 

microfiltration and evaluated for their potential to process larger volumes. We discussed the 

current state-of-the-art of microfiltration and of microfluidic techniques, and their advantages 

and challenges for use on industrial scale. Three promising systems were selected with 

potential for industrial-scale use: fluid skimming microfiltration, sparse lateral displacement 

arrays and inertial spiral microchannel. These three systems were evaluated on four important 

aspects required for industrial use. Conceptual large scale designs were proposed. 

The conceptual design of the sparse lateral displacement array was selected and further 

investigated in chapter 3. This system was selected because it separates particles that are smaller 

than the gaps throughout the system, which lowers the pressure drop and the risk of 

(irreversible) internal fouling. The throughput was increased by replacing the traditional 

obstacles by sieves. Initially the introduction of sieves adversely affected the separation because 

of the inhomogeneous pressure difference across the sieve over its length. This pressure 
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difference was stabilized by optimizing the outflow conditions of the outlets, which improved 

the performance of the system. This demonstrated that deterministic displacement of particles 

is possible in a sieve-based lateral displacement system as long as the flow conditions are 

adapted to it. 

This concept was found to work well for displacing large particles (Dp = 785μm) in chapter 3. 

However, decreasing the critical particle size was not straightforward, because traditional 

deterministic lateral displacement (DLD) scaling guidelines do not apply to the asymmetric 

sieve-based lateral displacement system. Therefore, in chapter 4 we present an analysis of the 

influence of the geometric DLD parameters on the hydrodynamics and particle displacement 

in sieve-based lateral displacement systems. This analysis led to different guidelines to scale 

the critical particle diameter than are valid for original DLD systems.  

The analysis of the relation between geometric parameters, hydrodynamics and particle 

displacement showed the large influence of the hydrodynamics on displacement and thus 

separation. In chapter 5 we investigated the hydrodynamics in a sieve-based lateral 

displacement system both experimentally and numerically. This was done by visualizing the 

flow lanes with high speed imaging and subsequent analysis of the velocity components for 

different inflow velocities. The experimental observations were confirmed with two 

dimensional numerical simulations. Thorough analysis of both experimental and numerical 

results revealed the underlying fundamentals of the flow lanes and the hydrodynamic 

requirements to change the critical particle diameter. With this understanding on the 

hydrodynamic requirements, we proposed a simplified design that would allow deterministic 

displacement of particles at high throughputs. 

A cross-flow module with a microsieve was designed and constructed to evaluate the findings 

in chapter 5, which was discussed in chapter 6. Computational Fluid Dynamics (CFD) 

simulations were done to obtain the required hydrodynamic conditions, which were confirmed 

by experimental visualization of the flow field. Experiments verified that at the right 
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hydrodynamic conditions, there is significant retention of particles and/or oil droplets that are 

smaller than the pores in the sieve. These results demonstrated that the microfluidic DLD 

separation can be applied in a microfiltration-like system to displace particles that are smaller 

than the pores on a much larger scale, which is not possible with conventional microfiltration. 

The main findings and conclusions are discussed in chapter 7. This discussion is followed by a 

short evaluation of the feasibility of deterministic displacement on industrial scale compared 

to microfiltration. The chapter is concluded by an outlook for future research. As stated before, 

the principle of deterministic displacement of particles on industrial scales can be very 

interesting because of the lower pressure loss, lower risk of (irreversible) fouling, and the 

possibility to effectively concentrate deformable particles and droplets. However, to achieve 

increased throughput, scale-up of the technique is required. In this thesis, a large-scale cross-

flow microsieve (CFM) module is proposed. Its relatively simple design makes its 

manufacturing well feasible. Even though deterministic displacement in a CFM system has 

benefits compared to microfiltration, the novelty of the technique also brings its questions and 

risks. In the outlook we discuss several aspects that still need additional research, such as: the 

optimum industrial scale design, the minimum particle diameter that can be displaced, how 

the concentration polarisation affects displacement and fouling mechanisms. Concluding, an 

established, off-the-shelf technology like microfiltration may seem an easy and safe option, 

but we believe that the benefits of deterministic displacement may outweigh its current, initial 

risks, leading to a new generation of separation processes. 
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Samenvatting 

Grote industriële bedrijven zoals bijvoorbeeld in de levensmiddelensector, in de chemie en in 

de waterzuivering zijn continu bezig om hun processen te verbeteren en hun afvalstromen te 

verminderen. Omdat scheidingsprocessen tot de meest voorkomende en meest energie 

intensieve processen behoren, wordt er veel onderzoek gedaan om deze te verbeteren. In dit 

proefschrift wordt onderzocht hoe industriële scheidingsprocessen, die deeltjes of druppels 

afscheiden van een vloeistof, kunnen worden verbeterd door het opschalen van een 

microfluïdisch scheidingsprincipe. Microfluïdische scheidingsprincipes zijn erg efficiënt en 

heel precies, maar zoals de naam al doet vermoeden kunnen deze micro-systemen maar hele 

kleine hoeveelheden behandelen (microvolumes). Om deze systemen toe te passen op 

industriële schaal moet hun capaciteit sterk worden vergroot. Dit is wat wij hebben 

onderzocht, door de capaciteit van deze microfluïdische systemen te vergroten kunnen ze een 

alternatief zijn ten opzichte van bestaande technieken zoals bijvoorbeeld microfiltratie.  

In hoofdstuk 2 zijn verschillende microfluïdische technieken beschreven, vergeleken met 

microfiltratie en geëvalueerd of ze geschikt zijn voor hogere doorstroom. De nieuwste 

microfiltratie- en microfluïdische technieken worden beschreven en hun voordelen en nadelen 

benoemd die betrekking hebben op het toepassen van deze technieken op industriële schaal. 

Drie veelbelovende systemen met potentie om gebruikt te worden op grote schaal zijn 

geselecteerd, namelijk: vloeistof-afromende microfiltratie (fluid-skimming microfiltration), 

een vereenvoudigd systeem dat deeltjes zijwaarts verplaatst (sparse lateral displacement arrays) 

en een spiraalvormig microkanaal waar gebruik wordt gemaakt van vloeistof inertie (inertial 

spiral microchannel). Deze drie systemen zijn daarna nogmaals vergeleken op vier punten die 

belangrijk zijn voor toepassing in de industrie. Van deze drie systemen zijn conceptuele 

ontwerpen voorgesteld die op grote schaal zouden kunnen worden toegepast.  
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Van de drie systemen hebben we het sparse lateral displacement systeem geselecteerd om 

verder te onderzoeken (hoofdstuk 3). De naam van dit systeem beschrijft wat het doet, het kan 

namelijk deeltjes zijwaarts in een vloeistof verplaatsen zodanig dat de deeltjes aan één kant 

kunnen worden opgevangen. De reden dat we dit systeem hebben geselecteerd is omdat het 

deeltjes kan tegenhouden die kleiner zijn dan de openingen, daardoor is de drukval en de kans 

dat de deeltjes deze openingen blokkeren kleiner. Om de doorstroom van dit systeem te 

verhogen wordt het originele ontwerp aangepast door het te combineren met een speciaal soort 

zeef. Maar de scheiding verslechterde nadat deze zeven in het systeem geplaatst waren. Dit 

kwam doordat de zeven de drukverdeling in het systeem veranderden. Door de uitstroom per 

afvoerkanaal aan te passen kon de drukverdeling worden hersteld en lukte het weer om deeltjes 

tegen te houden. Deze resultaten lieten zien dat het mogelijk was om met een aangepaste 

(hybride) systeem deeltjes te scheiden die kleiner waren dan de poriën in de zeef. 

Tot zover werkte de scheiding goed voor grote deeltje met een diameter van ongeveer 0.8 mm 

(beschreven in hoofdstuk 3). Deze deeltjes zijn veel groter dan deeltjes die in de praktijk in 

industriële processen voorkomen en daarom vervolgden we ons onderzoek om ook de kleinere 

deeltjes te kunnen scheiden. Het scheiden van kleinere deeltjes bleek echter niet eenvoudig, 

mede omdat de bestaande theorie niet werkte voor het aangepaste systeem met schuine zeven. 

Dus is er gezocht naar nieuwe richtlijnen om ook de kleinere en industrieel relevante deeltjes 

te kunnen scheiden. In hoofdstuk 4 werd de invloed van de geometrie op de vloeistofstroming 

en op de scheiding van verschillende deeltjesgroottes geanalyseerd. Deze analyse leidde tot 

nieuwe inzichten en richtlijnen, die het mogelijk maken om ook kleinere deeltjes met dit 

systeem te kunnen scheiden.  

De analyse over de relatie tussen de geometrische parameters, de vloeistofstroming en 

scheiding gaf een nieuw inzicht in de mate waarop de vloeistofdynamica invloed heeft op de 

scheiding. In hoofdstuk 5 onderzochten we de hydrodynamica in het aangepaste hybride 

zeefsysteem (sieve-based lateral displacement device) zowel experimenteel als modelmatig. Dit 
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werd gedaan door de vloeistofstroom te visualiseren met een hogesnelheidscamera en de 

stroomsnelheid te analyseren voor verschillende toevoersnelheden. Deze experimentele 

observaties werden vergeleken met de twee dimensionale numerieke simulaties van de 

vloeistofstroom. Verdere analyse van zowel de experimentele als de modelsimulatie resultaten 

hielpen het onderliggende scheidingsprincipe beter begrijpen en leidden tot een richting om 

de scheiding te beïnvloeden. Met deze kennis van de hydrodynamische voorwaarden is het nu 

mogelijk om (nog) kleine(re) deeltjes te scheiden in een verder vereenvoudigd systeem.  

Het nieuwe vereenvoudigde systeem was een aangepaste kruisstroom module met een speciaal 

microzeef (cross-flow microsieve module) waarvan de poriën groter zijn dan de deeltjes. In 

hoofdstuk 6 is dit geëvalueerd of het inderdaad deeltjes en druppeltjes kan tegenhouden die 

kleiner zijn dan de poriën. Numerieke simulaties werden uitgevoerd om de benodigde 

hydrodynamische voorwaarden te vinden. Deze hydrodynamische voorwaarden werden 

vergeleken met opnames van het stromingsveld die zijn verkregen met de 

hogesnelheidscamera. Experimenten bevestigden dat met de juiste stromingscondities, de 

concentratie van kleine plastic deeltjes en olie druppels veel lager is in vloeistof die door de 

microzeef is gegaan vergeleken met de toevoer-concentratie. Al deze resultaten lieten zien dat 

het mogelijk is om het microfluïdische scheidingsprincipe toe te passen in een kruisstroom 

microzeef (cross-flow microsieve) module en dat het mogelijk is om op grote schaal deeltjes 

en olie druppels te scheiden die kleiner zijn dan de poriën. 

De belangrijkste bevindingen en conclusies van dit werk worden beschreven in hoofdstuk 7. Na 

de belangrijkste bevindingen volgt een korte evaluatie van de haalbaarheid van het 

scheidingsprincipe op grote schaal vergeleken met microfiltratie. De algemene discussie wordt 

afgesloten met openstaande vragen nog moeten worden onderzocht. Zoals al eerder is 

beschreven, is het scheidingsprincipe zeer interessant om op industriële schaal te worden 

toegepast. 
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Vergeleken met microfiltratie is de drukval over de microzeef kleiner, is de kans dat de 

microzeef (onherstelbaar) dichtslibt kleiner, en is het mogelijk om vervormbare deeltjes en/of 

(olie) druppels te scheiden. Maar om de kruisstroom microzeef module op industriële schaal 

te gebruiken moet het worden opgeschaald om grotere volumes te verwerken. In dit 

proefschrift worden een aantal manieren beschreven om een kruisstroom microzeef op te 

schalen en daarmee deeltjes te scheiden, die kleiner zijn dan de poriën in de microzeef. 

Ondanks dat het beschreven systeem veel voordelen biedt ten opzichte van microfiltratie, zijn 

er voor dit nieuwe systeem ook nog vragen en risico’s. Daarom beschrijven we meerdere 

aspecten die nog onderzocht moet worden, zoals bijvoorbeeld: het beste grootschalige 

ontwerp, de minimale deeltjesgrootte die gescheiden kan worden, het effect van de verhoogde 

concentratie aan het oppervlak van de microzeef en de mechanismes van vervuiling van de 

microzeef. Momenteel concluderen we nog dat een gevestigde techniek zoals microfiltratie een 

goede en veilige optie is, maar we verwachten dat de voordelen van de kruisstroom microzeef 

module uiteindelijk opwegen tegen de nadelen.
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1.1. Disperse systems 

Many products we use in our daily life, and many streams in food, chemical and wastewater 

processing consist of dispersed particles or droplets in a fluid. Examples are milk, algae and 

wastewater. Milk is, for example, a product that contains fat globules (droplets) as dispersed 

phase. The fat concentration, however, can vary per cow, per season and per year, and is much 

higher than in skim milk. Therefore, the milk has to be standardized by removing a part of the 

fat. Algae are grown in ponds but need to be concentrated before they can be used. This 

concentration step is often considered the most critical step in utilizing algae. In wastewater 

treatment, one has to remove the sludge that is generated in the digestion of the organic 

components that were present in the waste water. This is typically done with sedimentation 

ponds; however, these are critical in the total capacity of these processes. 

 
Figure 1.1: Examples of products and process streams that are dispersions, with milk on the left, 

cyanobacteria Chlorogoeopsis fritsii in the middle (courtesy of S. Canizales) and wastewater on the 

right. 

Disperse systems (Figure 1.1) can be characterised by the physical characteristics of the 

dispersed and continuous phase. Typical parameters are the size distribution of the particles or 

droplets, the shape of the particles, the density difference between the dispersed and the 

continuous phase, the surface properties of the dispersed phase, and the ionic strength, surface 

tension and rheology of the continuous phase [1]. 
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To separate or concentrate the dispersed phase from the liquid phase, separation techniques 

typically exploit one or more of these characteristics.  

1.2. Mechanical separation technologies 

A common method to separate or concentrate a dispersed phase is to exploit density 

differences. This can be done with for instance, settlers (sedimentation or flotation) and with 

centrifuges. Density based separation techniques can be used when particles or droplets have 

a significant density difference with the continuous phases, and when the particles or droplets 

are sufficiently large (Figure 1.2). Small particles or particles with a density practically equal to 

that of the liquid (neutrally buoyant) cannot easily be separated with these methods because 

the typical velocity between dispersed and continuous phase (terminal velocity) is too low and 

separation would require too much energy and/or time [2].  

In those cases that the density differences and particle sizes are too small, one can use size 

exclusion; this is typically used with (micro)filtration, which blocks particles to pass a porous 

membrane with pores of a specific size. Particles with a diameter between 0.1 and 10 μm can 

be separated with microfiltration on an industrial scale; however, membrane pore blocking and 

fouling, due to the accumulation of retained particles before and inside the membrane, 

generally reduce the effectiveness of the process over time. To mitigate these effects, different 

hydrodynamic and dynamic strategies have been developed, as was reviewed by Jaffrin et al. 

2012 [3]. A different strategy to reduce (irreversible) fouling is the development of micro-

engineered membranes, called microsieves.  
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Figure 1.2: An estimation of the typical velocity between dispersed and continuous phase of particles 

with a size between 1 and 100μm with a density difference of ±500 kg/m3 (using general equation 

of the settling velocity in laminar regime). The boxes give a rough indication when density-based 

techniques or filtration techniques can be applied (distinctions are made based on Wakeman et al.). 

Microfiltration and centrifugation can be used in the same particle size range if there is a small 

difference in density between dispersed and continuous phase. Overlap indicates flexibility between 

the different techniques. 

These membranes are (relatively) less sensitive to fouling because they can be operated with 

very low pressures, are very smooth and have great freedom in the shape of their pores [4-6]. 

However, even microsieves suffer from the same limitations as conventional membranes; 

therefore, new and/or improved separation methods are important. Because, these 

new/improved separation techniques are expected to recover more of our valuable resources 

while using less resources (e.g. energy and chemicals), and this might prove to be helpful in 

the future.
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1.3. Microfluidic separation technologies 

Microfluidics has emerged from the application of micro-engineering methods for preparing 

very small fluidic devices. It has been extensively applied in sensors, in small-scale analytic 

devices (‘lab-on-a-chip’), and only recently has been extended to larger scale separation 

processes, such as with microsieves [7, 8]. Various microfluidic separation principles have been 

developed that do not have the same limitations as density based separation techniques or 

(micro)filtration, by making use of the complex designs that are possible with chip preparation 

methods, such as photolithography. Despite the advantages of microfluidic separation devices, 

their very low throughput makes direct translation of these new methods towards processing 

of larger streams a challenge. Processing larger volumes would be possible by mass 

parallelisation of microfluidic devices but because of the complex interfacing with the 

peripheral equipment, one traditionally scales up by increasing the throughput of a single 

device. Several different microfluidic separation techniques were evaluated on their potential 

for increasing the single unit throughput. The deterministic lateral displacement (DLD) 

device was identified as one of most promising microfluidic techniques for suspension 

separation on larger scale [9].  

A DLD device is an array of obstacles placed in a specific pattern (Figure 1.3AB). The fluid 

flows in between the obstacles. The part of the fluid that meanders between two consecutive 

obstacles is called a flow lane (red). Only one flow lane and therefore only a small part of the 

total flow is shown in Figure 1.3; of course the rest of the system is also filled with fluid and 

other flow lanes. A particle that initially flows within a flow lane will at some point approach 

an obstacle. If the radius of the particle is larger than the width of the flow lane while passing 

an obstacle, it will be pushed from its initial position, out of this flow lane. This results in the 

particle being moved laterally into the adjacent flow lane. At a later encounter with another 

obstacle, the same will happen. After many of these encounters, the particles will be translated 

to one direction, which effectively results in macroscopic separation of the particles.  
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The distance between the obstacles can be larger than the size of the separated particles. 

Instead, the critical size of the particles that can be separated is determined by the angle in 

which the obstacles are placed and the size of the gap between the obstacles. This is important, 

as it implies that the system may be much less susceptible to fouling, than for example a 

microfiltration system, in which the separation rests on the existence of pores that are smaller 

than the particles to be separated [10], and which can therefore be clogged by these particles. 

 

Figure 1.3: In (A) the original Deterministic Lateral Displacement (DLD) array. The circles are the 

obstacles. Only one of the many flow lanes is shown (red). (B) Close up of a flow lane and the separation 

principle, where particles with a radius larger (grey) than the red flow lane change direction after 

interacting with an obstacle. The smaller particles remain in their original trajectory and follow the flow 

lane. (C) shows a alternation on the original DLD device, which we call a sparse lateral displacement 

system. In (D) the close up of the flow lane and separation principle in a sparse lateral displacement 

system, where particles with a radius larger than the width of a flow lane (grey) are displaced. 

While the principle of DLD is promising, direct scaling is difficult. The dense obstacle arrays 

become fragile when the obstacles are made longer, while larger throughputs without changing 
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the dimensions would result in larger pressure drops. The manufacturing of large-scale DLD 

with this design is a challenge that has not yet been resolved.  

It was recognised by Lubbersen et al., that one does not need a complete array of obstacles for 

the separation of a dispersion with low volume fraction. In principle, a single column of 

obstacles that is tilted would be enough. In practice, however, several columns were still 

necessary, although with much less than the conventional fully filled DLDs. Such a sparse 

lateral displacement system would be much easier to construct and apply on larger scale, while 

it still retains the advantage of separating particles much larger than the gaps between the 

obstacles (Figure 1.3CD). 

Upscaling the sparse lateral displacement device is the subject of this thesis. Just making longer 

obstacles with the same manufacturing techniques as are applied for microfluidic devices, leads 

to mechanically very fragile obstacles. Interconnecting the obstacles to their neighbours, with 

small connections, increases the mechanical strength of the obstacles and makes it possible to 

increase their length. The resulting geometry of connecting obstacles is then the same as a 

single microsieve, with elongated pores. 

Combining microsieves into a sparse lateral displacement system, results in a hybrid system 

that is partly microfluidic and partly microfiltration (Figure 1.4). This reflects the title of this 

thesis, “Sieve-based deterministic particle displacement for suspension separation.”  

 
Figure 1.4: On the left, normal obstacles that are only connected to the base. In the middle, 

interconnected obstacles that are both connected to the base as well as to other obstacles in the same 

obstacle column. This geometry mimics a sieve. On the right, extremely small interconnected obstacles 

columns which is similar to a single microsieve. 
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1.4. Research objectives and thesis outline 

The objective of the study reported in this thesis was to investigate the design and performance 

of sparse deterministic lateral displacement systems, with the practical aim to increase the 

system throughput. We replaced the traditional obstacles by microsieves to create larger-scale 

systems, which were then compared to the traditional DLD. The influences of design and 

process parameters were investigated by characterising the flow field in a sparse deterministic 

lateral displacement system.  

Chapter 2 qualitatively compares cross-flow microfiltration and inertial microfluidics to 

understand their challenges for application on larger scales. The challenges of microfiltration 

(MF) and the existing strategies to improve MF operations are discussed. Subsequently, the 

upscale potential of different inertial microfluidic systems is discussed. Based on the underlying 

separation principles, three promising systems are identified as most promising, i.e. fluid 

skimming, sparse lateral displacement arrays, and inertial spiral microchannels. Finally, we 

propose conceptual design guidelines for large scale suspension separation. 

Chapter 3 introduces a sparse lateral displacement system that is based on sieves. This creates 

a hybrid “sieve-based lateral displacement” system, which is better suited for upscaling. 

Numerical simulations and experiments were compared and used to study particle trajectories 

and concentrations. The macroscopic separation was optimized by adjusting the outflow 

conditions.  

Chapter 4 elaborates on scaling guidelines of the sieve-based lateral displacement systems 

relative to the conventional deterministic lateral displacement devices. The geometry of sieve-

based lateral displacement systems is asymmetric and was not expected to displace particles. 

Despite its asymmetric design, we could observe significant particle displacement. Analysis of 

the numerical simulations gives insight on the hydrodynamics and the separation mechanism. 
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In Chapter 5 the flow lanes and system hydrodynamics are experimentally visualized and 

compared to two-dimensional numerical simulations. An in-depth analysis of the simulations 

shows a correlation between the ratio of the velocity components in the pores and the size of 

the flow lanes. This study yields understanding of the underlying requirements for 

deterministic lateral displacement and provides further guidance for the development devices 

for deterministic displacement.   

Chapter 6 describes and applies systematic system design to obtain optimal deterministic 

particle displacement in a cross-flow microfiltration set-up for small particles and droplets. 

Two-dimensional numerical simulations were used to find the specific balance of the velocity 

components inside the pores. Based on the simulations, an experimental module is 

manufactured, the velocity field visualized and compared with the 2D simulations. 

Concentration experiments of PMMA particles and Oil/Water emulsions confirm 

deterministic displacement of particles and droplets in a cross-flow microsieve module. These 

results demonstrate the possibility to deterministically displace particles smaller than the pores 

in a cross-flow microsieve module.   

In Chapter 7 we discuss the main results of this thesis. Next, the feasibility of deterministic 

displacement on industrial scale is evaluated and compared to microfiltration. This is followed 

by an outlook that describes some remaining topics for future research and an overall 

conclusion 
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2.1. Abstract 

Separation of suspensions can be carried out by microfiltration and microfluidic techniques, 

although both rely on different principles. Conventional microfiltration involves retention of 

particles by a porous membrane, but is limited by (irreversible) particle accumulation and 

concentration polarization that can only be (partially) controlled by back pulsing that transfers 

particles back into the bulk. Microfluidic separation devices employ a combination of inertial 

forces and sometimes geometric constraints to control particle migration behaviour, which 

allows splitting of suspensions into concentrated and diluted streams.  

Considering their effectiveness, inertia-based microfluidic separation is regarded an interesting 

alternative to microfiltration; therefore, this paper focusses on the use of inertial forces in 

suspension separation. This resulted in the selection of three concepts, which were: 1) Fluid 

skimming, which is a combination of microfiltration and controlled particle migration 

behaviour, 2) Spiral inertial microchannel separation, in which particles migrate fast towards 

an equilibrium position, and 3) sparse obstacle arrays, which use geometric interactions to 

induce particle migration. In a concluding section, the application of controlled migration 

behaviour in relation to scalability of inertia-based microfluidic separation techniques and the 

effect of suspension properties on separation are discussed in detail. 
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2.2. Introduction 

Suspension separation is one of the most applied operations in for example food, water-

treatment and chemical industries. It is mainly applied to either recover a valuable solid 

component or a fraction thereof, or to separate a valuable liquid from the solids. Since 

suspension separation is frequently used, a multitude of technologies exist that depending on 

e.g. particle size, density difference between liquid and solid, and desired concentration factor 

can be applied more or less successfully.  

Particles with a diameter below 10	݊݉ have a relatively large (Brownian) diffusion coefficient, 

and they are typically removed by adsorption (or depth filtration) or ultrafiltration. Particles 

with a diameter above 10	݉ߤ are mostly removed by settling/creaming or by centrifugation, 

since their total mass is sufficient to induce significant buoyancy or settling force (given 

appreciable density difference). Particles between 10	݊݉ and 10 ݉ߤ tend to be difficult to 

separate; they are too small to be separated by settling or centrifugation, yet they are too large 

to have significant Brownian diffusivity that is needed for adsorption, or to diffuse away from 

a membrane. This inherently causes a challenge, since this size range is relevant for amongst 

others food, pharma, chemical and waste water applications. In this paper, we specifically 

address techniques that target separation and fractionation of particles in the 1 to 10	݉ߤ size 

range. 

A mainstream technique to treat such suspensions is microfiltration. Although this technique 

is well developed and successfully applied at large scale, it also suffers from several drawbacks 

such as particle deposition, concentration polarisation, and fouling that all reduce the 

productivity of the system. Besides, the selectivity of fractionation processes is greatly 

influenced by these effects [3]. One of the strategies to increase microfiltration performance is 

by increasing the local shear rates near the membrane surface to reduce concentration 

polarization. This is usually achieved by a higher cross-flow velocity; furthermore, vibrations 

or the use of spacers and turbulence promoters to introduce secondary flows have been 
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proposed. Although various effects have been claimed, the more complex designs have some 

disadvantages, e.g. cleanability is influenced negatively. The interested reader is referred to a 

recent review that covers various aspects of dynamic flow conditions by Jaffrin and co-workers 

(2012).  

Several microfluidic suspension separation techniques that use geometric and fluid constraints 

to enable ‘control’ of particle movement have been presented and compared in a review [9]. 

These techniques mostly make use of inertia effects that increase strongly with particle size. 

For example, the inertial lift in Poiseuille flow in a slit-shaped channel scales (Re>1) with the 

particle size as ܨ௅ ∝ ܽସ for Rep<<1 and ܨ௅ ∝ ܽଷ for Rep>1, and the inertial force due to the 

proximity of a wall scales as ܨ௅ௐ ∝ ܽ଺, while a drag force due to a slip velocity would scale as ܨ஽ ∝ ܽଶ. This illustrates that, for particles, the inertial forces quickly become dominant, and 

are better suited to distinguish between particle sizes than drag forces. Despite the fact that 

microfluidic separations were found very effective, they are not applied at larger industrial scale, 

since these techniques cannot simply be up- or out scaled. In the current paper, we review new 

developments in solid-liquid separation based on microfiltration with secondary flow effects 

and inertia-based microfluidics. Specifically, we address the role of inertial forces in suspension 

separation, and identify and discuss upscaling challenges and opportunities for three novel 

technologies; fluid skimming, spiral inertial microchannel and sparse obstacle arrays. 
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2.3. Particle separation with microfiltration  

The mainstream separation technique to treat suspensions is microfiltration, in which a porous 

membrane is used to separate suspended particles with a typical size between 0.1 and 10	݉ߤ 

from the liquid. Microfiltration is often carried out in cross-flow-filtration mode, which 

improves back-transfer of retained particles near the membrane surface towards the bulk of 

the feed suspension, through a fluidization effect called shear induced or hydrodynamic 

diffusion.  

 
Figure 2.1: Overview of approaches to reduce concentration polarisation in cross-flow 

microfiltration. A) velocity or shear-gradient induced lift, B) Dean vortices, C) turbulence 

promoters, D) pulsating cross-flow, E) shear-induced diffusion, F) fluid skimming, G) back-

washing or back-pulsing, H) rotating membranes or disk module and I) vibrating membranes or 

modules. 

Although cross-flow microfiltration improves performance and is successfully used on 

industrial scale, it does not prevent accumulation of particles at or near the membrane surface. 

Therefore, many measures have been explored to further reduce concentration polarization 

and/or particle accumulation. In general, local fluid disturbances that reduce the concentration 

polarization layer are used. This can be done by redesign of the membrane modules or by 

introducing an external mechanical action, e.g. vibrating membranes or back-pulsating fluid 

as is discussed below (Figure 2.1).  
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In conventional microfiltration with spiral wound modules, spacers and high cross-flow 

velocity are applied therewith enhancing mixing and thus minimizing concentration 

polarization (Figure 2.1AB). Additionally, increased cross-flow velocity increases shear rate, 

which promotes back transport of particles from the concentration polarization layer into the 

bulk [11-17]. Depending on the operating parameters of the system, and the size and 

concentration of the particles, different hydrodynamic effects dominate the mobility of the 

particles (e.g. inertial lift forces, dean vortices or hydrodynamic diffusion). 

The downside of a higher cross-flow velocity is an increased energy demand for the pumps to 

circulate the suspension, and these effects have to be weighed to achieve the most economical 

process setting. Another approach is to insert spacers or turbulence promoters to enhance the 

local shear rate near the membrane surface (Figure 2.1C). The drawback of such inserts is that 

they can be difficult to clean [15, 16]. In addition, flow instabilities can be induced by a 

pulsating cross-flow; the pulses create velocity and pressure gradients that may promote 

particles to move back into the feed (Figure 2.1D). This method does not need high cross-flow 

velocities but is difficult to use in larger systems since the velocity gradients dissipate rapidly 

[3, 16, 18]. Besides by means of the liquid, the membrane can be used to induce velocity 

gradients. Vibrating modules, rotating disk modules and rotating cylindrical membranes 

(Figure 2.1HI) are examples of dynamic systems that use moving elements to induce shear near 

the membrane [3, 11]. However, these moving parts lead to additional energy usage, and are 

more difficult to clean, which limits their application. 

In most membranes, the pores are not uniform in size, but small uniform pores can be made 

by photolithographic etching (microsieves) [6], electroforming [19], embossing [20] and 3D 

printing [21]. The fluxes of these devices are typically 10-100 times higher than those of 

conventional membranes [6], and this also implies that the process conditions need to be 

controlled very carefully to prevent accumulation of particles. 
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In general, complete blockage occurs when particles are in the same size range as the pores. In 

order to prevent this, microfluidic systems have been introduced e.g. by [8, 9], as discussed in 

the next section. 

In addition, van Dinther and co-workers successfully used large uniform pores at particle 

concentrations of up to 45% [22]. In their research metal sieves were used with uniform pores 

that were considerably larger than the particles to be separated. By control of the process 

parameters, particle migration is facilitated by a closed section that is used prior to the filtration 

area, which allowed strict control over the particle size in the permeate (Figure 2.3A). Through 

hydrodynamic interactions, larger particles migrate faster away from the membrane surface, 

which allows smaller particles to pass freely (Figure 2.1E) [23-25]. Besides shear-induced 

diffusion, fluid skimming can also be applied in the same system, but now for low particle 

concentrations < 5% (Figure 2.1F) [12]. In this case, the cross-flow drags particles parallel to 

the membrane, while the permeate flow drags them into the pore; if these forces are balanced 

correctly, particles skim across the pores [14].   

2.4. Suspension separation in microfluidic devices 

Microfluidic devices are known for their precisely defined geometry, which allows accurate 

sorting and separation of particles from suspensions. Among the growing number of 

microfluidic systems there are several passive techniques that continuously sort and separate 

particles based on fluid inertia effects. Two main methods for lateral migration are used, 

namely inertial lift and Dean-like drag; in the next section we review and compare different 

methods. 

Forces relevant to particle separation in microfluidic devices 

Inertial lift forces are generally dominated by; 1) a lift force that is induced by a gradient in 

shear rate, which drags particles away from the channel centre due to the parabolic shape of 

the velocity profile and 2) wall-induced lift forces which direct particles away from the wall 
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[26-30]. Depending on the magnitude of both forces, particles will migrate toward a stationary 

position, of which the location varies with the flow velocity, and the particle properties (e.g. 

size, density, shape and deformability). 

 
Figure 2.2: (A) side view of a channel with shear-gradient induced and wall induced lift forces with 

the particle residing at its equilibrium position and (B) cross-sectional view of a channel with dean 

vortices (motivated from [26, 31]). 

Particle migration may also be influenced by the drag force of a secondary flow, which is a re-

circulating flow perpendicular to the main flow direction. When the drag force of this 

secondary flow is combined with inertial lift forces, particle focusing can be accelerated and 

the equilibrium position influenced. In order to focus particles, it is crucial to match secondary 

flow effects with inertia through the flow velocity, the lay-out (size, shape, curvature, sequence 

and position of inserts) and the cross-section of the channel [32-35], as explained in the next 

section.
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2.5. An overview of inertial separation techniques 

The most investigated inertia-based microfluidic systems are shown in Table 2.1. The 

separation mechanism is based on at least one of the hydrodynamic forces mentioned earlier, 

where the deterministic lateral displacement device also makes use of geometric constraints 

for separation.  

Table 2.1: Overview of inertia-based microfluidic devices suitable for suspension separation and the 

main forces they utilize to focus particles in equilibrium positions. 

Straight channels are, perhaps, the ‘simplest’ designs for focusing and ordering particles based 

on fluid inertia. Segre and Silberberg were the first to observe lateral particle migration towards 

an equilibrium position in 1961, but it was not until 2007 when Di Carlo et al. used straight 

channels to focus, sort and separate particles [36]. This sparked the interest of many, and 

several straight channels with different cross-sections have been studied, each with multiple 

equilibrium positions from which particles can be collected [37-39].  

Curved or spiralling channels are quite similar to the straight channel except for the induced 

secondary flow also known as ’Dean flow’ [40, 41] that is caused by the channel curvature.  

System Hydrodynamic forces Schematic design 

Straight channel Inertial lift forces 
 

Curved or spiralling channel 
Inertial lift combined with 

secondary-flow drag force  

Serpentine channel  

(symmetric and asymmetric) 

Inertial lift combined with 

secondary-flow drag force  

Multi-orifice or 

expansion-contraction channel 

Inertial lift combined with 

secondary-flow drag force  

Structure-filled channels 

(Obstacles and herringbone) 

Inertial lift combined with 

secondary-flow drag force 

Deterministic lateral displacement array 
Inertial lift combined with 

secondary-flow drag force  
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The counter-rotating vortices drag particles across streamlines and, together with inertial lift 

forces, cause more rapid focusing of particles towards an equilibrium position, which increases 

separation accuracy and decreases channel length [28, 35, 42]. As mentioned previously, these 

systems need to be designed carefully around the right balance between the inertial lift forces 

and Dean drag [26, 28]. And this is even more true for serpentine channels that have 

meandering curves [36] that induce alternatingly counter rotating vortices that focus particles 

faster than straight channels. Symmetric curved channels have two equilibrium positions, while 

asymmetric curved channels focus particles in a single equilibrium position which is favourable 

for particle separation [36].  

Multi-orifice or expansion-contraction channels have also been suggested, as systems to 

separate particles [43-46]. In such systems, particles are either focussed toward their 

equilibrium positions using inertial lift forces and Dean-like vortices, or are trapped in vortices, 

or both. Trapping particles has the disadvantage that it requires an interruption of the process 

to remove the particles [43, 47, 48]; however, this can be circumvented by switching between 

continuously focussing or discontinuously trapping and siphoning off particles from outlets on 

the sides [49].  

Besides the structure of the channel that was just discussed, inserts like micro-pillars or 

herringbones inspired structures can also be used to influence particle behaviour. In this case, 

a combination of alternating dean-like vortices and inertial lift forces lead to particle separation 

[32, 33, 50-52]. The use of inserts leads to more freedom in the design of the system; the 

shape and strength of the secondary flow can be tuned by varying the obstacle shape, size or 

positions [28, 32, 53]. A specific example is the deterministic lateral displacement array [54-

57], in which arrays of obstacles are used, with each obstacle row slightly shifted compared to 

the previous row. It was found that for this system inertial hydrodynamic effects assist particle 

separation [55, 56]. 



Chapter two 

35 

2.6. Comparison of microfluidic separation 

techniques for large scale separation  

The microfluidic suspension separation systems described in the previous section are applied 

on dilute small-scale suspensions (up to ml/min), usually for analytical or diagnostic purposes, 

with emphasis on recovery, selectivity, purity and resolution. For large scale, preparative 

applications, other aspects come into play such as sensitivity to disturbances and/or foulants, 

cleanability, energy efficiency and the ease of integration with peripheral equipment.  

The low single unit throughput is a major hurdle for large scale application of the novel 

microfluidic separation techniques. The throughput may be increased either by upscaling or 

outscaling. Outscaling, or scaling by parallelization requires numerous devices to be connected 

either individually or to a larger feed channel. Scaling up implies increasing the dimensions of 

the device itself, which is economically interesting since the throughput increases with system 

dimensions – in laminar flow, for instance, the throughput depends on the diameter of a 

channel to the fourth power. 

Devices with many curves, orifices or other structures in the channel are more difficult to 

manufacture, more susceptible to particle accumulation, and more difficult to clean. In 

addition, these complex structures often generate larger pressure drops compared to straight 

channels of similar length. The length of a channel is important as each system requires a 

minimal length to focus particles, and the cross-sectional diameter and channel shape play a 

critical role and co-determine the effectiveness of particle separation. For example, a 

trapezoidal cross-section was found to increase the focusing distance between different sized 

particles, therewith rendering easier particle collection [37]. Finally, the empirically established 

Confinement Ratio (ܴܥ = ܽ௣/ܮ௖), where ܽ௣ is the particle diameter and ܮ௖ the characteristic 

length of the channel cross-section, needs to be ≥ 0.07 for the shear-gradient lift force to focus 

particles over a given channel length [36, 58, 59].  
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From the systems described in Table 2.1, three of the (in our opinion) most promising systems 

are selected for their scalability and other mentioned considerations. Subsequently, these 

systems are compared to microfiltration on important aspects for large scale use (Table 2.2). 

At this stage a qualitative comparison was preferred as lack of sufficient design data made it 

impossible to make a fair quantitative comparison. 

Table 2.2: Comparison of: single unit throughput, energy efficiency, scalability and robustness 

(sensitivity against external fluctuations and fouling) for microfiltration, fluid skimming, sparse 

obstacle array and the inertial spiral microchannel.  

 Single unit 

throughput 

Energy 

efficiency 
Scalability Robustness 

Microfiltration ++ - ++ + * 

Fluid skimming + + + + 

Sparse obstacle array + + + +/- 

Inertial spiral microchannel + ++ - +/- 

* Only for systems with measures taken against external fluctuations/fouling 

The three selected techniques in Table 2.2 are capable of continuously separating particles with 

reasonable throughput and have low risk of particle accumulation compared to conventional 

microfiltration, although the concentration of the suspensions investigated in these systems 

are still relatively low (<5v/v%). 
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Figure 2.3: (A) a fluid skimming module with a closed channel prior to the membrane [12], (B) a 

sparse obstacle array [60] and (C) a spiral inertial microchannel [37].  

1) Fluid skimming takes place when the cross-flow velocity and the transmembrane flux are 

matched in such a way that particles skim across the much larger pores of the membrane. The 

system module has a slightly different design as in microfiltration, with a closed section 

preceding the porous region (Figure 2.3A). This strategy facilitates particle migration without 

chaotically reintroducing particles in the feed stream as is customarily done in microfiltration. 

A fluid skimming system can be operated at a constant permeation flux that is similar to an 

approach often used in microfiltration, without severe fouling problems and with a lower 

energy consumption as the pores are considerably larger than the particles [12]. Since 

microfiltration is an accepted technique and broadly applied, the knowledge to implement 
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fluid skimming on a large scale is in principle available. 2) Sparse lateral displacement 

technology (Figure 2.1B); [60], has been used to concentrate and fractionate particles. The 

system uses structures inclined to the flow direction to displace particles of a critical size. 

Particles below the critical size will follow the flow direction. Particles above the critical size 

will be displaced. If fractionation is intended, the next line of structures might have a different 

critical size. The particles can be collected at the corresponding outlet. Geometry and number 

of structure lines can be adjusted according to requirements. The energy demand will relatively 

low considering that the pores are larger than the particles to be separated, despite the large 

number structures. The main challenge for upscaling is to precisely manufacture tall and 

narrow obstacles which do not break or bend. In order to achieve this, it was suggested to use 

sieve type of obstacles that can be scaled up easily [10].  

3) The spiral inertial microchannel (Figure 2.3C) has very high flux and recovery, and seems 

to even perform better than one would expect based on the CR. Even though there is basic 

understanding, the underlying aspects needed for process design are not completely 

understood. In spite of this, numerous papers are reporting on increased throughput of a single 

device [37, 61, 62]. Since the cross-section of the spiral inertial microchannel is relatively large 

and without structures, the energy consumption is regarded low. Nevertheless, the current 

throughput is still insufficient for industrial use and needs further improvement. 

The three described systems hold potential for industrial application; however, they are not 

investigated to the same extent. Although fluid skimming is new, the concept of 

microfiltration is well developed and can be easily scaled up. Deterministic lateral displacement 

technology and inertial microfluidics are relatively novel techniques and their upscaling has 

only been investigated to a limited degree. Therefore, we propose conceptual designs to apply 

these techniques at large scale (Figure 2.4). For a sparse obstacle arrays conventional upscaling 

is possible, whereas spiral inertial channels can be scaled out as this system is (still) limited by 

the CR. 
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Figure 2.4: Concept designs of systems that could be used for larger scales. (A) Tubular/hollow fibre 

fluid skimming membrane module with closed channels prior to the porous area, (B) up-scaled 

sparse obstacle array and (C) out-scaled spiral inertial microchannels [63].  

2.7. Influence of feed suspension characteristics on 

separation performance 

Even though three systems are considered promising for large scale separation of suspensions, 

their performance can be heavily influenced by feed suspension properties. Hitherto, fluid 

skimming was mostly investigated for separation of yeast cells [12], and very recently for milk 
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fat globules. Sparse obstacle arrays were applied to separate polystyrene beads [60] while 

regular deterministic lateral displacement devices were also investigated for separation of blood 

cells [64], tumorous cells [65], bacteria [66] and parasites [67]. The spiral inertial 

microchannel was used for separation of polystyrene particles [35, 59, 61], yeast [63] and blood 

cells [68]. These evaluations in literature indicate several critical feed suspension properties for 

successful application such as rheological properties, deformability and shape of the particles, 

and particle size distribution.  

Rheological properties have large influence on separation via their effect on inertial forces or 

the required high velocity gradients for separation. High viscous and shear-thickening fluids 

negatively affect maximum throughput and can render separation ineffective; on the contrary, 

low viscous and shear-thinning fluids can lead to higher throughput and thus enhance 

suspension separation [28, 69]. Conventional microfiltration is less sensitive to viscosity effects 

in regard to separation behaviour, but the throughput is inversely proportional to the viscosity, 

leading to reduced performance and/or higher energy requirements [11].  

Deformable particles and/or particles with various shapes can affect separation behaviour [66, 

70-72]. Depending on the system, separation of symmetric particles will rely on the maximum 

rotational diameter. In case of a sparse obstacle array it depends on the smallest diameter. 

Deformability of the particles can lead to additional lift forces or can influence the physical 

interactions needed for separation [28, 71, 72]. In specific cases, shape and/or deformability 

are used to induce separation [70, 72, 73]. 

Suspensions with a large particle size distribution are likely to have a cut-off diameter below 

which particles are no longer separated. Higher recovery of the smaller particles requires 

smaller cross-sections or multiple systems in series, at the expense of energy cost [63]. In such 

situations the sparse obstacle array can fractionate particles of different size in a single system 

[60, 74]. 
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2.8. Conclusions  

Various methods to enhance microfiltration revolve around redistributing particles that have 

accumulated near the membrane surface. Unlike membrane filtration, in microfluidic 

applications, geometric constraints and inertia are used to direct particles to positions from 

which they can be harvested easily. Both methods differ greatly in the scale at which they have 

been applied; as microfluidic techniques are still in their early stages of development, 

microfiltration is the current method of choice. 

Three microfluidic techniques were identified as promising for out- or upscaling. Spiral inertial 

microchannels have been successfully mass parallelized but are restricted in confinement ratio 

that can be used, which limits upscaling. Sparse obstacle arrays allow high flux at relatively low 

pressure drop, but still need to be developed for particles in the 1-10 micrometre range. Fluid 

skimming exploits well-defined sieves in combination with control over the feed and permeate 

flows. This last technique employs a specific microfiltration configuration and is thus expected 

to be easier scalable, although this requires further confirmation. Finally, despite the potential 

of all discussed systems for large scale separation their effectiveness will also depend on feed 

suspension properties. This needs to be topic of further research before successful industrial 

application.  
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3.1. Abstract 

Sparse lateral displacement arrays are easier to scale up than full deterministic lateral 

displacement arrays or deterministic ratchets, because they require lower pressure drop and 

simplify the construction of the device. However, the asymmetry of sparse arrays leads to a 

non-homogeneous pressure distribution with as a consequence an uneven flow field and 

limited separation performance. Furthermore, the construction of high throughput sparse 

obstacle arrays that allow separation of small particles is challenging. Therefore, in this study 

we investigated the use of sieves to replace obstacles in sparse systems. Moreover, we 

investigated a strategy to optimize the separation performance by adjusting the internal 

pressure distribution. Our experiments showed in first instance that the introduction of sieves 

negatively affects separation performance, which was explained by the lower porosity of the 

sieves. However, via fluid flow calculations and high-speed camera analyses we found that 

pressure distribution can be optimized by adapting the flow rates of the different outlets 

preventing high pressure drop across the obstacles arrays near the bottom of the device. 

Experimental separation data for adjusted outlet flow conditions indeed showed better particle 

displacement, especially in the bottom region, and as a result improved separation behavior. 

These findings demonstrate the potential of the scalable sieve-based lateral displacement 

device to effectively separate particles. 
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3.2. Introduction 

A deterministic lateral displacement device or deterministic ratchet is a microfluidic device to 

separate or fractionate particles from suspensions [54]. The separation principle involves arrays 

of obstacles to displace and separate particles based on their size. Fluid flows through the 

openings between individual obstacles, which are arranged in rows that are tilted relative to 

the overall average flow direction of the fluid.  

 

Figure 3.1: Schematic diagram of the deterministic lateral displacement separation principle with in 

(A) the initial obstacle array, in (B) the sparse lateral displacement array and in (C) the sieve-based 

deterministic lateral displacement device. The fluid through the system can be divided into flow lanes 

indicated by the dotted lines. Particles with a diameter ≥2*Dfc are displaced by each obstacle into the 

adjacent flow lane. Forcing larger particles to follow the direction of the obstacles instead of the flow 

direction. When particles < 2Dfc, they are not displaced laterally, stay in their flow lanes and follow 

the flow direction.

In a laminar flow field, the fluid that will flow through a particular opening is bounded by two 

flow lines, which comprise the so-called flow lane (dotted lines in Figure 3.1). If particles, that 

are suspended in the fluid, have a diameter that is larger than two times the typical width of 

the flow lane, (ܦ௙௖), lateral displacement occurs after steric interaction of the particle with an 

obstacle (Figure 3.1A). When the particle is smaller it stays within its flow lane (dotted lines) 

and follows the fluid [75]. Thus, larger particles are shifted unidirectionally from their flow 
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lanes, which after many such events results in macroscopic separation. All particles that are 

smaller than the flow lane width will follow the fluid and therefore will less likely cause 

obstruction and fouling of the structure, compared to membrane filtration, in which all 

particles accumulate before a single sieve. This is one of the reasons why the deterministic 

lateral displacement separation principle has been considered promising to separate 

suspensions at a larger scale [9, 76, 77].  

It is often suggested to scale up microfluidic systems through outscaling or massive 

parallelization [63, 65, 74], but this requires a large number of connected devices, requiring 

large investment in the peripheral structure, which would also compromise its robustness in 

operation. It would be economically more interesting to follow the classical laws of scale-up 

and increase the dimensions of the device [76]. However, increasing the dimensions of 

deterministic lateral displacement devices is challenging from a construction perspective. 

Especially the construction of tall obstacles with enough mechanical strength is difficult and 

expensive, and therefore the throughput is limited by the cross-section of the channel [74]. A 

possible solution to increase the throughput of the deterministic lateral displacement 

technology is to use sieves to replace obstacles (sieve frame) and gaps (pores) as shown in Figure 

3.1C. In contrast to the construction of individual obstacles, there are multiple available 

manufacturing techniques to create sieves with small and uniform pores (e.g. 

photolithographic etching [6], electroforming [19], embossing [20] and 3D printing [21]). 

Another challenge, besides increasing the single unit throughput, is to apply deterministic 

lateral displacement system to process of industrial relevant suspensions. Such suspensions 

usually consist of deformable and/or irregular-shaped particles which may increase the risk of 

clogging, even though different properties may be used to enhance separation in deterministic 

lateral displacement devices [70]. 
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Recently, Lubbersen et al. introduced the sparse lateral displacement concept with a reduced 

number of obstacles (Figure 3.1B). This geometry works, because for dilute suspensions, the 

separation principle requires only a single obstacle array to displace particles [60]. Fewer 

obstacles further reduces the risk of particle accumulation, which decreases the pressure drop 

and lowers the construction costs [60]. However, the asymmetric design of sparse lateral 

displacement device creates an inhomogeneous pressure distribution, which negatively affects 

the separation [60, 78]. Nevertheless, a large scale sparse lateral displacement design that 

employs sieves to separate particles is anticipated to be less challenging to produce and to use, 

compared to mass-parallelized conventional deterministic lateral displacement devices.  

In this work, we investigate the use of sieves to separate particle suspensions in a sparse lateral 

displacement geometry. Using sieves instead of obstacles will create the possibility to increase 

the single unit throughput of a deterministic lateral displacement system and thus better 

facilitates larger scale operation. Here, the effect of sieves on suspension separation and on the 

fluid flow are described for the sparse lateral displacement design. Subsequently, the changes 

on fluid flow caused by the asymmetric design are examined and optimized to improve 

suspension separation. 

3.3. Materials and methods 

Device 

Experiments were carried out using a flow device (Figure 3.2A) as previously described by 

Lubbersen and co-workers; the flow enters at the top and leaves at the bottom at five different 

outlets [55, 56, 79].  

In this device the array designs are placed (top view in Figure 3.2B). Three sparse lateral 

displacement arrays with different obstacle designs were used, the original (Figure 3.2C) was 

milled from PEEK. The other two designs consisted of a base plate, which is milled from 
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PEEK and sieve structures which are 3D printed with nylon (Figure 3.2DE). The design of 

the sparse lateral displacement devices (Figure 3.2B) remained the same and only the obstacles 

were changed (Figure 3.2CDE). The obstacle and gap parameters can be found in Table 3.1. 

Note that the size of the gaps in the flow direction (gap length) remained unchanged. 

Materials 

For concentration experiments, 1 v/v% suspensions of neutrally buoyant particles were 

prepared using polystyrene particles with a density of 1.05 g/cm3 (Maxiblast, USA), 79.5% 

water, 20% glycerol (VWR BDH Prolabo, France) and 0.5% surfactant (SDS, obtained from 

VWR BDH Prolabo). The particle size distribution was measured with a Mastersizer 2000 

(Malvern, UK) and a D50 of 785μm was obtained with D10 of 568 μm and a D90 of 1103 

μm. For high speed camera imaging a suspension of demi water, Tween-80 (Merck, Germany) 

and polyethylene particles of 425-500 μm (Cospheric, USA) with a density 0.98-1.00 g/ml 

were used.  

Table 3.1: Design parameters of the obstacles and gaps for the 3 designs.  

Design Angle ° Obstacle 

width 

[mm] 

Obstacle 

height 

[mm] 

Obstacle 

length 

[mm] 

Gap 

height 

[mm] 

Gap 

length 

[mm] 

Porosity % 

1 5.9 0.8 2.5 1.8 2.5 1.6 ~50 

2 5.9 0.8 5 1.8 4 1.6 ~40 

3 5.9 0.8 5 1.8 1.5 (2x) 1.6 ~30 
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Figure 3.2: (A) The module that holds the sparse lateral displacement designs, (B) top view of a sparse 

obstacle array (adapted from [60], (C) side view of a sparse obstacle array (Table 3.1: design 1), (D) 

side view of a sparse  lateral displacement system employing sieves with a single pore band (Table 3.1: 

design 2), (E) side view of a sparse lateral displacement system employing sieves with a double pore 

band (Table 3.1: design 3). 

 Experiments 

The sieve-based lateral displacement designs were positioned in the module (Figure 3.2A) and 

employed by pumping the suspension vertically from the top down to the 5 outlets where the 

particles can be collected [55]. The inlet flow rate was adjusted in order to obtain a fixed fluid 

velocity of 0.06 m/s in the channel cross-section before the sieves. The volume concentration 

at the inlet is calculated using the outlet volume concentrations and respective flow rates of the 

5 outlets, which varied slightly per experiment. For ease of comparison between different 

experiments, the outlet concentrations are normalized using the inlet concentration. Initial 

experiments were performed with the outflow equally divided over the outlets. At a later stage, 

experiments were conducted with optimized outflow conditions. For these experiments the 

volumetric flow rate per outlet was adjusted according the results obtained from the numerical 

simulations (Table 3.2). Experiments with different outflows were only performed with design 
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3, since it shows most resemblance with sieves. The concentration, in case of ideal separation 

(when all particles are above the critical particle diameter and therefore are displaced) is 

calculated by assuming a homogeneous distributed suspension at the top of the system.  

Table 3.2: Outlet conditions (volume percentages) for the equal outflow and optimized outflow found 

using numerical simulations. 

Design 3 Outlet 1 Outlet 2 Outlet 3 Outlet 4 Outlet 5 

Equal outflow conditions 20% 20% 20% 20% 20% 

Optimized outflow conditions 16% 16% 16% 16% 36% 

Flow visualization 

Tracer particles were recorded in design 3 using a high speed camera (Fastcam SA 1.1, 

Photron, USA) for several inlet velocities. Recorded images are stacked using ImageJ (Z-

project) to create a single image that shows the path lines (trajectories of particles) over time. 

Time between two particles is 7 milliseconds. 

A 3D drawing of Design 3 is created in COMSOL Multiphysics 5.0 and the system is 

simulated assuming stationary laminar flow using a FEM approach [80]. The fluid is assumed 

to be incompressible and the basic properties of water at 293.15 K are used. For all boundaries, 

other than the inlet and outlet, no-slip conditions are used. Normal inlet velocity was swept 

from 0.01 to 0.2 m/s and outlet 1-4 are fixed to the desired outflow volume fractions, outlet 5 

is pressure based. Using stream lines, which are lines tangent to the instantaneous velocity 

vector, the fluid flow is visualized in the system. The model was mesh independent. 
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3.4. Results and discussion 

First, the effect of replacing conventional obstacles with sieve-structures in an open, 

asymmetric sparse obstacle design on particle concentration is presented and discussed. Then, 

the fluid flow in the device is analyzed by high speed camera imaging using particle trajectories 

and compared to numerical simulations. These simulations are used to visualize stream lines 

and the transmembrane pressure difference. Finally, the separation performance is evaluated 

for adjusted outflow conditions.  

Separation performance for different sparse deterministic designs 

Figure 3.3 gives the outlet concentrations for three different designs which can be compared 

with the maximum achievable concentration. The experimentally obtained particle 

concentrations for all designs are relatively equally distributed over all outlets, indicating poor 

separation. The distribution that could be achieved is sketched as number 4 in Figure 3.3. 

Design 1 performed best and obtained the highest concentration in outlet 4, but not in the 

targeted outlet (outlet 5). The other two designs performed substantially less compared to 

design 1, and relatively similar to each other. We explain this by the fact that designs 2 and 3 

have a lower porosity (higher resistance against flow), which leads to a change in the pressure 

distribution in the device and thus to the observed reduced separation performance. An 

interesting notion is that the differences between design 2 and 3 is small while there is quite 

some difference in design and porosity.  



Sieve-based lateral displacement technology for suspension separation 

52 

 
Figure 3.3: Particle concentration per outlet for the 3 designs under equal outflow conditions and ideal 

separation (1, 2 and 3 correspond to the designs in Tabel 3.1 respectively, ideal separation is 4). The 

average inflow velocity is 0.06 m/s and the particles D50 is 2.3 times smaller than the pores. The black 

line indicates the inlet concentration. Error bars show standard deviation. 

 

Visualizing flow and pressure distribution for improved particle separation 

For improved understanding of the effects of different obstacle-structures on particle 

separation, particle trajectories and stream lines were visualized for design 3. Figure 3.4A shows 

the trajectories of tracer particles, which give an impression of the flow direction and velocity. 

The tracer particles traverse with a curve towards the sieve, especially near the outlets. 

Furthermore, some trajectories pass two sieves within a short time frame, indicating lateral 

flow of the fluid. In Figure 3.4B, stream lines are shown that were obtained by numerical 

simulation. Similar flow behavior and velocity can be observed as compared to the high speed 

camera imaging data of the tracer particles in Figure 3.4.
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Figure 3.4: (A) Path lines of tracer particles (~0.21 m/s) in the experimental setup (interval between 

two dots of the same path line is 7 milliseconds) and (B) 3D CFD simulated stream lines were the 

velocity is indicated by the colour legend (Umax = 0.28 m/s). Results shown are near the outlets at the 

bottom of the system. 

A result of the lateral flow is a larger angle between the flow lanes and the sieves. As a 

consequence, the critical particle diameter for displacement is strongly increased and particle 

separation is adversely affected. This explains the observations of Lubbersen et al. and the 

results found in Figure 3.3, were the particle concentrations in the outlets other than outlet 5, 

especially outlet 4, are higher than expected [60].  

The poor particle separation in the sparse obstacle array is explained by thus the influence of 

the lateral flow through the openings as it drags particles along through the obstacle lines [60]. 
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Zeming et al. [78] also discussed the influence of the lateral flow resistance between 

neighboring obstacle rows on the critical particle diameter. In their system, anisotropic 

resistance is caused by the different dimensions of the gaps in lateral and downstream direction. 

However, by both previous studies the magnitude and the impact of this effect were not 

investigated any further.  

While for regular deterministic lateral displacement systems the pressure distribution is 

homogeneous, it is not in a sparse obstacle arrays due to its asymmetric design. Therefore, the 

pressure difference along the far right sieve (red line) from top (0) to bottom (1) was simulated 

(Figure 3.5). The pressure difference on the right (upstream) and left (downstream) side of the 

sieves slowly increases especially near the bottom of the sieve. The increased pressure difference 

creates an extra driving force for the fluid to flow through the sieve, causing strong lateral flow 

and strongly increases the size of the flow lanes.  

 

Figure 3.5: Simulated pressure difference along the normalized length of sieve (redline) on both the right 

(feed) side (black) and on the permeate (left) side (gray). From 0.8 the pressure difference over the sieve 

rapidly segregates; changing the flow and causing part the fluid to flow through the sieve. 
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Minimizing the pressure difference along the length of the sieve would improve the separation 

performance. To achieve this while keeping the geometry intact, the flow conditions of the 

outlets were changed (Table 3.1). 3D simulations were carried out to identify which outflow 

conditions would minimize the pressure difference across the sieve. The flow rate of outlet 5 

was increased up to 36% by throttling of the channels, while the flow rates of all other 4 outlets 

were decreased to 16%. This adjusted flow distribution resulted in the pressure distribution 

over the sieve on the right hand side as shown in Figure 3.6. 

 

Figure 3.6: Simulated pressure along the normalized length of sieve (redline) on both the right (feed) side 

(black) and on the permeate (left) side (gray). The pressure difference on both sides is kept to a minimum.   

The pressure difference across the sieve slightly increases along the length of the sieve, but 

even near the outlets (approaching a normalized length of 1). By minimizing the pressure 

difference across the (right) sieve, the flow direction and thus magnitude of the flow lanes 

should remain unaffected. We hypothesize that this keeps the flow lane width Dfc  consistent 

over the length of the system. 
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This hypothesis was confirmed with new particle tracking experiments with the adapted flow 

distribution as can be observed in Figure 3.7A. The stream lines no longer bend towards the 

sieves compared to the stream lines shown in Figure 3.4B, but are now relatively straight from 

top (0) to bottom (1) and no longer show much lateral motion (only directly behind the sieves). 

The outflow conditions found with the numerical simulations were used to adapt the 

experimental setup, and tracer particles were recorded (Figure 3.7B). The observed 

experimental particle trajectories confirm the model predictions (Figure 3.7A). 

 

Figure 3.7: (A) 3D CFD simulation with optimized outflow conditions were stream lines gives an 

indication of fluid flow; the velocity is indicated by the colour legend (Umax = 0.29 [m/s]) and (B) particle 

trajectories indicate fluid flow and velocity (~0.27 [m/s]) in the experimental setup with adjusted outflow 

conditions (interval between two dots of the same path line is 7 milliseconds). Results shown are near the 

outlets at the bottom of the system.
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Evaluation of the separation performance with adapted outflow rates 

New separation experiments were carried out using the new conditions. In Figure 3.8A the 

experimental particle concentrations per outlet for the adjusted outflow condition are 

compared to the separation predicted by the flow lane theory. The particle concentration in 

outlet 5 for adjusted outflow conditions is now close to the maximum possible concentration, 

which indeed shows the importance of the pressure distribution for particle separation. 

Therefore, sieves can indeed be used in a sparse lateral displacement array to displace particles.  

Design 3 in Figure 3.3 yielded a concentration in outlet 5 that was three times lower (1.1%) 

than maximum possible predicts (3.4%), and in fact was similar to the inlet concentration 

(black line). Figure 3.8A shows that with optimized outflow conditions (case 5), the 

concentration in outlet 5 increases only slightly from 1.1 to 1.5 v/v%; nevertheless, it does 

approach the maximum reachable concentration (1.9%) for these conditions as indicated by 

data case 6. The adapted flow conditions required an increase of the flow in outlet 5 from 20% 

to 36% (see Table 3.2); the consequence is a lower particle concentration of the collected 

suspension in outlet 5. Therefore, despite the relatively low concentration, outlet 5 contains 

54% of the total particles. This represents an improvement of 33% compared to the results 

obtained with equal outflow conditions, but it is still 15% (volume basis) lower than the 

maximum reachable in case of the ideal situation (Figure 3.8B). This difference may be 

explained by the particle size distribution (D10 is 568μm and D90 is 1103μm) of the 

polystyrene particles. If the particle size distribution is considered, it can be approximated that 

15% of the particles are smaller than the critical particle diameter (~600μm). This means that 

the maximum reachable concentration decreases from 1.9 to 1.7%. In Figure 3.8A, case 7 shows 

the separation results taking into account the particle size distribution and it can be seen that 

it is more in line with the experimental results. It is noted that a critical particle diameter of 

~600μm is reasonable for this system, since this implies that it is 3 times smaller than the 

downstream pore size. 
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Figure 3.8: (A) Particle concentration (v/v%) per outlet for design 3 (5 represents the experimental data, 

6 the ideal situation (assuming perfect displacement) for optimized outflow conditions, and 7 the ideal 

displacement except for particles smaller than the critical diameter. (B) Percentage recovered particles 

per outlet for design 3 with equal outflow conditions, optimized outflow conditions and ideal separation. 

At the inlet, the suspension had average velocity of 0.06 m/s and a concentration of 1 v/v% (black line 

in A), the particles D50 is 2.3 times smaller than the gaps (pores) in flow direction. Error bars show 

standard deviation.

The separation performance found for the sieved-based lateral displacement device with 

adjusted flow conditions is found equal to that of the sparse obstacle array reported by 

Lubbersen et al. (2015) without adjusted flow conditions. This can be concluded by 

comparison of the outlet concentration of outlet 5, which is ~1.5 v/v% for both case 1 (Figure 

3.3) and case 7 (Figure 3.8). It is noted that the sparse obstacle array was not optimized by 

adjusting flow rates as it is impossible to scale this device other than by massive parallelization. 

Important is that with these results we demonstrate the possibility to use sieves to replace 

obstacles, with the potential to reach much higher single unit throughput while still displacing 

particles. The next step is to translate the results of this study to separate smaller micron-sized 

particles with a diameter smaller than 100 μm with the sieve-based lateral displacement system 

as their separation is more industrially relevant. 



Chapter three 

59 

Alternative strategies to optimize the pressure distribution 

Other strategies may be followed to improve the pressure distribution without increasing the 

outflow in outlet 5. For example, a strategy could involve an adaptation to the sieves, where 

the pores near the top of the sieve are larger and gradually decrease in size towards the bottom 

of the device. Another strategy (confirmed by CFD) that may be followed is to decrease the 

width of outlet 5 compared to outlet 1-4 (Figure 3.9B). 

 

Figure 3.9: Lower parts of sparse lateral displacement arrays with the 5 outlets are shown. In (A) the 

current design where the obstacles at the outlets are placed at equal distance from each other and in 

(B) a conceptual design were the size of outlet 5 is decreased compared to outlet 1-4 in order to 

improve the pressure distribution without changing the flow rates

This adjustment results in a lower volumetric outflow in outlet 5 (possibly below the outflow 

of outlet 1-4) and subsequently improves the pressure distribution. However, decreasing the 

width of outlet 5 as shown in Figure 3.9B will increase the risk of blockage. 
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3.5. Conclusions 

We investigated the use of sieves instead of individual obstacles to construct sparse 

deterministic lateral displacement device for suspension separation. This was successful, if the 

internal pressure distribution is optimized for it. Experiments and numerical simulations show 

that the asymmetric design of our system leads to an inhomogeneous pressure distribution 

inside. The pressure difference increases along the entire sieve length and leads to lateral flows 

towards the sieves at the bottom of the device, which explains the poor particle displacement. 

Numerical simulations were carried out to find the optimal outflow conditions to maintain the 

pressure difference along the sieves practically constant. Experiments with these optimized 

outlet flow conditions showed improved particle separation, indicating that more particles are 

displaced. These findings confirm the feasibility of large, up-scaled sieve-based deterministic 

lateral displacement systems for processing of suspensions with micrometer sized particles. 
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4.1. Abstract 

Deterministic lateral displacement technology was originally developed in the realm of 

microfluidics, but has potential for larger scale separation as well. In our previous studies, we 

proposed a sieve-based lateral displacement device inspired on the principle of deterministic 

lateral displacement technology. The advantages of this new device is that it gives a lower 

pressure drop, lower risk of particle accumulation, higher throughput and is simpler to 

manufacture. However, until now this device has only been investigated for its separation of 

large particles of around 785 μm diameter. To separate smaller particles, we investigate several 

design parameters for their influence on the critical particle diameter. In a dimensionless 

evaluation, device designs with different geometry and dimensions were compared. It was 

found that sieve-based lateral displacement devices are able to displace particles due to the 

crucial role of the flow profile, despite their unusual asymmetric design. These results 

demonstrate the possibility to actively steer the velocity profile in order to reduce the critical 

diameter in deterministic lateral displacement devices, which makes this separation principle 

more accessible for large-scale, high throughput applications. 
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4.2. Introduction: 

Deterministic lateral displacement technology is originally a microfluidic suspension 

separation technique that holds potential for large scale separation of suspensions: it features 

low pressure drop and low risk of particle accumulation while the design and operation is 

simple [9, 74, 77, 78, 81-83]. Deterministic lateral displacement devices exploit arrays of 

obstacles in which each row is slightly displaced relative to the previous row. The fluid that 

flows between two obstacles in subsequent rows, is called a flow lane (Figure 4.1). When the 

radius of a particle is larger than the width of its flow lane (Dfc), the particle will be displaced 

laterally. Due to its hydrodynamic interaction with the obstacle it moves into the next flow 

lane (Figure 4.1B). Particles having a diameter smaller than the critical diameter (Dc) are not 

displaced. Instead they follow the direction of the fluid flow (Figure 4.1C) and pass through 

the array of obstacles along with the fluid [54]. Eventually this leads to separation or 

fractionation of particles that are different in size. 

 

Figure 4.1: Visual representation of a fluid flow lane through a gap between white obstacles, derived 

from a 2D simulation. The blue colour represents low velocity; red colour a high velocity. The layout 

of a device having 4 obstacle columns is shown in (A). In (B) the gray circle represents a particle larger 

than the critical diameter being displaced and in (C) the white circle represents a small particle that 

stays in the flow lane and follows the flow direction.
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The highest reported throughput for microfluidic separation in a single deterministic lateral 

displacement device is approximately 2 mL/min [84]. For analytical purposes this is large 

enough, but it is far too small for large-scale industrial separation applications [82]. To enable 

larger-scale separation, sparse obstacle array designs with lower numbers of obstacles (up to 

90% less) have been proposed [60]. The sparse designs are characterised by a lower pressure 

drop, reduced risk of fouling and easier scale-up [60]. Another advantage of the sparse design 

is simpler construction of obstacles by applying sieves instead of manufacturing individual 

pillars (Figure 4.2). In previous research we reported on particle displacement of relatively large 

particles with a D50 of 785μm with sparse and sieve-based lateral displacement devices [60, 

85]. 

 

Figure 4.2: 3D representation of (A) a sparse deterministic lateral displacement device [60], (B) a 

sieve-based lateral displacement device [85] and (C) a sieve-based lateral displacement device that 

employs micro sieves for separation of smaller particles. In (D) an overview of important geometric 

parameters in these devices. The exact parameter values for each system are shown in Table 4.2.  
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Here, we aim to decrease the size of particles that can be separated while maximizing the 

throughput using the sieve-based lateral displacement devices. The concept is to employ 

micro-sieves in order to separate small particles that are closer to industrially relevant 

suspensions. Eventually the ambition is to separate cells, algae or starch granules with a size 

between 5 and 20 μm, although in this study the smallest particles have a diameter between 

70 and 140μm. To effectively separate small particles the critical particle diameter and thus 

flow lane needs to be small. The size of the flow lanes does not only depend on the size of the 

pores in the sieves but depends on more (geometrical) parameters. For this reason the 

deterministic lateral displacement theory (equation 1) was analysed [75, 78].  

௖ܦ = ߙ2 sin ߠ (ீ೤ା஽೚,೤)ீೣା஽೚,ೣ  ௫     (1)ܩ

Where Dc is the critical particle diameter, α is a dimensionless correction factor for a non-

uniform flow profile, θ is the angle in which the sieves are placed, Gy is the gap in downstream 

direction, Gx is the lateral gap and Do the obstacle size in x or y direction. Note that the 

geometric parameters and operational conditions of the sieve-based systems used in this study 

vary (open design and unequal outflow). This results in varying Gx and α along the length (y) 

of the device and a critical diameter that depends on location. Moreover, because α might not 

be completely independent of other parameters, it is not possible to estimate the critical 

diameter with theory described above and thus should be derived from experiments or 

numerical simulations. Nonetheless, equation 1 introduces crucial parameters to scale down the 

critical diameter in full deterministic lateral displacement arrays, namely 	ߙ, ,ߠ ,௬ܩ  .௢ܦ ௫ andܩ

Accordingly, we study these parameters for their influence on the critical particle diameter in 

sieve-based lateral displacement devices (except for Do because of practical reasons). The 

influence of these parameters on suspension separation provides guidelines towards a system 

design in which the dimensions are specifically adjusted for high throughput separation 

purposes.  
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4.3. Materials and methods 

Materials 

Particle suspensions were prepared with demineralized water, 0.1 w/v% Tween-80 (Merck, 

Germany) and 0.04 v/v% polyethylene particles (Cospheric, USA). These particles have a 

density of 0.98-1.00 g/ml. The particle size distribution was measured with a Mastersizer 2000 

(Malvern, UK), shown in Table 4.1. 

Table 4.1: Particle size distribution in μm. 

Particles D10 D50 D90 

Small 54 73 98 

Medium 76 102 137 

Large 104 140 189 

Devices 

The influence of θ, Gy and Gx was investigated using three different sized flow devices (Figure 

4.3A), with system 1 being the largest and system 3 the smallest. The design and parameters 

of all used devices are given in Figure 4.2, Figure 4.3 and Table 4.2. Systems 1 and 2 were 

previously used by Lubbersen and co-workers and also employed for this study [79]. Both 

systems 1 and 2 (Figure 4.3A) have a base plate with grooves of 2mm depth (fine milled 

polyoxymethylene) in which the sieves are positioned. In these two systems the two rightest 

sieves do not touch the left wall. System 3 was constructed from polylactic acid (PLA) with a 

3D printer (Ultimaker 2+, The Netherlands). The five outlets are constructed with injection 

needles with an outer diameter of 0.7 mm for outlet 1 to 4 and 1.3 mm for outlet 5. In order 

to investigate θ, four versions of system 3 were constructed with varying sieve configurations 

(Table 4.2). This was done because the sieves in this system are permanently fixed. For all 

systems, the suspension is introduced (Masterflex L/S, Cole-Palmer, Chicago, IL) from the 

top and collected at the five outlets at the bottom. 
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Figure 4.3: (A) System 1 is the largest flow cell [55, 56] , System 2 is an intermediate sized flow cell 

previously used by Lubbersen et al. (2014) and system 3 the smallest flow cell. (B) shows the sieve 

(nickel) used to serve as obstacles inside the devices (pores are black). (C) shows the geometry of 

system 3 only, system 1 and 2 are shorter and therefore the sieves do not start on the left hand sidewall. 

The red lines at the top middle and bottom are the locations where the velocity profiles are taken 

(Figure 4.7). The geometrical parameters are given in Table 4.2.  

Figure 4.3B shows one of the sieves used, where the pores (black) are 200 by 500μm and the 

support structures between the pores (nickel) are 200μm in vertical direction and 50μm in 

horizontal direction. The sieves have post aspect ratios of 25 (system 1 and 2) and 35 (system 

3), which is about 4 to 17 times larger than reported previously [74, 79]. 
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Table 4.2: Geometrical parameters of the systems all given in mm. The number of pores in depth of 

the system (sieve) is indicated behind the depth of an individual gap in brackets. The lateral gap size 

is variable and therefore the smallest lateral gap is indicated for comparison. The W stands for Width, 

H for Height and L for the length. 

 Angle ° 

[θ] 

Gy Gx Gz Do,x Do,y W H  L Porosity [%]  

System 1 5.9 0.2 8.9 0.5 (9x) 0.05 0.2 44.8 5 216 ~45 

System 2 5.9 0.2 2.2 0.5 (9x) 0.05 0.2 11.2 5 5.4 ~45 

System 3 2.9-5.9 0.2 1 0.5 (11x) 0.05 0.2 5 7 10 ~45 

 Experimental procedures 

Experiments with varying geometrical parameters were performed with the three systems 

described in Figure 4.3. For the experiments, suspensions with three different size particles 

sizes (Table 4.1) were used to determine the critical diameter. All experiments were conducted 

in triplicate (n=3) with an average inlet flow velocity of 0.12 m/s. In addition, these systems 

are operated with adjusted outflow conditions to ensure the optimal pressure distribution 

(Table 4.3) [85]. These conditions were selected based on experimental observations of particle 

trajectories. The inlet concentration was calculated using the weighted average of the outlet 

concentrations and volumetric outflow rates [85]. To enable comparison between the different 

experiments, the outlet concentrations are normalized with the measured inlet concentration 

(0.04 v/v%), because the inlet concentration may vary slightly per experiment. The 

experimental concentrations are presented as mean ± standard deviation (SD) and were 

analysed using one-way analysis of variance (ANOVA) and Welch’s t-test. 

Table 4.3: Experimental outlet conditions in percentages used while operating the different systems. 

System 3 was investigated for four different angles (5.9º, 4.9º, 3.9º and 2.9º) with the same outflow 

conditions.  

 Outlet 1 Outlet 2 Outlet 3 Outlet 4 Outlet 5 

System 1 16% 16% 16% 16% 36% 

System 2 16% 16% 16% 16% 36% 

System 3 18% 18% 18% 18% 28% 
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 Numerical simulations 

COMSOL Multiphysics 5.2a was used to create 2D models of the 3 systems described in 

Figure 4.3A [80]. Figure 4.3C shows an example of one of the devices and the locations were 

the velocity profile are taken. The fluid was considered to be incompressible, stationary in the 

laminar regime and had the physical properties of water at 293.15 K. The laminar inlet flow 

was parabolic with an average velocity of 0.12 m/s. Outlets 1 to 4 were fixed at specific outflow 

conditions and the outflow from outlet 5 was based on pressure. A no-slip boundary condition 

was applied. A mesh dependency study was performed and the results were independent of 

mesh size. 

4.4. Results and discussion 

Separation with varying sieve angle (θ) 

First we describe the influence of the sieve angle (θ) on separation. For this investigation four 

systems were prepared, in each system the sieves are placed at a different angle. The white bar 

indicates the maximum reachable concentration, when all particles are displaced and end up 

in outlet 5. The results presented in Figure 4.4 show two suspensions with large (A) and 

medium (B) sized particles (Table 4.1) and demonstrate an increasing particle concentration 

in outlet 5 with decreasing angle. The mean concentrations measured in outlet 5 are 

significantly influenced by changing the sieve angle (one-way ANOVA: p<0.005), which holds 

for both particle sizes. These results agree with observations done for conventional full 

deterministic lateral displacement systems [64, 75].  
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Figure 4.4: Comparison of experimental concentration (mean ± 1 SD) with variable sieve angle (θ) in 

system 3 and the maximal concentration that can be reached in theory (white). For all experiments 

the average inlet velocity was 0.12 m/s and the inlet suspension contained 0.04 v/v% particles. In (A) 

the results of large particles with a D50 of 140μm are shown and in (B) the results of small particles 

with D50 of 102 μm.

The results in Figure 4.4A show that the system with sieves placed at an angle of 2.9º, recovers 

95% of all large particles in the targeted outlet. A very low angle may cause practical 

limitations, since systems with considerable displacement will have to be relatively long [75]. 

Longer systems usually also exhibit a larger pressure drop, but in case of open sparse systems 

this is of less concern.  

Additional experiments were carried out with medium sized particles (Figure 4.4B). The 

smaller particles show a similar trend compared to the larger particles in Figure 4.4A. The 

separation improves with decreasing angle, but the concentrations in outlet 5 are lower 

compared to the experiment with larger size range. A decreasing angle leads to a reduction in 

the critical diameter and thus an increase in concentration of outlet 5 could be expected: the 

system with an angle of 2.9 concentrates 57% of all particles in outlet 5. 
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When the results presented in Figure 4.4 are combined with the particle size distributions 

(Table 4.1) the critical diameter can be estimated to be between 100-140μm for angles between 

2.9º and 5.9º. This can be derived from the observation that the system with an angle of 5.9º 

separates around half of the particles with a D50 of 140μm, but hardly any particles with a 

D90 of 137μm. When the angle is 2.9º nearly all particles with a D10 of 104μm are separated 

and about 57% of the particles with a D50 of 102μm. These results illustrate the influence of 

the sieve angle on the critical diameter in sieve-based lateral displacement systems. 

Gap in downstream direction (Gy) and system overview 

The Gy size is known to influence successful separation as well [78]. Because different system 

designs (Table 4.4) and particle sizes are compared here, the Gy is made dimensionless by 

relating it to Gx and the mean particle diameter of the suspension (Dp). In this work, the Dp 

is related to the Gy instead of the usually used Gx [75]. The reason is that for the discussed 

systems Gy is the smallest gap and determines whether particles are displaced or filtered; while 

for most deterministic lateral displacement systems Gx is limiting. For the overview in Figure 

4.5, several systems of Zeming et al. (2016) as well as the sparse and sieve-based systems are 

analysed. The geometrical parameters of the sparse and sieve-based systems are described in 

Table 4.4.  

Table 4.4: Geometrical parameters of the systems shown in Figure 4.5 in mm. The number of pores 

in depth of the system (sieve) is indicated behind the depth of an individual gap in brackets. The W 

stands for Width, H for Height and L for the length. 

 Angle 

[θ] 

Gy Gx Gz Do,y Do,x W H L Porosity [%] 

System 1 5.9° 1.8 8.3 1.5 (2x) 1.6 0.8 44.8 5 216 ~50 

 5.9° 1.1 8.4 2.5 0.68 0.68 44.8 2.5 216 ~62 

 5.9° 0.2 8.9 0.5 (9x) 0.2 0.05 44.8 5 216 ~45 

System 2 5.9° 0.2 2.2 0.5 (9x) 0.2 0.05 11.2 5 5.4 ~45 

System 3 5.9° 0.2 1 0.5 (11x) 0.2 0.05 5 7 10 ~45 

 5.9° 0.1 1 0.5 (11x) 0.1 0.05 5 7 10 ~45 
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The results in Figure 4.5 give an impression of the differences between the devices with regards 

to particle displacement as a function of the systems geometry. The criterion used for the data 

points to distinguish whether particles were displaced or not is based on the mean particle 

diameter and the particle concentration in the target outlet (outlet 5), which must be 

significantly higher than the inlet concentration (one sample Welch’s t-test: p<0.05). 

 

Figure 4.5: Fraction of filtration limit versus system asymmetry; dimensionless comparison of Gy 

relative to Gx and Dp. The experimental results are obtained with different (sized) sparse, sieve-based 

systems and deterministic lateral displacement devices [11, 81, 88]. The open marks indicate particle 

displacement, this implies that these systems led to a significantly higher concentration in outlet 5 

compared to the inlet concentration (one sample Welch’s t-test: p<0.05). The filled marks indicate 

that particles were not displaced, which means no significant difference was observed between the inlet 

concentration and the concentration in outlet 5 (one sample Welch’s t-test: p>0.05). The black and 

grey diamonds illustrate the results of a full obstacle array with an θ of 1.7º and 2.8º respectively [81]. 

The red line indicates the estimated critical diameter for the full deterministic lateral displacement 

devices with a θ of 1.7º, using the empirical model of Davis et al. [89]. The black dotted line guides 

the eye and shows the distinction between separation and no separation for the sparse systems with 

different proportions, an angle of 5.9º and an average inlet velocity of 0.12 m/s. 
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The ratio of Gx/Gy describes the asymmetry of the designs. Asymmetry (Gx/Gy >1) is desired 

since it reduces the pressure drop, the risk of particle accumulation and allows for effective 

upscaling [78, 85]. However, in Figure 4.5 and Figure 4.6 it can be observed that for fixed 

operational conditions the degree of asymmetry (Gx/Gy) is limiting and should not exceed a 

critical value specific for these conditions. If this critical value is crossed, Dp equals Gy which 

means that particles can no longer move through the gap and will cause obstruction and 

internal fouling. In the best situation, the Dp is much smaller than the Gy while it is still being 

displaced.  

One should bear in mind that the systems of Zeming et al. are very different from the 

asymmetric systems described here. Not only the open design but also the obstacle shape/size, 

the inlet velocity and outflow conditions are different and thus can only be compared 

qualitatively. Regardless, all these systems are able to displace particles and it gives a perspective 

of the possibilities of using asymmetric systems.  

The differences between the designs of the full deterministic lateral displacement devices and 

sparse lateral displacement devices are illustrated in Figure 4.5. Full obstacle arrays are generally 

symmetric or moderately asymmetric and have a Gy that is 1 to 2.5 times as smaller as the Gx. 

Asymmetric systems where Gy is bigger than Gx (ratio smaller than 1) have a larger pressure 

drop and a higher risk of clogging [78], therefore they are not suitable for large scale and not 

taken into account. These full obstacle arrays are able to displace particles 2 to 3 times smaller 

than the downstream gap [78].  

Sparse or sieve-based lateral displacement systems are very asymmetric and have a Gy that is 4 

to 11 times as smaller as the Gx but are still able to displace particles ~2 times smaller than the 

Gy. That these systems, despite the extreme geometry are able to displace particles is possible 

because of the adjusted outflow conditions as was described earlier by Dijkshoorn et al (2017). 

It is hypothesized that by changing the outflow conditions the uniformity of the flow profile 

is affected (α in equation 1) such that it becomes possible to displace particles in systems with 
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extreme geometry. However, the consequence of adjusting the outflow conditions, is a lower 

maximum attainable concentration in the target outlet [85].  

Influencing α by varying the lateral gap (Gx)  

For a better understanding of α (the flow profile correction factor) and how it influences 

particle separation, the deterministic lateral displacement theory was applied to sparse and 

sieve-based lateral displacement systems. From this theory (equation 1) it can be derived that 

when the geometry is very asymmetric (Do,x << Gx); the influence of Gx (and Do,x) on the critical 

diameter becomes very small and can be neglected. This leads to equation 2: ܦ௖ = ߙ2 sin ߠ ௬ܩ) +  ௢,௬)     (2)ܦ

On the basis of equation 2, it is possible to change Gx without affecting Dc. However, the 

results in Figure 4.5 indicate that there is an effect of changing Gx relative to Gy (e.g. a higher 

ratio of Dp/Gy can be observed with increasing Gx/Gy). It is hypothesized that Gx affects the 

flow or velocity profile (α), which is known to influence the critical particle diameter and thus 

separation [69, 75, 86].  

The velocity profile was investigated by systematically varying Gx in three different sized 

system designs (described in Figure 4.3 and Table 4.2). These were operated with same sieve 

configuration and pore sizes (Figure 4.3B), equal particle suspension (D50 of 140μm) and equal 

average inlet velocity. The experimental results are shown in Figure 4.6.
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Figure 4.6: Particle concentrations (mean ± 1 SD) are shown per outlet for the three systems with 

varying size and Gx. System 3 has different design compared to system 1 and system 2 (Figure 4.3A). 

The sieves (Figure 4.3B) are identical and positioned at an angle of 5.9º in all three systems. The 

average inlet velocity was 0.12 m/s and the suspension contained 0.04 v/v% particles with a D50 of 

140μm.  

A significant increase in concentration can be observed for outlet 5 with decreasing system 

width or Gx (one-way ANOVA: p<0.005). For the largest system 1, a somewhat higher 

concentration in outlet 4 was observed compared to the concentration in outlet 5. Overall 

however, limited particle displacement was observed for this system (supplementary movie). 

System 2 that has a width ~4 times smaller than system 1 reached a concentration of 0.057 

v/v% in outlet 5. System 3, which is about two times narrower than system 2 obtained a mean 

concentration of 0.077v/v%. A remark here is that the sieves in system 3 continue until the left 

border, unlike system 1 and 2 where the sieves stop short (Figure 4.3A). As a result, more 

particles are available for outlet 5 in system 3, which makes it difficult to compare system 3 

with system 1 and 2. Moreover, system 3 was operated with different outflow conditions, 

which were selected after experimental observations because these conditions were found to 

improve pressure distribution for system 3. Despite these differences, system 1 does not show 
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separation but both systems 2 and 3 do show elevated concentrations in outlet 5. System 3 

shows better depletion of outlet 1 and the highest concentration in outlet 5. This gives the 

impression that separation indeed is influenced by differences in Gx and possibly affects the 

velocity profile. For confirmation, two-dimensional numerical flow simulations of the three 

systems (Figure 4.3A) were created to illustrate the differences in the velocity profiles in the 

normalized lateral gap, and to visualize the changes in velocity profile along the length of the 

system at three locations (top, middle and bottom, Figure 4.3C). Two-dimensional numerical 

simulations were chosen to reduce the computational requirements. The velocity profiles 

(Figure 4.7ABC) were set to start with the same parabolic shape. Progressing along the length 

of the system, the velocity profiles become more non-uniform under influence of a receding 

Gx. Clear differences can be observed in the development of the velocity profile for the different 

systems.  

Figure 4.7DEF show the velocity profiles for the first 100μm from the sieve towards the 

channel centre. Only the first 100μm is shown because the gap in the downstream direction is 

200μm and a flow lane larger than 100 μm would result in a critical diameter larger than the 

gap. The velocity profile close to the sieve for the three systems (Figure 4.7DEF) differ most 

at the top of the systems (D), where the smallest system shows the highest velocity gradient. 

In the middle of the systems (E) the differences in the velocity gradients have become smaller 

where system 2 and 3 became practically equal to each other. Near the bottom of the system 

(F) the velocity profiles close to the sieve are equal for all systems. A sharper velocity gradient 

will result in a somewhat smaller critical diameter	assuming that the flow lanes carry equal flux, 

explaining the better performance of smaller systems [69, 75, 86]. Surprisingly, the velocity 

profile at the bottom and near the sieves become equal for all systems, which means that the 

smaller systems lose their advantage.
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Figure 4.7: 2D numerical simulations show the horizontal velocity profile at the top (AD), in the middle 

(BE) and at the bottom (CF, near outlet 5) of the three systems. ABC show the velocity profile over the 

normalized lateral gap and DEF show the first 100μm starting from the sieve towards the channel centre. 

The results presented in were obtained by assuming similar outlet conditions for all systems with 36% in 

outlet 5 and 16% in the other outlets.  

A possible explanation is that the flow lanes do not carry equal flux along the length of the 

sieve and that flux of the flow lanes is larger for larger systems. Therefore, the same 2D models 

were used to verify the flux through the gaps over the entire length of the three systems (Figure 

4.8). 
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Figure 4.8: Numerically calculated fluxes through all pores for the three systems, where each marker 

represents the flux in a single pore. For these results the same outflow conditions were used in all 

systems (outlet 1-4 at 16% and outlet 5 36%). The blue markers (system 1) have a larger spread because 

the mesh relative to the pores was larger compared to the other systems. However, improving the mesh 

did not affect the overall trend of the flux through the pores. 

The calculations shown in Figure 4.8 nicely illustrates that the flux through the gaps increases 

in the flow direction for all systems. This is different from conventional deterministic lateral 

displacement devices, where it is assumed that the flow lanes carry equal flux [54, 75]. This 

assumption, however, is not valid for this system and not necessarily valid for systems with 

anisotropic permeability [87-90]. From the flux through the gaps (Figure 4.8) and the partial 

area of the velocity profiles at these specific locations (Figure 4.8DEF) it is possible to calculate 

the width of the flow lanes. These estimated flow lanes are shown in Table 4.5 and are in good 

agreement with the radius of the experimentally used particles (Table 4.1). 

The flow lanes in the upper part of all systems are 22-50 times smaller than the gaps and 

become larger in the downstream direction. In system 1 and 2 the flow lanes become larger 
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and their sizes ultimately increase up to 96μm and 81μm respectively. This increase is caused 

by the strong increase of the flux through the pores near the end of these systems (Figure 4.8), 

which can be a result of the outflow conditions. The flow lanes in system 3 seem to stabilize 

around 66 μm in the middle and the bottom part which indicates a well-adjusted outflow 

condition. It is noted that the flow distribution results derived from the simulations do not 

correspond to the experimental results, where in systems 1 and 2 similar outlet flow conditions 

lead to optimal for flow distribution and surprisingly in system 3 even different outlet flow 

conditions were found optimal for flow distribution. These remarkable differences may be 

explained by the different flow distribution in a 2D simulation compared to flow in a 3D device 

in practice. 

Table 4.5: Width of the flow lanes calculated by integrating the areal velocity profiles given in Figure 

4.7DEF and equalize it with the flux through the gaps (Figure 4.8).  

 Top Middle Bottom 

System 1 6.7 μm 75.0 μm 96.2 μm 

System 2 8.7 μm 72.3 μm 81.0 μm 

System 3 3.9 μm 65.9 μm 66.3 μm 

Extensive analysis shows that the velocity profile in these systems change substantially along 

the length of the axis, both in magnitude and in shape (Figure 4.7). These changes in turn, 

affect the size of the flow lanes and determine the change in critical diameter along the length 

of the system. This uncertainty makes it impossible to obtain a single description for the critical 

particle diameter. However, the critical particle diameter might be estimated by considering 

the separation data in a dimensionless diagram for this specific angle (Figure 4.5). Or 

alternatively, the minimum required Gx may be estimated for a chosen Dp and Gy for the 

specific inlet velocity. For example, to separate particles of 10μm with a Gy of 20μm, an angle 

of 5.9º and an average inlet velocity of 0.12 m/s, the smallest Gx should not be more than ~8 

times the Gy, i.e. 160μm. These dimensions were cross-checked using COMSOL and found 

to be in good agreement. 
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4.5. Conclusions 

Design parameters of sparse and sieve-based lateral displacement systems were investigated for 

their influence on the critical particle diameter; with perspective of applying these systems for 

practically relevant large-scale application. The design and operation conditions of these 

systems are different from those of the full deterministic lateral displacement devices. For a 

better understanding of the interrelation between critical device parameters on the particles 

that can be separated, the parameters were varied systematically. The angle in which the sieves 

are placed influences the critical diameter in sparse obstacle arrays, which is in agreement with 

previous findings based on the existing deterministic lateral displacement technology. Highly 

asymmetric lateral displacement systems with a much smaller downstream gap (Gy) than the 

lateral gap (Gx) proved to be able to displace particles ~2 times smaller than the downstream 

gap (Gy). Based on theory it might be expected that in highly asymmetric systems the lateral 

gap (Gx) has little influence on the critical diameter; however, it was found that Gx has indirect 

influence on the critical diameter by influencing the hydrodynamics in these systems. 

Moreover, asymmetric lateral displacement systems are only able to displace particles, because 

the velocity profile becomes increasingly non-uniform (α) and stabilizes with increasing flux 

through the pores. These results show the possibilities to use the deterministic lateral 

displacement separation principle by actively governing the hydrodynamics instead of being 

restricted by the geometry. Because of the geometric and hydrodynamic differences compared 

to the full deterministic lateral displacement devices, it is not possible to estimate an overall 

critical particle diameter. However, it is possible to make a dimensionless comparison of 

different systems to approximate the required dimensions (e.g. lateral gap (Gx) and 

downstream gap (Gy)) for the specific operation conditions and particle diameter.  
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5.1. Abstract 

Deterministic lateral displacement (DLD) systems structure suspension flow in so called flow 

lanes. The width of these flow lanes is crucial for separation of particles and determines 

whether particles with certain size are displaced or not. In previous research, separation was 

observed in simplified DLD systems that did not meet the established DLD geometric design 

criteria, by adjusting the outflow conditions. We here investigate why these simplified DLD 

systems are able to displace particles, by experimentally investigating the hydrodynamics in the 

device. Flow lanes were visualized and the local flow velocities were measured using μPIV and 

compared with 2D fluid dynamics simulations. The size of the flow lanes strongly correlates 

with the local flow velocity (Vy and Vx), which depends on the hydrodynamics. Therefore, the 

geometric design criteria of DLD devices is in fact just one method to control the local 

hydrodynamics, which may also be influenced by other means. These findings give a new 

perspective on the separation principle, which makes the technique more flexible and easier to 

translate to industrial scale.



Chapter five 

87 

5.2. Introduction 

Separating neutrally buoyant suspensions of micron-sized particles (1-10μm) is not a trivial 

operation. An effective technique to separate large volumes of these particle suspensions is 

microfiltration, but even this technique suffers from drawbacks like concentration polarization, 

cake layer formation, pore blocking and internal pore fouling [3, 6, 82]. Therefore, alternative 

separation techniques have been proposed that make use of microfluidic separation principles 

[8, 9, 83, 91]. Many of these microfluidic separation principles may show potential, but they 

need significant redesign to enable upscaling to larger volumes. Adaptation of the design may 

render these systems more suited for processing large volumes, but this makes it essential to 

characterise the hydrodynamics of the redesigned system. This can be done by combining 

visualization methodologies, such as Particle Image Velocimetry (PIV) with Computational 

Fluid Dynamics (CFD) [92-94].  

Deterministic lateral displacement (DLD) systems are promising for (large-scale) suspension 

separation, because it can separate particles that are smaller than the gaps or pores in the 

system, limiting the risk of blockage. As a consequence, the systems are expected to be less 

sensitive to fouling than a microfiltration system, while the required pressure drop is lower and 

the design of the peripheral system is simpler, lowering the capital and operational costs. 

However, DLD devices in their microfluidic design are difficult to scale up and not yet suitable 

for processing large volumes. Asymmetric DLD systems such as a sieve-based lateral 

displacement (SLD) system are more promising for scale-up (Figure 5.1A vs. Figure 5.1C) 

because they (1) are less prone to foul, (2) have an even lower pressure drop, and (3) are easier 

to manufacture and can be constructed with existing microsieves [9, 60, 78, 82, 85, 95]. 

Separation in DLD systems relies on particle-obstacle interactions that laterally displace 

particles in the fluid from their streamlines, out of the critical flow lane [54]. A flow lane (red 

lane in Figure 5.1) is defined as the set of streamlines that passes between two subsequent 

(longitudinally adjacent) obstacles. Each gap possesses a flow lane. When a particle is larger 
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than twice the width of the flow lane at the location when it is about to flow between two 

obstacles, particle-structure interaction will laterally displace this particle (grey) from its initial 

flow lane into the next (Figure 5.1BD). If the particle radius is smaller than the flow lane width, 

this particle (white) may still be displaced but not sufficiently to cross over to the next flow 

lane and therefore will stay in its initial flow lane (Figure 5.1BD). This means that the critical 

particle diameter is controlled by the width of the flow lanes, which makes precise control of 

the flow essential. In most previous published studies the flow is controlled by (periodic) 

geometric design constraints (e.g., angle, gap sizes, obstacle size/shape) by adjusting inlet 

velocity [55] and/or outflow conditions [85]. In systems meant for large-scale separations, one 

wishes to minimise the presence of obstacles, while the system should not be too dependent 

on the precise local velocity and outflow conditions (e.g. a SLD system). In addition, the 

influence of particle-particle interactions and the influence of particles on the flow are 

neglected and we assume that separation only depends on the flow lane width. This is not valid 

for separations with a significant volume fraction of particles to separate. 

The influence of the geometric design criteria on the critical particle diameter has been 

thoroughly investigated. The hydrodynamics in such systems have however not yet received 

much attention, although it is known to influence the size of the flow lanes. Improved control 

of the hydrodynamics for instance by adjusting the outflow conditions can provide more design 

freedom and make production easier and cheaper [85, 95]. Specifically, we address the 

hydrodynamics in asymmetric DLD systems. 

The objective of the study reported here is to characterize the hydrodynamics and its influence 

on flow lane size. The flow lanes were experimentally visualized and the local velocities were 

measured in a sieve-based lateral displacement device with different inlet flow rates. These 

measurements were compared with 2D numerical simulations. Subsequently, this model was 

used to correlate the size of the flow lanes with the local velocity.  



Chapter five 

89 

 
Figure 5.1: Flow lanes (red) in a part of the DLD array (AB) and in the (bottom) part of the sieve-

based lateral displacement (SLD) system (CD). (AC) shows the flow lanes in a larger part of the device. 

(BD) Shows a close up of the same flow lanes with the trajectories of two particles. Particles larger than 

twice the critical flow lane diameter (grey) are displaced and follow the angle of the obstacle column. 

Particles smaller than this critical diameter (white) follow the flow lane and flow through the gap.  

5.3. Materials and Methods 

Experimental setup 

A sieve-based lateral displacement system was constructed with optical access from two sides 

(Figure 5.4). The main frame was 3D printed from Polylactic acid (Ultimaker 2+, The 

Netherlands) and two transparent Polymethylmethacrylate (PMMA) plates were attached to 

the front and at right side frame’s exterior. Inside, four nickel sieves (Veco, The Netherlands) 

were placed with 1 mm space between them at an average angle of 2.9º with respect to the 

channel walls (y-direction). The pores at the front of the sieves are 200±10 μm x 500±30 μm 

every 200±10 μm in y-direction and every 50±5 μm in z-direction (Figure 5.2). Because of the 

electroforming production process, the pores at back of the sieves are slightly smaller than at 

the front. The channel length (y) was 100 mm, the width (x) 5 mm and the depth (z) 7 mm. 
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The inlet was at the top and five outlets were at the bottom. The outlet tubes were used to fix 

specific outflow conditions of the five channels, outlets 1 to 4 were fixed at 16% of the inflow 

and outlet 5 at 36% [85]. The outlet suspension was collected in a collection vessel (1 L) and 

pumped (Masterflex L/S, Cole Parmer, US) to a pressure vessel (1 L) to dampen the pumping 

pulsations. The suspension was continuously recirculated through the system at the selected 

volumetric flow rate until the flow stabilized.  

 

Figure 5.2: SEM images of a representative example of the microsieves used in our device with different 

magnification (x30 and x75). The pore size we discussed in this paper is indicated and is 200±10 μm. 

Image recording 

The flow was monitored with a camera at three positions in the system: the top section (0.1 

normalized length) where the suspension enters, slightly above the middle section (0.4 

normalized length) and the bottom section (0.8 normalized length) (Figure 5.4). The motion 

of the fluid was visualized by seeding deionized water (milliQ) with 0.1 wt% red polystyrene 

tracer particles (d=2 μm, ρ=1.05 g/cm3, Microparticles GmbH) and 0.1wt% non-ionic 

surfactant (Tween80) to prevent the particles from aggregating. The particles were illuminated 

with a thin (0.4±0.1 mm) laser sheet (808 nm, Firefly, Oxford lasers) positioned in the middle 

of the channel at a depth of 3 mm. The reflected light was captured through a long distance 

magnifying lens (Navitar 1-14x) on a high speed camera (1024 x 1024 pixels, 20 x 20 μm2/pixel, 

Photron, SA1.1). The desired magnification (M), appropriate recording frequency and pulse 

length were chosen depending on the particle velocity. The recording frequency varied 
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between 1-10 kHz and the pulse duration between 2-10 μs with a pulse power of 0.03-0.15 

mJ/pulse. An overview of the full channel was taken with a magnification of M=4, with the 

resolution of 1 pixel =5 μm. Detailed images that focused on the pores of the largest sieve were 

taken at M=10, with a resolution of 1 pixel =2 μm. 

Flow lane determination using image analysis 

The particle pathlines were visualized by superimposing 100 consecutively recorded images 

(Figure 5.3). This new superimposed image only shows the maximum intensity of the all 100 

images for each pixel position (z-stack, IMAGEJ, NIH). The flow lane width was defined as 

the distance between the sieve at the boundary transition of an obstacle and gap, and the most 

outward pathline that enters this gap (red line in Figure 5.3). Using IMAGEJ, 45 flow lanes 

were measured in 15 superimposed images for each velocity at locations 0.4 and 0.8.  

Flow velocity calculation with Particle Image Velocimetry (PIV) 

The image recordings were used to calculate full vector flow fields, which were calculated from 

the displacement of particles groups between two consecutive images by using commercial PIV 

software (DaVis, LaVision, Germany). A multigrid cross correlation method was chosen with 

decreasing window size. The first interrogation window was 98 x 98 pixels, followed by a 

second calculation where the window size was 16 x 16 pixels when M=4 and 32 x 32 pixels 

when M=10. The flow fields derived from the recordings made of the whole channel (M=4) 

had a higher resolution because the interrogation windows had a 50% overlap. The boundary 

of the vector field was defined using a geometrical mask to distinguish between regions were 

vector field should or should not be calculated. Following the vector field calculation, a post-

processing algorithm was used to eliminate erroneous vectors and outlier detection was used 

based on the median value of the nearest neighbouring vectors [96]. 
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If some vectors were rejected, they were interpolated or extrapolated from the accepted, 

neighbouring vectors. The percentage of rejected vectors from the obtained vector field was 

around 3±2%. The final vector field was made by averaging the orthogonal components of nine 

consecutive vector fields (sliding averages).  

Experimental determination of Vy and Vx 

A line profile was made in the middle of the vector fields and in the middle the pores (e.g. the 

white line in Figure 5.4). This line profile illustrates the average velocity in a volume of 0.08 

mm thick when M=4 and 0.06 mm when M=10. The average velocity at the top (0.1) was 

calculated from 1500 PIV vector fields because the flow was turbulent. The flow at the middle 

and the bottom was observed to be stable (laminar) and the average velocity was determined 

from three sets of nine vector fields, each set was inconsistently taken at the beginning, in 

middle and at the end of the recording. 

2D numerical simulations 

Laminar fluid flow (NS equation) was numerically simulated in a 2D system with the same 

geometry as our experimental setup using COMSOL Multiphysics 5.3 [80]. The fluid (water 

at 293.15 K) was assumed incompressible and the flow stationary. The flow was calculated for 

following average inlet velocities: 0.02 m/s (Re~100), 0.04 m/s (Re~200), 0.06 m/s (Re~300), 

0.075 m/s (Re~375) and 0.12 m/s (Re~600). The outlets were fixed to specific outflow 

conditions, where outlets 1 to 4 were fixed at 16% of the inflow and outlet 5 at 36% [85] . The 

no-slip wall condition was applied and the mesh was refined until results were independent on 

the mesh (~200000 elements). The simulations were performed with the finite element 

method with 2nd order elements for velocity and 1st order elements for pressure. Vy and Vx 

were integrated over a cutline through each pore and the flow lanes were manually measured 

at the boundary transition of an obstacle and gap. Afterwards, three additional models were 

made with slightly varying geometry: two different angles (5.9º and 2.9º) and two different 

pore sizes (200μm and 100μm). All other conditions remained the same.
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5.4. Results & Discussion 

We first visualized the flow lanes with a high speed camera. Second, we used micro-particle 

image velocimetry (μPIV) to measure the local flow velocities and compare these with the 2D 

simulations. These 2D simulations were then used to correlate the width of the flow lanes with 

the flow velocity. 

Visualization of the flow lane in a sieve-based lateral displacement device 

Critical flow lanes were experimentally visualized in a sieve-based lateral displacement device 

on three locations and with three inlet velocities (Figure 5.4). The flow lane width was 

visualized using the trajectories of individual tracer particles and the most outward pathline 

that enters or exits this gap is outlined by a red line. These flow lanes were then compared with 

the flow lanes obtained from the 2D fluid model, which did not contain particles.  

Near the entrance of the system, the experimental flow pattern deviated from the 2D fluid 

simulations. This was caused by the inlet configuration which induced a jet and resulted in 

some turbulence entrance region in the experimental setup. The turbulence resulted in flow 

instability over time, and the suspension intermittently flowed into and out of some of the 

pores at the top of the system. These variations made it impossible to measure stable flow 

lanes. For the 2D simulations, the entrance flow was assumed to be laminar and stable over 

time, which allowed us to derive the flow lane width. These simulated flow lane widths were 

smaller at lower inlet velocity, and gradually grew larger with increasing inlet velocity. 

Furthermore, the simulated flow lanes in the top section were narrower compared to the flow 

lanes in the bottom section. Though, the experimental results and simulations at the top of 

the system are not alike, separation has yet to take place. The bottom region is more important 

because at this location significant particle displacement should have taken place. Because the 

experimental observed flow lanes and simulated flow lanes are similar at the bottom of the 

system we used these simulations for further analysis.
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Figure 5.3: Experimental and numerical visualization of the flow lanes in a sieve-based lateral 

displacement device. From left to right, the inlet velocities increases (between 0.1 and 0.12 m/s), 

from top to bottom are three locations along the right sieve (Figure 5.4). The red lines are 

introduced to distinguish between the pathlines that will flow into the pore and that will go straight, 

the pathlines clustered together that flow into a pore are considered a flow lane. The flow lanes at 

the top are not steady because the flow in this region was turbulent (supplementary video). The 2D 

numerical simulations assume laminar inflow. 
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Flow lanes were visualized in all locations but only measured in the middle and bottom sections 

of the device, because here the flow had stabilized and became independent from the inlet 

disturbances (Figure 5.3 and Table 5.1). In general, the width of the flow lanes varies depending 

on the location and the inlet velocity. A higher inlet velocity reduces the width of the flow 

lanes. The widest observed flow lane was 106 μm, which means that the cut-off particle size 

is equal to the pore size; particles in this flow lane that have a diameter smaller than that of a 

pore (200μm) will always flow into this pore and larger particles will be excluded. Wide flow 

lanes are, therefore, not desired. 

Table 5.1: Size of the flow lanes (Figure 5.3) are given in μm. Experimental obtained flow lane sizes 

(mean ± standard deviation) are measured for 3 pores in 15 stacks of 100 frames (45 measurements 

per flow lane) and obtained using 2D numerical simulations in COMSOL. 

 Low velocity Intermediate velocity High velocity 

PIV Simulation PIV Simulation PIV Simulation 

Top NA 25 NA 27 NA 30  

Middle 71±7 64 64±5 61 63±5 56  

Bottom 106±8 77 81±6 65 61±5 55  

The flow lane width is known to be influenced by the velocity profile [69, 75, 95]; an 

asymmetric velocity profile is beneficial for separation because it reduces the width of the flow 

lanes [86]. This, however, is only true if the flow lanes through all gaps carry equal flux, which 

is assumed in (periodic) DLD systems [54, 75]. This assumption is not valid in case of sparse 

or sieve-based lateral displacement systems and is expected to also not to hold for systems with 

anisotropic permeability [87, 89, 95, 97]. A highly asymmetric velocity profile does not by 

definition reduce the width of the flow lanes. We hypothesize that there is a balance between 

the vertical velocity component (Vy) due to the inlet flow, and the horizontal velocity 

component (Vx) of the fluid, due to the flow into the gaps. When Vy and Vx are balanced over 

the entire length of a system, the flow lanes will have the same width throughout the system. 

And if Vy grows with respect to Vx the flow lane should become narrower and vice versa. To 
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confirm this hypothesis, the velocity field was measured at the same locations where the flow 

lanes were visualized. The Vy and Vx components were analysed from the acquired data. The 

velocity profiles obtained with these μPIV measurements are compared with the velocity 

profiles calculated with the 2D numerical simulations. 

Velocity profile obtained with μPIV and 2D numerical simulations  

The flow velocity profile was measured for three different inlet velocities and at three locations 

in the device (Figure 5.4). Two sets of recordings were made for each location: a recording of 

the entire channel width (light green squares) and a detailed recording of the largest sieve (dark 

green squares). The recordings were translated into an average vector field by using PIV 

software (Figure 5.4). The vectors indicate the size and direction of the composite velocity; the 

background colour indicates the magnitude of the transverse velocity component Vx. These 

average vector fields were used to collect Vy and Vx profiles along a line that passes through 

the centre of a pore, for example the white horizontal line in Figure 5.4. Vy was acquired from 

the entire channel (light green square), which also allowed us to determine the flow velocity 

behind the sieves. For an accurate estimation of Vx near a pore gap it was necessary to zoom 

in onto the sieve (dark green square), which allowed the observation of tracer particles flowing 

towards the pores.  

The measured and simulated velocity profiles are shown in Figure 5.5 for the three locations 

and three inlet velocities. The velocity profiles increase (negative direction) towards the bottom 

of the device. The actual inlet flow velocities during the experiments were estimated with the 

2D simulations because the flow rate of the pump was influenced by the pressure drop at higher 

flow rates. The low inlet velocity was ~0.02 m/s (Re ~100), the intermediate inlet velocity was 

~0.04 m/s (Re ~200) and the high inlet velocity was ~0.075 m/s (Re ~375). Slight differences 

in channel width can be observed between the experimental system and the 2D simulations, 

which may be caused by irregularities in the construction (e.g. sieves and channel surface) or 

by inaccuracies in the imaging (e.g. camera position and/or lighting). 
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Figure 5.4: Schematic overview of the experimental setup and the recording locations: top, middle and 

bottom for both the entire channel (light green square) and the pores (dark green square). The vector 

field shown (every fourth vector row) is taken near the pores and is recorded at in the middle of the 

device, where the colour indicates the Vx (blue is left and red is right). The white line gives an example 

of a measurement location for the average velocity profile (Figure 5.5DF). The vector field shows the 

absolute velocity and the colour indicates only Vx.

The velocities measured in the top section of the device are presented in Figure 5.5A. At this 

location the flow was turbulent due to a jet created at the entrance of the device. Therefore the 

results were averaged over ~1500 images; because the standard deviation (SD) was ±0.04 m/s 

it is not shown. We do not show the experimental Vx profile in Figure 5.5B because of strong 

flow instabilities. Only a small amount of fluid flows through the pores (negative velocity), 

while most of the fluid flows away from the sieves (positive velocity).  
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Figure 5.5: Velocity profiles (Vy in ACE and Vx in BDF) at three locations in the device (AB at the 

top, CD in the middle and EF at the bottom) for three average inlet velocities (low is 0.02 m/s, 

intermediate is 0.04 m/s and high is 0.075 m/s). The experimental data shows the mean velocity and 

SD and the y-axes are not equal. The data points of (A) are an average Vy of 1500 images and the SD 

is not shown. The measured Vx is not shown in (B) because the flow was not stable. 

The velocities measured in the middle section are shown in Figure 5.5CD. At this location the 

flow had become laminar, and Vy could be measured both in front and behind the sieve (Figure 

5.5C). The experimental Vx component was negative near the sieves indicating that the fluid 

indeed flowed towards the sieves and through the pores. While this is qualitatively in line with 
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the simulations, the magnitudes of the velocities were somewhat different (Figure 5.5D). 

Towards the channel centre, the direction of Vx reverses and the fluid started to flow away 

from the sieves.  

Figure 5.5E presents values for the Vy component between multiple sieves in the bottom 

section of the device for both simulations and experiments. The Vx component is shown in 

Figure 5.5F. The agreement between experiment and simulation is acceptable. The flow could 

not be visualized inside the pores and consequently, the experimental measurements cannot be 

used to find a correlation between the size of the flow lanes and the flow velocity (Vy and Vx) 

inside the gap. Therefore, the 2D simulations are used instead for this.  

The balance between Vy and Vx, and its influence on the flow lanes 

A two dimensional model was made of our experimental setup, which was used to correlate 

the velocity components (Vy and Vx) with the flow lanes. These flow velocity components were 

integrated over a cutline in the entrance region of each pore, the ratio of these components 

(Vy/Vx) is shown in Figure 5.6. This velocity ratio is presented as function of the number of 

pores relative to the total number of pores along the sieve (Pi/Pn), where P1/Pn ≈ 0 indicates 

the first pore at the top and Pn/Pn = 1 the last pore in the sieve at the bottom. This number 

therefore represents a spatial coordinate along the sieve. Due to the design of the system, the 

Vx component at the top was near zero and therefore, the ratio of the velocity components was 

very high between Pi/Pn = 0 – 0.1. The Vx component quickly increased in the downstream 

direction but Vy increased as well (Figure 5.5ACE). The velocity ratio (Vy/Vx) eventually 

stabilized around a value of 2 (Figure 5.6A), but this ratio was not completely stable and 

fluctuated somewhat near Pi/Pn = 0.3, which corresponds to the start of a new parallel sieve 

(see also Figure 5.4). This parallel sieve locally decreases the Vx and thus results in a small 

increase of Vy/Vx. This effect is apparent at 0.3 and is repeated to a smaller extent around Pi/Pn 

= 0.55, where a third sieve starts. The final ratio is slightly different for the three inlet velocities, 

which means that depending on the inlet velocity, Vy changes relative to Vx (Figure 5.5A).  
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Correlation of the width of the flow lanes (Table 5.1) with the corresponding velocity ratios, 

shows that a lower Vy/Vx resulted in wider flow lanes, and thus separation of larger particles. 

This effect was visualized for three locations and three inlet velocities in four different system 

designs (Figure 5.6B). Figure 5.6B illustrates the same trend observed in Figure 5.6A, where a 

higher Vy/Vx results in smaller flow lanes. The sizes of the flow lanes were normalized with the 

size of the pores (Dfc/ Dpore), which are shown as function of the Vy/Vx ratios. The circular 

symbols in Figure 5.6B represent the same nine flow lanes (three velocities and three locations) 

as described in Figure 5.6A. The influence of Vy/Vx on Dfc/Dpore was investigated for three 

additional designs with varying angles (5.9º and 2.9º) and pore size (100μm and 200μm) to 

compare the effect of the geometry. Similarly shaped curves were obtained, with slightly 

different values per geometry. This is expected as the flow does not always behave linearly to 

changes in the geometry. Therefore, there is no unified description of Vy/Vx for a specific flow 

lane size in devices with a different design.  
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Figure 5.6: (A) For this system the ratio of velocity components (Vy/Vx) in each pore was plotted 

on a logarithmic scale for the three inlet velocities. The pores were normalized by the total number 

of pores. The size of the numerically simulated flow lanes (Figure 5.3 and Table 5.1) were indicated 

at top (0.1), middle (0.4) and bottom (0.8). A model was used with the same geometry as our 

experimental system, where the sieves were placed at an angle of 2.9º and had pores of 200μm. (B) 

The size of nine flow lanes (Dfc) relative to the pore size (Dpore) were plotted against the Vy/Vx ratio, 

where each marker represents one location and one inlet velocity. This was done for four systems 

with varying angle and pore size. A higher Vy/Vx ratio decreased the flow lane width relative to the 

size of the pores. A minimum Vy/Vx is required to displace particles because if Dfc ≥ 0.5*Dpore, 

particles will not be displaced but filtered instead (dotted line). 
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Using the results in Figure 5.6B, the performance of the four designs can be discussed. 

Displacement of the smallest possible particles with the largest possible pores requires flow 

lanes that are much smaller than the pores and thus, Dfc/Dpore should be as low as possible. In 

contrast, with Dfc/Dpore ≥ 0.5, the width of the flow lane is equal or larger than half the size of 

a pore and particles are no longer displaced but will either flow through the pore or are 

physically blocked instead. This limit is indicated by the black dotted line in Figure 5.6B. A 

low Dfc/Dpore requires a high Vy/Vx (Figure 5.6) but in practice it is difficult to reach a Vy/Vx 

>10, except for a small region at the top of the systems (between 0 and 0.1 in Figure 5.6A). 

The effort needed to maintain a high Vy/Vx throughout the system limits the possibilities to 

create small flow lanes in the entire system. Characterizing the influence of Vy/Vx on the 

Dfc/Dpore is essential to evaluate the performance of a specific device and/or operating 

conditions.  

Overall, the results summarized in Figure 5.6 show the correlation between the velocity of the 

fluid that flows in downstream direction (Vy) and the fluid that flows into the pore (Vx) with 

the size of the flow lanes. We expect that this balance also holds for conventional DLD devices. 

But unlike sparse or sieve-based systems, conventional DLD devices use geometric criteria to 

obtain stable (and periodic) Vy/Vx to form flow lanes for displacing particles. Small changes in 

the geometry and/or inflow velocity of DLD devices can influence the stability and the 

periodicity of this balance, which may result in anisotropic permeability and different 

migration directions [56, 87, 89, 90, 97]. 
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5.5. Conclusions 

An in-depth characterization was done on the flow lane sizes in asymmetric, sieve-based 

deterministic lateral displacement devices. CFD and μPIV were used to quantify the flow 

lanes, in addition to their flow velocities at different locations and at four different inlet 

velocities. The flow lanes width varies with the ratio of velocity components (Vy/Vx) and these 

velocity components (Vy and Vx) vary depending on location and inlet velocity. The ratio of 

the longitudinal and transversal velocity components (Vy and Vx) stabilized along the sieve 

towards the outlets. A good correlation was observed between the velocity ratio and the width 

of the flow lanes: a high Vy/Vx ratio results in a smaller flow lane and vice versa. This implies 

that particles can also be displaced by accurate control of the hydrodynamics instead of only 

applying geometric design constraints. This insight may help application of this separation 

principle to larger-scale separation operation.
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6.1. Abstract 

Our investigation aims to apply Deterministic Lateral Displacement (DLD) to separate 

(deformable) particles or droplets from dispersions on industrial scale. DLD is a promising 

technique because it can separate particles smaller than the pores. Previous work shows how 

to manipulate the critical particle diameter in a sieve-based lateral displacement system by 

modifying the hydrodynamics. In this study, we apply this fundamental understanding of the 

DLD separation principle to deterministically displace particles in a cross-flow microsieve 

module. First, two dimensional simulations of the fluid dynamics in this cross-flow module 

were performed to investigate the hydrodynamic conditions required for particle displacement. 

Next, these simulations were compared with the flow fields visualized in the experimental 

setup. In addition, high speed recordings confirmed deterministic displacement of particles 

and oil droplets over the microsieve surface. Last, the systems performance was evaluated by 

measuring the transmission of rigid PMMA particles and deformable hexadecane droplets and 

the particle size distribution for different operation conditions. These results clearly 

demonstrate that the DLD principle can be effectively applied in a cross-flow microsieve 

module. With this, the application of this microfluidic separation principle to separate particles 

or droplets (1 to 20 micrometer) from dispersions on industrial scale has become realistic. 
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6.2. Introduction 

Separation of dispersed particles is important in many sectors: for example, in medical 

laboratories, in water treatment plants or in the food industry. While dispersions of particles 

that are larger than 20 μm are generally separated with centrifuges or decanters, this is more 

difficult with smaller particles, especially when the particles are near neutrally buoyant and/or 

easily deformed [2, 82, 83]. One cannot use gravity based techniques for these dispersions (e.g. 

centrifugation) or (micro)filtration, because the particles block the pores or deform and pass 

the membrane pores [98].  

This study focuses on deterministic lateral displacement (DLD) system, which uses tilted 

obstacle arrays to separate particles smaller than the gaps or pores between the pillars [54, 75]. 

To be separated, particles require to have a radius larger than the width of the stream that is 

about to flow into the next pore (Figure 6.1). These streams are called flow lanes. When the 

radii of the particles are larger than the width of the flow lanes, particle-obstacle interactions 

will displace these particles laterally and push their centre of mass just outside the flow lanes. 

Because particles are physically excluded from the flow lanes, they cannot be dragged into the 

gaps or pores and are guided laterally by the obstacle columns. These larger particles are 

laterally displaced and can be collected at the end of the obstacle column on one side of the 

system. 

Application of the DLD separation principle has especially potential in biotechnological and 

food industries because process streams often contain deformable and neutrally buoyant 

particles. The DLD technology was evaluated as promising to separate such dispersions on 

larger scale [9, 64, 67, 99, 100]. While the principle was discovered in microfluidic devices, 

the volumetric throughput of a single device has been increased to scale this microfluidic 

separation principle towards larger applications [55, 56]. In these studies, it was shown that 

particles can be displaced by particle-obstacle interactions without using the classical DLD 

obstacle arrays, but instead applying simplified sparse obstacle arrays. These sparse lateral 
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displacement designs are constructed with only a small number of rows of obstacles, which 

could be translated in a configuration of a set of parallel sieves that were placed at a small angle 

to the flow direction [60, 85]. Particle displacement could be achieved by adjusting the 

hydrodynamic conditions to obtain flow lanes with a specific width in the sieve-based lateral 

displacement (SLD) design (Figure 6.1B) [85, 95, 101]. The flow should be laminar and such 

that the axial velocity of the fluid just above the pores (Vy) is larger but in balance with the 

transversal flow velocity into the pores (Vx). If both flows (Vy and Vx) are controlled well, the 

width of the stream that flows into a pore can be defined (i). Preferably, the flow lanes and 

thus the critical particle diameter, have the same size along the length of the microsieve [101]. 

If all flow lanes are of equal size, a clear critical diameter defines whether a particle is displaced 

or not. In other words, to deterministically displace particles with the same diameter in the 

entire system, the hydrodynamic conditions (Vy/Vx) must be balanced. 

The influence of hydrodynamic conditions on displacement of suspended particles has been 

previously described when for example studying particle screening during shear flow across a 

wall with suction via side branch channels [102]. In this study the phenomenon of particle 

displacement or particle screening was subscribed to the deviation of the particle trajectory 

from the fluid streamlines of the fluid entering the side branch channel because of interaction 

with the pore entrance. This is slightly different from the fluid skimming mechanism that 

removes the particle-free layer [103]. Moreover, it appeared that the ratio of the magnitudes 

of the cross and the shear flows influenced the screened particle size. In yet another 

microfluidic study it was observed that if specific hydrodynamic conditions are applied during 

suspension flow in a system with side channels, a portion of fluid near the wall is withdrawn 

from the main stream into the side stream [104]. These conditions could be adjusted such that 

particles whose diameter is larger than a critical value would not enter the side channels, even 

if a particle is located close to the wall and it is smaller than the cross section of the side 

channel. Both Wu et al. and Yamada et al. describe very similar conditions that prevent 

particles from entering a side channel, like also was described for SLD technology [101]. 
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However, these two examples focus on controlling individual side streams for a single pore, 

which can be placed in series. Only Van Dinther et al. employed a similar principle to facilitate 

higher throughputs [12]. They investigated cross-flow microfiltration with balanced cross-

flow and permeate flow to enable particle separation in dilute suspensions. Yeast cells (~5 μm) 

were successfully separated from a dilute suspension using a microsieve with pores of 20 μm. 

While successful separation was achieved, the operation of the device was not optimised.  

 

Figure 6.1: Three geometries with flow lanes (red) are shown that allow deterministic displacement of 

particles. In (A) the original deterministic lateral displacement (DLD) array, in (B) a sieve-based 

lateral displacement (SLD) device and in (C) a cross-flow microsieve (CFM) module. In the close-up 

figures the flow lanes and separation principle is illustrated for each system. Particles with a radius 

larger than the flow lanes (grey) are physically excluded from the flow lane by particle-structure 

interactions, the smaller particles (white) cannot be physically excluded and are dragged into the pore 

by the flow lane. The width of the flow lane can be changed by influencing the velocity components 

(Vy and Vx). 
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Based on our previous work and literature, we formulated a new hypothesis that particle 

displacement does not require a distinct DLD design (e.g. angle, size of the gaps or obstacle 

size (Figure 6.1)), but can be achieved by control of the hydrodynamic conditions [22, 101, 

102, 104]. More specifically, by controlling the ratio of the axial and transversal velocities 

(Vy/Vx), it is possible to separate particles with the DLD principle in unconventional DLD 

designs, such as a cross-flow microsieve module, in which the microsieve is not placed in an 

angle with respect to the flow direction (Figure 6.1). 

This study therefore aims at resolving the local hydrodynamics in a cross-flow microsieve 

device and subsequently use this to displace (deformable) particles that are smaller than the 

pores. Firstly, numerical simulations of the fluid dynamics in this cross-flow module were 

performed to investigate the hydrodynamic conditions required for particle displacement. 

Subsequently, these simulations were compared with the flow fields visualized by high speed 

recordings in the experimental setup. In addition, we recorded and confirmed deterministic 

displacement of particles and oil droplets (25±5μm) over the microsieve surface 

(supplementary videos). Lastly, the systems performance was evaluated by measuring the 

transmission of rigid PMMA particles and deformable hexadecane droplets (Stokes number ≪	1 if the particles are in the proximity of the microsieve) and the particle size distribution 

for a cross-flow velocity of 0.6 m/s (~1 L/min and Re: ~2400) with varying permeate flow 

velocities 0.4-7.9 mm/s (2-50 mL/min). 



Chapter six  

111 

6.3. Materials and methods 

2D CFD simulations 

The NS-equation was solved for a complete 2D geometry similar to that of the constructed 

flat plate cross-flow microsieve module (Figure 6.2). The simulations were performed using 

the finite element method (2nd order elements for velocity and 1st order elements for pressure) 

in COMSOL Multiphysics 5.3 [80]. The microsieve was 150 mm long and 100 μm thick. 

The pores in the microsieve were 50 μm wide, 100 μm deep and the spacing between the pores 

was 50 μm. The simulated water flow (at 293.15 K) through the system was assumed to be 

laminar, incompressible and stationary. Three average inlet velocities were calculated: ~0.3 

m/s, ~0.6 m/s and ~0.9 m/s. The permeate outlet was swept for multiple outflow velocities 

( തܸ x) in relation to the cross-flow velocities ( തܸ y). The outlet in the main channel was pressure 

based. A no-slip wall condition was applied and the results were checked for mesh dependency 

(selected mesh had ~125,000 elements). The Vy and the Vx were integrated over a cutline in 

each pore and three flow lanes were manually measured at the transition of an obstacle and 

gap [101].  

Image recording  

A high speed camera (1024 x 1024 pixels, 20x20 μm2/pixel, Photron, SA1.1) and a magnifying 

lens (OPTEM ZOOM 125 1-13x) were used to record the motion of red polystyrene tracer 

particles (d=2 μm, ρ=1.05 g/cm3, Microparticles GmbH) in milliQ water with 0.1wt% non-

ionic surfactant (Triton X-100, Sigma Aldrich 9284) to prevent particles from aggregating. 

The tracer particles were illuminated with a thin (0.4±0.1 mm) laser sheet (808 nm, Firefly, 

Oxford lasers) positioned in the middle of the membrane at a depth (z) of 3.5 mm. The desired 

magnification (M), appropriate recording frequency and pulse length were chosen depending 

on the particle velocity. A magnification of M=1 was used to record the entire membrane, with 

the resolution of 1 pixel = 20 μm. Particle screening or displacement of PMMA particles and 
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hexadecane oil in water emulsions were recorded on top of the microsieve (supplementary 

videos). For these more detailed videos that focused on the pores, a magnification of M=9 was 

used with a resolution of 1 pixel = 2.3 μm. The recording frequency varied between 0.5-2 kHz 

and the pulse duration between 2-20 μs with a pulse power of 0.03-0.30 mJ/pulse. 

Flow field visualization 

The pathlines were visualized by superimposing 200 consecutively recorded images. This new 

superimposed image only shows the maximum intensity of the all 200 images for each pixel 

position (z-stack, IMAGEJ 1.51S, NIH).  

Dispersion preparation 

The model suspension was prepared with MilliQ water, 0.1wt% non-ionic surfactant (Triton 

X-100, Sigma Aldrich 9284) and 0.1 v/v% PMMA microspheres with an average diameter of 

27 μm (Cospheric, USA). The density of these particles was around 1.2 g/ml. The 0.1 v/v% 

oil in water emulsion was prepared with hexadecane (Sigma Aldrich 6703), 0.5 w/v% BiPRO 

Whey Protein Isolate (Davisco Foods, USA) and MilliQ water and was homogenised at 8000 

RPM for 15 minutes using an Ultra-turrax digital T25 (IKA, USA). The 1 v/v% and 5 v/v% 

oil in water emulsions were prepared with hexadecane (Sigma Aldrich 6703), 1w/v% BiPRO 

WPI (Davisco Foods, USA) and MilliQ water and was homogenised at 9000 RPM for 15 

minutes using an Ultra-turrax digital T25 (IKA, USA). Particles and droplets in the proximity 

of the microsieve have a ܴ݁௣ = ܪߤ/ଶܸ݀ߩ	 ≪ 1 and ܵ݇ݐ = ܸ߬/݈ ≪ 1. Here ρ is the density of 

the fluid with a viscosity μ flowing at a velocity V, d is the particle diameter and H is the 

channel height (4 mm). The relaxation time is depicted by τ and l is the length of a pore in 

flow direction (50 μm). The particle size distributions used for the concentration distributions 

in Figure 6.7 were measured with the EyeTech particle size analyser (Ankersmid, The 

Netherlands). 
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Experimental setup 

A cross-flow microsieve module was manufactured as is shown in Figure 6.2. The channels 

were milled into transparent Poly methyl methacrylate (PMMA) plate. The main channel was 

150 mm (y) by 4 mm (x) by 7 mm (z) and the side channel was 15 mm (y) by 40 mm (x) by 7 

mm (z) with a microsieve (Veco B.V., The Netherlands) in between. This sieve was 15 mm 

long, 7 mm wide and 0.05 mm thick and had pores of 55±2 μm by 500±5 μm placed with a 

spacing of 45±2 μm from each other in all directions on the top side. The pores at the bottom, 

however, were smaller because of the production process; they were 30±2 μm by 475±2 μm 

with a spacing between the pores of 70±2 μm in all directions. The dispersed system was 

collected in a collection vessel and pumped (Masterflex L/S, Cole Parmer, US) to a pressure 

vessel to dampen the pulsations. The suspension was continuously recirculated through the 

system at the selected volumetric flow rate until the flow stabilized. The permeate flow rate 

was controlled by a needle valve. 

6.4. Results and discussion 

Numerical simulation of deterministic displacement in the cross-flow module 

A cross-flow microsieve module (CFM) was numerically simulated in 2D, with COMSOL 

5.3. A range of inlet and outlet flow velocities was simulated to find the best balance between 

the velocity of the bulk flow across the microsieve (Vy) and the velocity of the fluid flowing 

through pores of 50 μm (Vx) [101].  

We show three different operating conditions and how these affect the Vy/Vx ratio along the 

microsieve (Figure 6.3): one where the permeate flow, relative to the cross flow, i s too low (B); 

one where the permeate flow and cross flow velocity are in balance (C); and one where the 

permeate flow relative to the cross flow is too high (D). If the permeate flow is low, the Vy/Vx 

ratio becomes negative at the end of the channel: the direction of the flow reverses and fluid 
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flows back into the main channel (Figure 6.3AB). This happens when the pressure drop in the 

main channel is larger than the pressure drop over the microsieve and limits the length of a 

single microsieve. In the situation that the permeate flow (and pressure difference over them 

membrane) is too high, Vy/Vx decreases across the length of the sieve (Figure 6.3AD); as a 

result, the flow lanes gradually become larger and particles may no longer be separated (Figure 

6.4). For separation, one should therefore balance the cross-flow velocity (Vy) with the velocity 

of the fluid flowing through the pores (Vx) (Figure 6.3AC). The size of the flow lanes for the 

three situations illustrated in Figure 6.3 are shown in Figure 6.4. 

 

Figure 6.2: A) 2D model of microsieve module with the main channel at the top (fluid flowing from 

left to right), and a side channel with in between a microsieve. The colour indicates the velocity 

magnitude (from red to blue indicates from high to low) and the stream lines are shown in grey. (B) 

The cross flow microsieve module used for the experiments (white dotted lines are drawn to guide 

the eye). The microsieve module was placed such that the flow direction was from top to bottom (y) 

and the permeate flow to the side (x). 
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These simulations suggest that it is possible to create uniform flow lanes within the cross-flow 

microsieve module by adjusting the hydrodynamic conditions. Particles will be displaced when 

their radius is larger than the width of a flow lane implying that their centre of mass falls 

outside the flow lane. Because flow lanes are smaller for low permeate flows (Figure 6.4), these 

conditions can separate the smallest particles (diameter of ~30 μm), while the pores are 50 μm. 

However, the overall permeate flow is small and a reversed flow is observed. A too high 

permeate flow relative to the cross-flow will increase the size of the flow lanes (Figure 6.4) and 

therefore the critical particle diameter will also be larger (~60 μm). This means that the only 

particles that are separated are particles larger than the pores (50 μm) or in other words, they 

are filtered. 

 

Figure 6.3: (A) The ratio between Vy and Vx (velocity on the boundary of the pores and main channel) 

for three different situations over the microsieve. (BCD) Flow lanes in red are shown in a cross-flow 

microsieve module (the location of BCD is indicated by the red box in A) with the feed fluid flowing 

from left to right over 150 pores, a microsieve in the middle and on the bottom the permeate. Three 

flow lanes (red) visualize the flow field for three situations with equal inlet flow velocity (0.3 m/s): (B) 

a low permeate flow velocity (0.5 mm/s), (C) the balanced situation (1.0 mm/s) and (D) a higher 

permeate flow (1.3 mm/s). 
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In the intermediate situation (Figure 6.4) where the cross flow (Vy) and the permeate flow (Vx) 

are balanced, the flow lanes are of equal size (17 μm) over the entire sieve. This balanced 

situation can separate particles with a diameter of ~34 μm, which is smaller than the pore size 

(50μm). 

 

Figure 6.4: Close up of the flow lanes shown in Figure 6.3, indicating the flow lane width at the start 

(Npore=1), in the middle (Npore=75) and at the end (Npore=150) of the microsieve for different operation 

conditions. Streamlines are shown in red and the little black lines indicate the width of the flow lanes. 

The width of the pores is 50 μm. 
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High speed imaging of the fluid flow for model validation 

A cross-flow module with a microsieve was constructed to validate the numerical simulations 

(Figure 6.2). Small tracer particles (2 μm), that were not retained, were introduced and 

recorded to visualize the flow field. The system was operated with an average cross-flow 

velocity ( തܸ y) of 0.3 m/s (500 ml/min and Re of ~1200) and three different average permeate 

flow velocities ( തܸ x). The experimental recordings of the high speed camera were superimposed 

to visualize the path lines of particles flowing through the sieve, subsequently these were 

overlaid with the simulated streamlines (Figure 6.5). Similar to the simulations, a reversed flow 

was observed with a permeate flow velocity of ~0.6 mm/s (4 ml/min). The reversed flow 

disappeared after increasing the permeate flow velocity to ~1.1 mm/s (7 ml/min) and with 

these conditions the cross-flow velocity and the permeate flow velocity appeared to be 

balanced. Further increasing the permeate flow velocity to an extreme permeate flow velocity 

of ~28.6 mm/s (180 ml/min) led to a situation with very large flow lanes which will drag 

particles that are smaller than the pores through the microsieve. The experimental pathlines 

were qualitatively similar to those simulated with the 2D model. Following these results, we 

established hydrodynamic conditions that would enable displacement of particles targeted for 

separation, which are larger than the tracer particles but smaller than the pores in the 

microsieve.  
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Figure 6.5: Experimental visualized flow field in CFM module with an average inlet flow velocity of 

0.3 m/s and three different average permeate flow velocities: (A) a low average permeate flow velocity 

(~0.6 mm/s), (B) a balanced situation (~1.1 mm/s) and (C) an extreme average  permeate flow velocity 

(~28.6 mm/s). 
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Particle and droplet displacement in the cross-flow device 

Experiments were conducted to investigate to what extent particles can be displaced in the 

module with varying conditions. Because we could not measure the local velocity components 

(Vy and Vx) in the pores as in the numerical simulations, the experimental operation conditions 

are described using the average cross-flow velocity ( തܸ y) in the channel and the average permeate 

flow velocity ( തܸ x) flowing through the microsieve. The experimental velocity ratio ( തܸ y/ തܸ x) was, 

therefore, much higher than the local velocity ratio (Vy/Vx) obtained from the numerical 

simulations. The system was operated with an average cross-flow velocity of 0.6 m/s (~1000 

ml/min Re of ~2400, which is in the transition regime) and the average permeate flow velocity 

was varied ranging between 0.4 mm/s (~2 ml/min) and 7.9 mm/s (~50 ml/min), which is 

equivalent to a permeate flux of 1480 L/m2/h and 22860 L/m2/h with a transmembrane 

pressure of 15±5 mbar. The permeate flux in the balanced situation was close to 4000 L/m2/h 

(Figure 6.5). The fluxes applied in this study are of similar magnitude compared to those used 

by others that used microsieves for cross-flow microfiltration [5, 12, 105, 106]. However, the 

flux is several times higher compared to the fluxes reported in other studies for conventional 

membrane microfiltration of oil-in-water emulsions (50-1200 L/m2/h) [107-109]. 

First, we performed concentration experiments using a model suspension of 0.1 v/v% rigid 

PMMA particles. Subsequently, we investigated the displacement of deformable hexadecane 

droplets in an oil in water emulsion with different concentrations (~0.1v/v%, ~1v/v% and 

5v/v%) (Figure 6.6). The transmission is a measure of the separation; it is the ratio of the 

concentration of particles or droplets in the permeate over their concentration in the feed. The 

transmission is expected to vary with the flow conditions described by the ratio between ܸത y/ തܸ x. 

The x-axis shows the applied velocity ratio and the y-axis transmission. To highlight the 

regions of the three operational conditions (discussed above), the graph is subdivided in three 

sections: a high permeate flow velocity (red), a balanced situation (orange) and a low permeate 

flow velocity (blue) (Figure 6.6). A high permeate flow velocity would be desired to make 
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effective use of the total microsieve surface area, however particles will not be displaced in that 

situation and will be transmitted through the microsieve. Alternatively, a low transmission at 

a low permeate flow velocity would be desired for optimal recovery, but then the microsieve 

surface area is not used effectively because the flow reverses near the end of the microsieve. 

The optimal condition for this microsieve module is therefore the balanced flow situation 

where transmission and operation conditions lead to high displacement at still reasonable 

permeate flux.  

 

Figure 6.6: Displacement of PMMA particles and Hexadecane oil droplets in water for three 

concentrations. The transmission decreases for an increasing velocity ratio (V ̅y/V ̅x). The red section 

indicates the region where തܸ x is too high for particle displacement, the blue section indicates the 

region where ܸത x is too low and reversed flow is observed. The orange region shows the situation where തܸ y and തܸ x are balanced and particles or oil droplets are displaced using the DLD separation principle. 

The black dashed lines are drawn to guide the eye. 

The transmission indeed decreases with an increasing velocity ratio ( തܸ y/ തܸ x). The trend 

observed for the dispersions with concentration of 0.1 v/v% is similar to the situation described 

by Dinther et al., although with a different interpretation [12]. The rigid PMMA particles 
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behave quite similar to the hexadecane droplets and suggests that separation is not significantly 

influenced by possible deformation of the droplets at these low concentrations. The stresses 

exerted by the flow (V = 0.1 m/s) on the hexadecane droplets (σ = 53.5 mN/m and d = 25 μm) 

near the microsieve surface are insufficient to deform the droplets (ܽܥ = ߪ/ܸߤ ≪ 1	and	ܹ݁ ߪ/2ܸ݀ߩ= ≪ 1). However, droplet-microsieve collisions can deform (flatten) the droplets and 

have a negative impact on separation. In the supplementary videos some deformation can be 

observed if looked at closely. The limited effect of deformability on separation is very 

interesting for separation of applications with particles or droplets of 0.1 μm to 10 μm that 

have a density close to that of the liquid phase, like many emulsions and cells. It should be 

noted that the data of the rigid PMMA particles are limited to low concentrations and low തܸ y/ തܸ x (red region); therefore, we are cautious with conclusions about the limited effect of 

deformability on separation. For higher concentrations (1v/v% and 5 v/v%) one can observe 

that separation is less effective and that the transmission declines at higher velocity ratio 

( തܸ y/ തܸ x) compared to the low concentration (0.1v/v%). The initial decline of 1v/v% and 5v/v% 

is similar but they diverge at higher തܸ y/ തܸ x. For additional information on the results in Figure 

6, the particle size distributions was measured of the particles that transmitted the microsieve 

and multiplied with the corresponding concentration (Figure 6.7).  

Figure 6.7A shows the particle concentration distribution of the PMMA particles (feed 

concentration of 0.1 v/v%) for several velocity ratios. Figure 6.7BCD show the particle 

concentration distribution of the hexadecane droplets in water, with a feed concentration of 

0.1 v/v% in B, 1 v/v% in C and a concentration of 5 v/v% in D. The reduction in transmission 

for a low feed concentration (0.1 v/v%) shown in Figure 6.6 can also be observed in the 

concentration distribution (Figure 6.7AB). The concentration distribution decreases with 

increasing തܸ y/ തܸ x and Figure 6.7B shows that the average particle size in the permeate becomes 

smaller. Figure 6.7CD shows the particle concentration distributions of the permeate stream 

for experiments with a feed concentration of 1 v/v% and 5 v/v%. The concentration 
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distributions in Figure 6.7CD do not shift towards smaller droplets as is clear for the lower 

concentration in Figure 6.7B; even though a minor shift can be observed for the highest തܸ y/ തܸ x 

values. Figure 6.7BCD underpins the results shown in Figure 6.6 that separation becomes less 

effective with increasing feed concentration. The influence of the feed concentration on the 

separation and particle concentration distribution can be a result of particle-particle 

interactions (in this case droplet-droplet interaction). The frequency of these interactions 

depends on the square of the concentration of the particles. However, presence of a 

concentrated layer of particles or droplets will affect the hydrodynamics in the system and 

influence the hydrodynamic balance and the flow lanes [34, 110, 111]. This can affect the 

hydrodynamic regions (the red, orange and blue sections) in which particles can be displaced 

and reduce the effectiveness of the separation principle. 

Figure 6.7E shows scanning electron microscopic (SEM) images of the microsieves. The 

dimensions of the pores at the top surface of the microsieves were 55±2 μm by 500±5 μm, but 

the dimensions of the pores at the bottom surface of the microsieves were 30±2 μm by 475±5 

μm, which is a consequence of the electroforming process. The influence of the tapered pore 

shape on the flow lanes was inspected using numerical simulation. Minor effects were observed 

on the pressure drop across the membrane at the highest cross-flow velocities, which stabilized 

the pressure distribution along the microsieve and the flow lane size. The size of the pores at 

the bottom of the microsieves (30 μm) does not affect separation because particle displacement 

only occurs at the top surface of the microsieve (supplementary videos). If a particle or droplet 

enters a pore they either get stuck in the pore or leave via the permeate flow. The smaller pore 

size at the bottom did not affect our results because it can be observed that for a low തܸ y/ തܸ x 

ratio (range where conventional sieving takes place), also droplets larger than 30 μm were 

found in the permeate flow (Figure 6.7BCD). These oil droplets were exposed to enough stress 

for them to deform and pass the lower, narrower end of the pores.  
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Figure 6.7: Particle concentration distribution of the permeate (Figure 6.6) with lines to indicate the 

size of the pores on both sides of the microsieve. The feed contained: (A) 0.1 v/v% PMMA particles, 

(B) 0.1 v/v% hexadecane, (C) 1 v/v% hexadecane and (D) 5 v/v% hexadecane. (E) SEM images of a 

representative microsieve that was used in the experimental module with different magnification (x50 

and x100). IMAGEJ was used to measure the size of the pores (top: 55±2μm by 500±5μm and bottom: 

30±2μm by 475±5μm).

These results demonstrate that our hypothesis is correct; particle displacement does not require 

a distinct DLD design (e.g. angle, size of the gaps or obstacle size) but can be achieved by 

control of the hydrodynamic conditions, and can even be applied to existing separation 

techniques such as microfiltration. This proves the potential of the deterministic lateral 

displacement separation principle for dispersion separation on industrial scale. 
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6.5. Conclusion 

Deterministic displacement of dispersions was successfully achieved in a cross-flow microsieve 

module that had pores larger than the diameter of the rigid particles or deformable oil droplets 

to be separated. It was shown that the separation depends on the ratio of crossflow velocity to 

the permeate velocity. This was confirmed for varying operating conditions and verified with 

high speed imaging. Concentration experiments with particles and droplets showed successful 

separation at the appropriate operation conditions and the existence of an optimum range with 

acceptable permeate flux and particle displacement. With higher concentrations, the 

performance of the separation declines. Our results show that the deterministic displacement 

principle can be applied in cross-flow microsieve devices. This facilitates the design of a system 

that can use a microfluidic separation principle to process neutrally buoyant and deformable 

dispersions on an industrial scale with lower energy requirements. 
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7.1. Introduction 

This thesis reports on the separation of particles and/or droplets from dispersions by 

deterministic lateral displacement (DLD), which is a microfluidic separation principle that 

could potentially be applied at an industrial scale. The technique is promising because it allows 

separation of particles and/or droplets that are smaller than the smallest gaps in a DLD device, 

thereby reducing risk of internal fouling and minimising pressure drop. Translation of this 

technique towards industrial production volumes would be a breakthrough, even though it is 

a challenge. Larger-scale DLD systems were constructed using microsieves that can process 

much larger volumes compared to a single microfluidic device. For this purpose, we 

investigated the influence of the system design and hydrodynamics on the separation 

performance. These investigations provided additional understanding of the separation 

principle, which in its turn led to the proposition of a more conventional and scalable process, 

which is a hybrid between DLD and microfiltration. This latter device meets the original 

objective of this study to develop a scalable device based on a combination of microsieve(s) and 

microfluidic DLD technology.  

The main findings and conclusions of our investigations are discussed in this chapter. 

Subsequently, we evaluate the feasibility of the cross-flow microsieve module and qualitatively 

compare it with conventional microfiltration. Following, we provide an outlook to discuss 

further research required to develop CFM into large-scale technology that are robust towards 

different applications. 
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7.2. Main findings 

Microfiltration may be considered state-of-the-art technology to separate particles with sizes 

0.1 – 10 μm from suspensions for industrial production volumes. More recently new 

microfluidic separation techniques have been developed that may have potential to be 

translated to industrial volumes. Even though the throughput of microfluidic techniques can 

be directly increased by placing systems in parallel, volumetric scale up is preferred for use on 

industrial scale, because it reduces the required amount of materials per unit output (economy 

of scale). Besides, the possibility to place systems in parallel after increasing the single-unit 

throughput remains. The latter appears especially feasible for inertial microfluidic separation 

devices, such as DLDs. Therefore, a qualitative comparison was made between state-of-the-

art microfiltration systems with various hydrodynamic techniques to enhance separation and 

several inertial microfluidic systems for their potential on industrial scale (Chapter 2). The three 

most promising techniques were: fluid skimming microfiltration, sparse lateral displacement 

and an inertial spiral microchannel for which we illustrated their conceptual large-scale design. 

Even though these three techniques may be promising, each requires further research before 

they can be applied on industrial scale. 

The throughput of a sparse lateral displacement array can be increased by making the channel 

cross-section larger, which is possible by using taller obstacles. However, tall obstacles are too 

vulnerable and break easily, rendering the process too fragile. A possible solution to increase 

the mechanical strength of the obstacles is to use (micro)sieves instead. Microsieves having 

long parallel slots as pores, are a mechanically stronger alternative because they basically 

represent an array of interconnected, infinitely long obstacles. In chapter 3, a study is presented 

on increasing the throughput of a sparse lateral displacement device by replacing obstacle 

columns by sieves. The system was operated using sieves that varied in porosity, but the particle 

concentration in the targeted outlet did not increase substantially. We found that to separate 

particles in the targeted outlet, it is necessary to keep the pressure difference along the length 
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of sieve constant. A constant pressure difference along the sieve was achieved by changing the 

outflow conditions. This improved the separation and confirmed the possibility to displace 

particles with a sieve-based lateral displacement device, although only under the correct 

operating conditions.  

Displacing particles with a sieve-based lateral displacement device was successful but existing 

theoretical design rules do not apply. For this reason, in chapter 4 we discussed the influence 

of the geometric parameters on particle displacement in a sieve-based lateral displacement 

systems and showed the differences compared to an original (asymmetric) DLD system. Using 

2D computational fluid dynamics (CFD), the velocity profiles for systems of different size was 

simulated, and the effects of it on the critical particle diameter along the length of the channel 

was shown. These results provided the basis of our hypothesis that the hydrodynamics can be 

used to control the flow lanes and thus the separation.  

The influence of the local hydrodynamics on separation was investigated in a sieve-based 

lateral displacement system. To investigate the hydrodynamics, the flow velocity field was 

quantified using μPIV (microscopic particle image velocimetry), which was compared with 2D 

numerical simulations in chapter 5. This demonstrated the direct influence of the flow velocity 

on the size of the flow lanes and therefore, the local flow velocity near the pores was further 

analysed with CFD models. A relationship was found between the ratio of the velocity 

components of fluid near a pore (velocity ratio) and the size of the corresponding flow lane. 

Thus, careful control of the velocity ratio gives control of the size of the flow lanes and the 

critical particle diameter. This means that the separation characteristics are not only a function 

of the design of the device but also of the process conditions. As result, one can adjust the 

separation with the hydrodynamic, which makes scale up to process large volumes easier. Based 

on this idea, a simple cross-flow microfiltration like system was operated over a range of 

different flow conditions (velocity ratios) and evaluated for deterministic displacement of 

particles and oil droplets (chapter 6). 2D CFD simulations provided information on the 
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required hydrodynamic conditions to obtain stable flow lanes, which was verified by the 

experimentally visualized flow fields. In addition to the flow field, both particles and oil 

droplets were tracked to confirm whether they were deterministically displaced. The separation 

performance was evaluated by measuring the transmission for different feed concentrations. 

For a low feed concentration, the retention was high and no effect apparent of the 

deformability of oil droplets was observed. For an increased concentration of oil in the feed 

the performance declined.  

On the basis of the results described in this thesis we can conclude that microsieves are 

promising elements for the construction of upscaled DLD-based separation devices that can 

process large volumes. In the process of replacing obstacles in deterministic lateral 

displacement devices by microsieves we obtained understanding of the DLD separation 

mechanism, which led to the concept for deterministically displacing particles in a much 

simpler hybrid microsieve-based device design, which increases the feasibility to implement 

the DLD principle on industrial scale. 

7.3. Evaluation of feasibility deterministic 

displacement of dispersions on industrial scale 

Deterministic displacement has potential to separate dispersions on an industrial scale because 

it allows amongst others separation of particles or droplets that are smaller than the smallest 

gaps in the system. This results in a lower pressure drop and lower risk of particles (irreversibly) 

blocking the gaps. However, deterministic displacement of dispersions on industrial scale is 

not (yet) feasible because current DLD systems are unable to process large volumes. Direct 

application of microfluidic DLD systems would require mass parallelization, which is not an 

effective strategy to scale-up to very large volumes. Therefore, alternative systems designs and 

operating conditions were investigated in this thesis to come up with a separation system that 

is able to handle increased throughput and is easier to manufacture.  
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The cross-flow microsieve (CFM) module was proposed to deterministically displace particles 

on large scale. In such a device separation mainly depends on the careful control of the 

hydrodynamic conditions and the geometry is of less importance. Because the geometry is less 

important, this system is simpler to manufacture and allows a certain range of control on the 

cut-off diameter by changing the hydrodynamic conditions. Here, the feasibility to 

deterministically displace particles on industrial scale is evaluated and compared to the current 

state-of-the-art technique cross-flow microfiltration. 

Cross-flow microsieve module (CFM) 

Future design & operation 

Insight into the influence of the hydrodynamics on particle separation was the inspiration to 

construct a cross-flow microsieve module (CFM). In this system the microsieve is positioned 

parallel to the initial feed flow direction. Since the sieve is not placed at an angle, the design 

can be simplified into a T-shaped flat sheet cross-flow module (Figure 7.2AB). As result, the 

construction of this system is straightforward and the throughput can easily be elevated by 

increasing the surface area of the microsieves. The microsieve in our system was 105 mm2. 

Increasing the area of the microsieves, however, must be accompanied by the required 

hydrodynamic balance (velocity ratio). There are two main approaches to increase the surface 

area without affecting the hydrodynamic balance in flow direction over a single microsieve. 

The most direct method is to extend the sieve dimensions in the transverse direction (z) with 

respect to the direction of the main flow. Even though it is, to a limited extent, also possible 

to increase the sieve dimensions in the longitudinal direction (y), this will (eventually) decrease 

the velocity in the main channel and thus affect the hydrodynamic balance and the separation 

performance. The second method to increase the surface area without affecting the 

hydrodynamic balance is to have multiple side channels in series with controlled permeate flow 

(Figure 7.2C).  
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Because the flow velocity in the main channel decreases after fluid is syphoned off by the side 

channels, the permeate flow of the consecutive side channels must also decrease to maintain 

the same hydrodynamic balance. The consequence is that the flux decreases for each 

consecutive compartment in downstream direction.  

 
Figure 7.2: (A) A two dimensional CFD model of the cross-flow microsieve module. (B) The cross-

flow microsieve module used for our experiments. The microsieve surface area was 105 mm2. (C) A 

conceptual design of a cross-flow microsieve module with a larger microsieve surface area and higher 

permeate flow. Red indicates a high flow velocity and blue a low flow velocity. 

Even though the microsieve surface area can be increased, it is ambitious to achieve a similar 

surface area per module as currently is achieved in tubular or spiral wound modules, and 

maintain the required hydrodynamic balance. Furthermore, the specific hydrodynamic balance 

that is required to deterministically displace particles, limits the flux at which the system can 

be operated. A too high flux will cause more particles to pass through the microsieve, while a 

too low flux leads to inefficient use of the available microsieve surface area. Despite the fact 

that the flux is confined in a specific range by the separation principle, the possible flux is still 

estimated in the range of 2000 – 7000 L/m2/h, which is high compared to conventional 

microfiltration.  

Deterministic displacement in a CFM system on large scale will operate at low transmembrane 

pressure, steady fluxes, and will exhibit less fouling. Because the (macroscopic) effects of 

fouling on particle displacement was not investigated in this thesis, we performed a preliminary 
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experiment to characterize the flux decline in a CFM system while processing an oil in water 

emulsion. The emulsion was prepared with demineralized water, 0.1w/v% BiPRO Whey 

Protein Isolate (Davisco Foods, USA) and 0.1v/v% (1000ppm) hexadecane (Sigma Aldrich 

6703), and was homogenized at 9000 RPM for 15 minutes using an Ultra-turrax digital T25 

(IKA, USA). The obtained emulsion had an average droplet diameter of 27 μm. The pressure 

at the inlet and outlets were measured (Jumo Midas C18SW) and the permeate flow was 

determined with a balance. The emulsion was continuously recirculated through the system by 

pumping (Masterflex L/S, Cole Parmer, US) it from a collection vessel into a pressure vessel 

and back through the CFM module (Figure 7.3). The permeate flow was collected in a separate 

vessel.  

 
Figure 7.3: Scheme of the experimental setup. The pump is indicated by the symbol of the triangle 

inside the circle and the P shows the location of the pressure sensors. 

Results & discussion 

The flux and the pressure difference over the microsieve were measured while deterministically 

displacing oil droplets in water. During operation no hydrodynamic effects (e.g. back-flushing 

or back-pulsing) were used to maintain a high flux. The pressure difference was calculated 

using the pressure at the inlet and at the permeate outlet and was between 10 - 20 mbar. The 

highest permeate flow rate was 9.0 mL/minute after starting up the experiment after which it 

slowly declined to 5.4 mL/minute. Because of the small surface area of the microsieve, the 

measured flow rates correspond to a flux of 5140 L/m2/h and 3070 L/m2/h respectively.  
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Not taking outliers into account, the permeability falls between 100 000 and 500 000 

L/m2/h/bar. The performance of oil/water separation in a the CFM module was evaluated by 

comparing it to cross-flow microfiltration experiments reported in literature [107]. Because 

different operational conditions were used, the systems are compared by normalizing the 

permeability (L/m2/h/bar divided by the initial L/m2/h/bar). The normalized permeability 

over time is shown in Figure 7.4A, in which indicates the rate of fouling in the CFM module 

and a conventional cross-flow microfiltration module. In addition, the normalized 

permeability is plotted against the total volume processed per filtration area (Figure 7.4B). It 

can be observed that the rate of fouling in both situations is less when oil droplets are 

deterministically displaced in a CFM module. 

 
Figure 7.4: Performance of a cross-flow microsieve module deterministically displacing oil droplets 

(1000ppm) in an o/w emulsion compared with a polyvinylidene fluoride microfiltration (PVDF MF) 

membrane (1500ppm) [107]. (A) Shows the normalized permeability (L/m2/h/bar divided by the 

initial L/m2/h/bar) over time for two systems, where the PVDF MF module is operated above its 

threshold flux (57 L/m2/h). In (B) the normalized permeability is shown for total volume processed 

per filtration area for the CFM, for the PVDF MF module operated below the threshold flux (50 

L/m2/h) and for the PVDF MF module operated above the threshold flux (150 L/m2/h).  

In Figure 7.4B fouling in the PVDF MF module is reduced by operating it below a certain 

threshold flux (57 L/m2/h). It can be observed that fouling is less pronounced in the PVDF 

MF module operated with a constant flux of 50 L/m2/h (orange) compared to the system 

operated with a constant flux of 150 L/m2/h (red). However, the improvement is only small 
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compared to when oil droplets are deterministically displaced in a CFM module (blue). Note 

that the oil droplets and the pores in the microsieve were much larger compared to what is 

described by He et al., besides the influence of the different surfactants is not taken into 

account. Even though Figure 7.4 cannot fairly be compared, the results give an impression of 

the benefits of deterministic displacement in a CFM module, namely, a high flux (for very low 

pressure difference across the microsieve) and a relatively low risk of (irreversible) fouling. Still, 

the decline of the permeability indicates that the CFM module also suffers from fouling.  

Comparing the cross-flow microsieve module with microfiltration 

In this section we briefly discuss and compare deterministic displacement in the cross-flow 

microsieve module (CFM) with conventional microfiltration, which is used as benchmark. We 

should bear in mind that the cross-flow microsieve module is not yet mature and will need 

significant development before it is robust enough to operate at larger scales, while 

microfiltration is an established technique that has already been optimized over the years.  

A first advantage of the CFM system is the low pressure difference across the microsieve, 

which simplifies the peripheral process considerably. Commonly, a crossflow microfiltration 

set-up needs two pumps: one for the recirculating loop, and one to pressurize the feed. Because 

of the low pressure difference across the microsieve no additional pump is needed to pressurize 

the feed.  

A second advantage of deterministic displacement in the CFM system is its lower sensitivity 

to fouling, as demonstrated in this chapter. Of course this remains to be verified with different 

types of feed suspensions, and with different membrane materials and structures. 

A third advantage of deterministic displacement is the possibility to easily separate deformable 

particles and (oil) droplets. Such dispersions are generally difficult to separate using 

microfiltration because they can rapidly foul the membrane or penetrate through the 

membrane. 
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A disadvantage of the CFM system is its more complex module design, which requires precise 

positioning of the sieves, and makes the design of inexpensive modules such as a spiral wound 

configuration, more difficult. 

As discussed before, the construction and operation of this system will initially bring challenges 

because of its novelty. However, we expect that the lower transmembrane pressure, lower risk 

of (irreversible) pore blocking and the possibility to separate deformable particles or droplets 

will ultimately lower the operation costs, which makes separation based on deterministic 

displacement attractive.  

7.4. Outlook for further research 

Even though separation on the basis of deterministic displacement has advantages, still many 

questions remain. In this section, some remaining questions are discussed that should be 

addressed to completely understand the potential of deterministic displacement on a large 

scale. This thesis established better insight in the separation principles, and an indication of 

the feasibility of a cross-flow module that combines some of the advantages of deterministic 

lateral displacement (DLD) and microfiltration (MF). The next step would be to scale the 

systems from bench scale to pilot and commercial scales. This will involve much work on the 

exact module design. 

The experiments were carried out with droplet and particles that were larger than is typically 

relevant for industrial separations, but required to enable direct microscopic visualization of 

the displacement performance. The principles found will also be valid for smaller particles and 

droplets as long as their size is larger than ~1 μm; however, this remains to be verified. 

Deterministic displacement of particles or droplets is less effective for more densely 

concentrated dispersions. The effect of concentration on particle displacement was previously 

investigated and connected to particle-particle interactions in the layer at the obstacle surface 
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[60]. In addition to particle-particle interactions, hydrodynamic interaction of multiple 

particles can affect the fluid flow [34, 110, 111]. If the concentrated layer of particles on the 

microsieve surface indeed disturb the flow (lanes) it may affect particle separation. While the 

DLD separation principle is mostly suitable for applications with relatively dilute dispersions, 

system design will certainly be of influence on the maximum volume fraction that can be 

successfully processed. Fouling is intrinsic to technologies that use membranes and/or physical 

interactions between particles and structures. Thus, fouling also occurs in deterministic 

displacement systems as was observed in Figure 7.4. However, the fact that the dimensions of 

a typical gap or pore can be larger than the particles that are separated, makes deterministic 

displacement techniques intrinsically less susceptible to fouling. However, other fouling 

mechanisms can still increase the membrane resistance overtime. For instance, when particles 

or droplets adsorb onto the microsieve surface or in the pores. Fouling during deterministic 

displacement in a cross-flow microsieve module should be further studied to confirm whether 

the risk of (irreversible) fouling is indeed reduced.
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7.5. Conclusions 

Dispersed systems can be separated with various techniques, each with its benefits and 

drawbacks. This thesis showed the possibility to use a microfluidic dispersion separation 

principle, called deterministic lateral displacement (DLD), in a system design(s) that can be 

scaled up more easily to process large volumes.  

This thesis has contributed to more efficient and more resource efficient separations compared 

to existing techniques. For one, the gaps (pores) are larger than the diameter of the particle or 

droplets of dispersed phase, which lowers the required transmembrane pressure and lowers the 

risk of (irreversible) fouling. The second reason is that the used microsieves can be very thin 

and have a high porosity. Besides, microsieves are made of inert material, which is easier to 

clean. Especially hybrid techniques, such as the combination of the DLD and MF, may offer 

the best of both worlds. 
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