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Societal Impact 
 

 
COVID-19 originated in Wuhan, China, in late December 2019, and within a few months the 
coronavirus spread around the globe. This was not the first time the world was hit by a 
pandemic, and virologists predict that, unfortunately, we can expect more similar outbreaks in 
the future. Part of the reason the virus could spread so quickly was the lack of fast diagnostic 
capacities. Not only were many regions inaccessible for testing for coronavirus infections, but 
the tests themselves could take days to deliver results, with a best-case scenario of 24 hours. 
In the meantime, decision making on containing the pandemic on a local (patient) level but 
also on a global (community) level was slow.  
 
The coronavirus perfectly highlights the need of fast diagnostic tools that can be used at the 
point of care to enable fast decision making. An important tool are the so-called lab on chip 
devices. Within these chips, patient samples can be loaded – for example a few drops of blood. 
Inside the sample, a target (like the virus) may be present, and a detection molecule is added 
that can detect the target, bind to it, and emit a signal (for example light). To ensure quick, and 
also reliable results, these chips can be further optimized. Instead of simply waiting for the 
detection molecules to randomly encounter the targets, their chances of meeting and binding 
can increase by introducing kinetics within the sample thereby mixing the contents of the chip.  
 
In this thesis, we show that this process can be done by adding magnetic particles to the chip, 
which are moved within the chip in a controlled manner to enhance fluid kinetics and to induce 
mixing. This can drastically decrease the time needed to provide a diagnosis, even to just 
minutes: much faster than now. 
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PhD thesis summary 

 
 
The novel coronavirus has been a perfect example to highlight the importance of rapid 

diagnostic testing, since this crucially facilitates quick identification of cases, fast treatment 
of the infected people and immediate isolation to prevent spread. Within a short amount of 
time the coronavirus spread all across the globe with many countries in lockdown as a result. 
Therefore, it was and still is, essential to develop diagnostic tools that enable the fast 
identification of infections and subsequently fast decision making. Fast analysis does not 
apply only to the novel coronavirus but to every emerging infectious disease or analyte 
testing in general, where time is of pivotal importance. Lab on chip devices have received 
widespread attention as diagnostic tools because of their wide applicability to (bio) chemical 
processes while taking advantage of favorable features such as small sample volume 
requirements, fast analysis, small device sizing ensuring accessibility to remote areas and 
high-throughput capabilities. To be successful, lab on chip devices need to be fast, accurate 
and reproducible, with high sensitivity and specificity. Studies have shown that speed and 
accuracy of capturing and detection of targets is strongly dependent on the global 
homogeneity of the reagents within the complete sample volume. A means to achieve 
homogeneity quickly is to enhance fluid mixing, but this requires to overcoming limitations 
at the microscale imposed by timescales of molecular diffusion.  

Various solutions to this challenge of overcoming molecular diffusion exist, for 
instance by employing passive and active mixing enhancement methods. Passive approaches 
include the addition of geometrical structures in a microfluidic channel, while active methods 
employ external forces to perturb the flow. Both methods bare advantages and 
disadvantages. Of the active methods, magnetic mixing shows great candidacy for imposing 
rapid and efficient mixing even in initially stagnant fluids while offsetting for biocompatibility 
issues that many of the other methods have. 

In this thesis, we commence with elaborating the challenges in obtaining well mixed 
environments in microfluidic chips and we assess various already existing mixing 
enhancement methods by their mixing potential in microfluidic chips with (almost) stagnant 
flow in micro reaction chambers. We identify room for improvement of these methods, and 
we develop fast mixing augmentation methods. More specifically, we create magnetically 
active elements of (bird) swarming, (static) mushrooms and microflaps and we assess them 
for their mixing capacities (see Figure 0).  

Swarming: At specific ‘sweet spot’ magnetic field settings, a global circulatory motion 
of magnetic microbeads induces strong global fluid flows and subsequently global 
microfluidic mixing in a rectangular microchamber. We call this Magnetic Particle 
“Swarming” due to its resemblance to bird swarming. The microparticle swarming behavior 
is controlled by applying an out-of-plane rotating magnetic field, and the effect of actuation 
amplitude and frequency are experimentally analyzed to find optimal mixing conditions. The 
method is applied to a point of care test featuring a bioluminescent assay for the detection 
of antibodies. The method is pilot tested using a point of care test featuring a bioluminescent 
assay for the detection of antibodies. The mixing by the magnetic beads leads to increased 
assay kinetics which indeed reduces the time to sensor readout substantially. 
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Figure 0: The three different magnetic mixing methods explored in this thesis and the associated 
magnetic fields. Magnetic element motion and induced fluid flow are depicted with arrows. a) Side 
view sketch of the microreaction chamber with the generated Magnetic Particle Swarming in an out-
of-plane rotating magnetic field. b) Top view sketch of the mushroom array around the microreaction 
chamber in an in-plane rotating magnetic field and c) Side view sketch of the microflaps in an in-plane 
magnetic field. 

 
Mushrooms: Static mushroom-like features have been shown to induce conveyor belt 

like magnetic bead motion in microfluidic devices due to the generated strong and time-
dependent local magnetic field gradients that occur due to an applied rotating field. We place 
these mushrooms in a circular configuration outside a cylindrical microchamber and we 
experimentally analyze the altered magnetic bead motion and the produced global mixing. 
The in-plane rotating field causes the combination of (1) a global rotating flow counter to the 
external field rotation induced by magnetic particles moving along the circular chamber side 
wall, with (2) local flow perturbations induced by rotating magnetic bead clusters in the 
central area of the chamber, rotating in the same direction as the external field. This 
combination leads to efficient mixing performance within 2 minutes of actuated magnetic 
field protocol which we experimentally assess by comparing a no-mushroom and mushroom 
case. Numerically, we validate our experimental findings on fluid overall behavior and mixing 
performance. We conclude that mushrooms can generate high fluid velocities, but the 
overall mixing performance is compromised. The presence of additional passive structures in 
combination with the induced high fluid velocities obtained with mushrooms are numerically 
studied to achieve optimal mixing efficiencies.  

Microflaps: We stimulate the microfabricated flaps with an external magnet to exhibit 
motion and generate fluid perturbations. In the presence of a magnetic field, the actuated 
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microflaps induce flow of an initially stagnant liquid in a microreaction chamber. Given that 
the mixing efficiency is in the scope of this thesis, we assess the mixing potential of a proof 
of concept microflap array attached to the floor of a microreaction chamber. We observe 
that the microflaps do introduce improved mixing performance in comparison to a non-
actuated state. However, still better mixing can very likely be achieved by optimizing certain 
parameters – for which we propose several scenarios. Finally, the microflaps have the 
potential to be used for (bio) sensing and we provide recommendations on how this can be 
achieved. 
 



 

 



 

1. Microfluidic magnetic mixing at low Reynolds 
numbers and in stagnant fluids  

 
 
Abstract: Microfluidic mixing becomes a necessity when thorough sample homogenization 
is required in small volumes of fluid, such as in lab-on-a-chip devices. For example, in some 
capillary-filling microfluidic devices and in micro chambers with stagnant fluids efficient 
mixing is extraordinarily challenging. To address this issue, specifically designed geometrical 
features can enhance the effect of diffusion and provide efficient mixing by inducing chaotic 
fluid flow. This scheme is known as “passive” mixing. In addition, when rapid and global 
mixing is essential, “active” mixing can be applied by exploiting an external source. In 
particular, magnetic mixing, in which a magnetic field acts to stimulate mixing, shows great 
potential for high mixing efficiency. This method generally involves magnetic elements and 
external, or integrated, magnets for the creation of chaotic motion in the device. This chapter 
reviews previous attempts to overcome the challenges of sample homogenization and 
highlights the advantages of magnetic bead mixing. Finally, we end with recommendations 
on improving mixing in low Reynolds number flows and in stagnant fluids.   
 
This chapter is based on: ‘Microfluidic magnetic mixing at low Reynolds numbers and in 
stagnant fluids’, E. Shanko, Y. van de Burgt, P. Anderson and J.M.J. den Toonder, 
Micromachines, 10, 11, 2019 

 
 

1.1 Introduction 

Lab on a chip (LOC) devices integrate one or more miniaturized laboratory functions 
on a single chip. These devices are particularly interesting due to their small sample volume 
requirement, fast analysis, high precision control, versatility of the processes, and 
compactness of the systems. Many LOC concepts involve fluid transport and reactions, since 
most processes performed in LOC devices are for biological and chemical analyses. 
Consequently, microfluidics forms the backbone of LOC devices and deals with the 
manipulation and behavior of liquids at the scale of 1 µm up to 1 mm features. Andreas Manz 
first introduced this approach for analytical chemistry1, but the whole field of microfluidics 
significantly expanded when George Whitesides proposed an optically transparent polymer, 
Polydimethylsiloxane (PDMS), as a chip device material2, making it easy to fabricate the chips 
and visualize the reagents within. Concrete recent examples of applications are detection of 
rare elements present in blood3 or water4. 

Many LOC largely rely on (bio)chemical reactions, often in parallel processes of assays 
with multiple reagents and samples, and it is generally important to be able to achieve 
tunable and fast mixing in microfluidic devices that enhance these reactions (e.g. in the sub 
millisecond range5) in order to reduce the reaction time and speed up the sample analysis 
and process time6. For example, with respect to the detection and capture of rare elements 
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present in blood it was found that the introduction of a mixing enhancement method using 
specific surface features (e.g. the herringbone mixer) in a microfluidic device led to an almost 
80% capture efficiency of circulating tumor cells in a herringboned chip versus approximately 
30% for a smooth walled one7 indicating the increase of capturing of elements due to mixed 
conditions. In general, the efficiency and reproducibility of capturing and detection of low 
concentration targets is strongly dependent on the global homogeneity of the reagents 
within the complete sample volume8, which a mixing enhancement method can help achieve. 
Effectively, these enhancements methods can overcome limitations imposed by timescales 
of diffusion of targets (and possibly capture agents) over large distances, and they maximize 
the chance that targets, and capture agents meet.  

There is a plethora of applications where micromixing is required (e.g. biomedical9 or 
(bio)  chemical10). But creating mixing in microfluidic devices is challenging since the Reynolds 
number Re is usually low in such small structures and as such inertial effects in the flow are 
negligible. Re is defined as  𝑅𝑅𝑅𝑅 =  𝜌𝜌𝜌𝜌𝜌𝜌𝑅𝑅 𝜇𝜇⁄   where 𝜌𝜌 is the density of the liquid, 𝜌𝜌 the typical 
flow velocity, 𝜌𝜌𝑅𝑅 the characteristic length and µ the dynamic viscosity. 

In microfluidics the length 𝜌𝜌𝑅𝑅 and velocity 𝜌𝜌 are relatively small and low. Therefore, 
the flow is always laminar and in the absence of turbulent chaotic flow, molecular diffusion 
is the only mechanism allowing mixing. However, diffusion is a slow and inefficient process 
at the typical scales of microfluidic channels of tens to hundreds of microns. A variety of 
methods have been proposed to tackle the challenge of mixing in microfluidics and speed up 
the effective molecular transfer. These mixing enhancement methods (called “micro mixers”) 
can be divided into two categories: passive mixing and active mixing. Both types have 
previously been described11 but a brief description is also provided below. 

The passive micromixers employ smart geometrical designs to maximize the interface 
between the components. This type of micromixers makes use of two phenomena: molecular 
diffusion and chaotic advection. The former happens when the fluids are in contact and 
exchange particles or molecules, thus it can be enhanced by increasing the interfacial area 
between the fluids. Chaotic advection, on the other hand, is explained as transport of 
elements in the flow driven by Lagrangian dynamics, along chaotic and space-filling 
trajectories, creating topologies that exponentially increase a fluid-fluid interface12. One 
example of such a flow topology is the so-called “baker’s transformation”, creating repetitive 
stretching and folding13. Chaotic advection can be achieved by placing obstacles in the 
stream path of the microfluidic channels. Since the exponential increase of interfacial area 
effectively enhances exchange by molecular diffusion, mixing is enhanced.  

On the other hand, active micromixers use external forces to induce chaotic advection 
in the microfluidic channels or chambers. Many types of active micromixers have been 
studied, but their overall goal is to enhance mixing efficiency via introducing chaotic motion 
inside the chip, like passive mixers, but in a more controllable manner and potentially more 
effective. Pressure, temperature, acoustic forces, and Lorentz (magnetic) forces are some 
examples of phenomena that can be introduced.  

A particular example of an active method to achieve high efficiency mixing is magnetic 
mixing. Magnetic mixing in microfluidics involves the usage of either magnetic colloidal 
particles (with diameters in the micrometer scale), the incorporation of ferro fluids (being 
colloidal suspensions of high concentration single- domain particles with typical dimensions 
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of tens of nanometers in a liquid carrier14), or the use of magnetic micro actuators for mixing 
purposes15. An external (electro) magnet manipulates such features. 

Magnetic bead mixing focuses on the magnetic beads as a means of stirring fluids. A 
distinct feature of the magnetic beads is their ease of manipulation and control using an 
external electromagnet, and their commercial availability at relatively low cost. Also, 
magnetic beads can offer additional features of capturing analytes/ molecules16 or isolating 
targets17 by bio-functionalizing the magnetic beads’ surface. For example, antigen-coated-
magnetic beads have been employed as part of an ultrasensitive platform for the detection 
of biomolecules and proteins18, and magnetic beads have been functionalized to selectively 
capture aptamers against cholera toxin19. A 2.5-fold improvement in biomarker capture for 
medical diagnostics was noted20 while the formation of magnetic bead chains results in an 
almost 2-fold signal enhancement over the measured concentration range of a biosensor21. 
These cases exemplify the advantages of the magnetic beads used in medical diagnostics, 
showing that the magnetic bead functionalization capabilities and the magnetic properties 
for their separation from the sample using a simple magnet, can be effectively combined. 

In this chapter, we focus on active mixing induced by magnetic means, using magnetic 
beads or magnetic actuators. In particular, we focus on situations with very low Reynolds 
numbers or stagnant fluids. To set the background, we start by discussing other means of 
micromixing. These methods are assessed by ease and cost of fabrication, their application 
at very low 𝑅𝑅𝑅𝑅 number (𝑅𝑅𝑅𝑅 ≪ 1) and/or in stagnant fluids (no-flow-through systems), their 
compatibility with biological components, the complexity of equipment or sample 
preparation steps required, and fluid rheology dependencies. Magnetic bead mixing is a good 
candidate for applications with said requirements. Magnetic beads can be utilized in soft 
magnetic structures such as magnetic artificial cilia, as well as magnetic bead chains as micro 
stirrers.  

A brief introduction into the existing methods for mixing enhancement in microfluidic 
platforms, such as passive and active micromixers will be given next. The chapter then 
continues with magnetic mixing as a choice of method, with a particular focus on magnetic 
bead mixing. The chapter will conclude with a reflection on future trends of magnetic micro 
mixing and finally the goal of this thesis will be provided. 

 

1.2 Micromixing methods 

Passive micromixers   

Passive micromixers make use of special geometries to mix, and they are attractive 
due to their relative ease of fabrication and ease of integration into more complex LOC 
systems. There are three main ways of passive mixing enhancements. That is either by 
placing obstacles22, or by altering the layout of the micro channel23 or a combination of both 
of these24. However, once built they cannot be modified and therefore cannot be further 
optimized or tuned to a (different) specific need. Figure 1.1 shows some popular examples 
of passive micromixers published in the literature; those include the popular staggered 
herringbone mixer (Figure 1.1.a) and serpentine structures (2D (Figure 1.1.d) and 3D (Figure 
1.1.e)) and various other modifications. This pool of selection builds on the classical passive 



Introduction 

18 
 

micromixer approaches such as the previously developed herringbone micromixer, but most 
of them (Figure 1.1) are appealing to creeping (Stokes) flow based microfluidic applications. 

 
A systematic breaking of symmetry in right-left helices in a herringbone mixer was 

demonstrated to yield better mixing25. Since then, all the staggered herringbone grooves 
(SHG) follow a similar approach. The conventional SHG includes vertices that go against the 
flow, with ridges that are shorter on one side followed by another set of grooves with the 
short end on the other side, breaking symmetry (Figure 1.1.a). However, a reversed SHG 
(vertices pointing towards the flow direction- reverse outline of Figure 1.1a) was explored26 
and a mixing performance of  ≥99% mixed at 𝑅𝑅𝑅𝑅 = 1 at a mixing length of 5.8 mm, was 
reached. Hence the SHG mixer is a good candidate for flow-through devices in applications 
that require a high degree of mixing within a relatively small mixing length.  

Similar promising results were obtained by adopting a different type of passive micro 
mixing design27. Comparing a basic serpentine (Figure 1.1d) structuring to one with additional 
semicircular obstacles of 150 µm radius along the microchannel (Figure 1.1.f), 100% mixing 
efficiency yielded in both cases, but required shorter mixing lengths for the latter (14.4 mm 
versus 19.8 mm). The additional features become obstacles to the fluid path leading to 
chaotic advection. Yet, this method might be disadvantageous for small chip sizes because 
of the relatively long mixing length.  

 

 
Figure 1.1: Various passive mixing enhancement designs. a) The popular staggered herringbone28. 
Reproduced with permission from [28], published by The Royal Society, 2004. b) The baker’s 
transformation29. Reproduced with permission from reference [29], published by Elsevier, 2017 c) The 
3D ‘fishbone’-like design of reference [30]. adapted from reference [30] under a Creative Commons BY 
license, published by AIP, 2016. d) A simple serpentine structure. e) The 3D serpentine adapted by 
reference [31] adapted from [31] under a Creative Commons BY license, published by MDPI, 2018. f) 
Serpentine with added circular features inside the microchannel27. g) A custom mixing design for 𝑅𝑅𝑅𝑅 =
1  of reference [32] ; reproduced with permission from [32], published by Springer Nature, 2017. 
 

Possible design structures of passive micro mixers are not limited to SHG and 
serpentine designs and finite element simulations form an excellent tool for evaluating the 
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influence of different structures on the flow and resulting mixing efficiencies. Simulations of 
fluid flow in a mixer that included a number of circular mixing chambers (Figure 1.1g), yielded 
99% mixing32. The circular mixing micro-chamber acted as a diffuser meaning that it 
decelerated the flow and favored the stretching of the lamellae formed by the flow. Hence, 
these numerical results should be experimentally evaluated to conclude to the design’s 
adeptness to good passive mixing.  

A 3D ‘fishbone’-like design (Figure 1.1.c) seems to be quite effective for low 𝑅𝑅𝑅𝑅 
numbers due to resulting unstable fluid flow pattern30. Stretching, folding, splitting or fluid 
instabilities in general, increase the fluid interface resulting in better mixing (Figure 1.1.b). 
Compared to a single channel where such operations do not occur, a 3D mixer with sub-
channels touring the fluid to branches of channels and then recombining them, is more 
effective for fluid manipulations, especially at very low 𝑅𝑅𝑅𝑅 (𝑅𝑅𝑅𝑅 ≤ 1)33. 

However, the rheology of the fluid plays a highly important role for practical 
applications (e.g. mixing in commercial capillary-filling diagnostic platforms). The 
aforementioned micro mixing studies have been performed in simple Newtonian fluids (like 
water), whilst biological fluids like blood or saliva are more complex and show non-
Newtonian behavior. Saliva is a viscoelastic material with a strong shear-dependent viscosity, 
and blood shows non-Newtonian behavior at least in the length scales studied. Thus simple 
change of working fluid may provide different mixing performances in these micro mixing 
methods34, and the 𝑅𝑅𝑅𝑅 number formula for non-Newtonian fluids should be adjusted35. 

To conclude, passive micromixers do not require external forcing to induce local 
perturbations in the fluid that cause overall enhanced mixing and are typically suited only for 
low-viscosity fluids containing diffusive species. Often, simple geometrical adaptations lead 
to sufficient mixing results. Nonetheless, it is evident that the mixing performance increases 
with the increase of axial length and in miniscule microfluidic platforms the luxury of space 
cannot be afforded. In addition, passive mixers are not controllable nor adaptable after initial 
fabrication, making them less robust to changes in specific applications. Passive structures 
also require a certain footprint so there is a limit to how small they can be made. Perhaps 
most importantly, passive micromixers require flow, generated by some pumping or filling 
mechanism, so they do not work for microfluidic chambers in which stagnant fluids (e.g. in a 
bioreactor) must be mixed. 

 

Active micromixers 

Chaotic advection in fluids can also be achieved by externally inducing forces in the 
system. These forces lead to mechanical actuation, induced for example by ultrasound 
(acoustic mixing36), temperature (thermal mixing37), Lorentz forces38 (to create magneto-
hydrodynamic flow or magnetic micro mixing), velocity pulsing (pressure mixing39) or by 
applying non-uniform alternating electrical fields to fluidic solutions (dielectrophoretic 
micromixers40) to achieve fast and efficient microfluidic mixing. Other examples include 
electrohydrodynamic41, electrokinetic42 time-pulsed microfluidic mixers that apply 
electrokinetic driving forces to transport the sample fluids while simultaneously inducing 
periodic perturbations in the flow field.  
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Active micro mixers show good compliance with standard microfluidic requirements 
of small volume sampling and efficient mixing. In applications where the Reynolds number is 
very small (𝑅𝑅𝑅𝑅 ≤ 1) as in some capillary driven microfluidics or stagnant fluids in microfluidic 
wells, active micromixers enable good mixing. Even though some remarkable work has been 
done in Re≥1 mixing43, some even reaching 100% mixing efficiency with a 14 V application in 
a dual Surface Acoustic Wave device44, little recent work was demonstrated on 𝑅𝑅𝑅𝑅 ≤
1 systems or stagnant fluids. A number of active micromixer approaches proposed in the 
literature is seen in Figure 1.2 and are evaluated in Table 1 by ease and cost of fabrication, 
their application for very low Re number and/or stagnant fluids, compatibility with biological 
components and complexity of equipment or pre-steps required.  

The active electroosmotic mixers include electrodes on both sides of a microchannel. 
An increased mixing performance can be achieved by increasing the number of electrodes 
along the channel or increasing the applied voltage45 (Figure 1.2a). Most electroosmotic 
mixers are only operational at low flow rates making the electrokinetic actuation of fluid 
mixing ideal for very low Reynolds numbers and/or stagnant flows, however, they hold other 
limitations. The increased number of electrodes increases fabrication costs and the increased 
voltage application can have detrimental effects such as fluid heating, especially in bio-
related applications. Therefore, specifically in low 𝑅𝑅𝑅𝑅, non-biological specimens’ 
applications, electrokinetic driving could be a good candidate for mixing.  

 

 
Figure 1.2: Active micromixing designs. Active micromixing designs. a) An electroosmotic micromixer 
with two electrode pairs. b) A pressure driven microfluidic mixer. c) The bubble burst-and-reformation 
based mixer of and inspired by reference [46]. d) Acoustic active micro mixing, adopted from reference 
[43]. e) Synergetic passive and active mixing mechanism. Solid triangular shaped blocks added in the 
path stream to contribute to an active mixer such as electroosmotic or acoustic. f) Magnetic mixing 
with ferrofluids. 

 
Pressure-driven micro mixing mechanisms employ pneumatic pumps47 (Figure 1.2b) 

or different means of perturbing the fluid motion based on pressure driven oscillatory flow48. 
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In contrast to electrokinetic mixers, pressure induced fluid perturbations can be applied to 
micro mixing in micro reaction chamber (e.g. bioreactors) with biological components and 
they can also be used for mixing no-flow-through systems. When environmental stability is 
not essential, temperature driven micro mixers have also been studied but their mixing 
performance is not ideal for stagnant fluids. This type of mixing mechanisms exploits 
temperature gradients49, thermal bubbles42 or thermo-viscous expansion-contraction effects 
to enhance mixing in micro channels50.  

A different active mixing mechanism is the use of cavitation bubbles. The formation 
and bursting of bubbles inside a fluid can lead to mixing in microfluidic channels. Up to now 
this scheme has been limited by the cost of equipment needed for the bubble formation (e.g. 
high-power lasers). But a portable battery-powered electric circuit was developed46 to create 
an electric spark between two electrode tips and generate cavitation events (Figure 1.2c), 
which in turn, resulted in flow disturbances. The continuous bubble formation and collapsing 
led to a 98% mixing efficiency in milliseconds in a 200 µm mixing channel; this method still 
bears the same disadvantages as the electrokinetic mechanisms, since it requires a pre-step 
of adjusting the conductivity of the fluids with phosphate-buffered saline. However, this is 
not the only setback. A repeated abrupt electric discharge of 6 kV for 25 µs is not only bio-
cell non-friendly, but also generates heating effects due to the small thermal mass of small 
volumes of liquids inside a microfluidic channel. 

Acoustic actuation (Figure 1.2d) incorporates one or more sound wave generating 
transducers to introduce chaotic fluid behavior in a microchannel or a micro reaction 
chamber51. This type of actuation has demonstrated great mixing performances, e.g. utilizing 
localized ultrahigh frequency acoustic fields that result in 87% homogeneous mixing within 
1 ms52 or combined with sharp edged structures53 (Figure 1.2e) therefore taking also 
advantage of passive mixing enhancement methods with the introduction of obstacles to the 
fluid lamellae. The feature of a synergetic passive (solid blocks in Figure 1.2e being obstacles 
to the fluid stream) and the active mixing mechanism has also been studied with 
electroosmotic mixers54. However, one must consider that both temperature induced mixing 
and acoustic actuation raise concerns in microfluidic systems involving biochemical reactions 
where temperature should be controlled, and potential heating issues might damage the 
sample. 

A particular interesting mechanism is based on magnetic forces that can be translated 
into fluid motion. Magnetism offers the advantage of combining biocompatibility with 
excellent mixing. Such a simple experimental scheme, based on the use of ferrofluids, is seen 
in Figure 1.2f but if magnetic gradients are desired the orientation of the permanent magnet 
can be adjusted by simply placing the magnet perpendicular to the microchannel55. This 
solution demonstrates similar mixing results at lower Re numbers and smaller dimensions 
but with a perpendicular arrangement of the permanent magnet to the microfluidic channel, 
resulting in a non-uniform magnetic field, to induce gradient micromixing. In Table 1.1, an 
overview is given of the different mixing mechanisms and their advantages and 
disadvantages. 
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Table 1.1: Comparison of the different mixing mechanisms 
 Electr

oosm
otic 

Pressur
edriven 

Tempe-
rature 
driven 

Acousti
c 

Cavita-
tion 
bubbles 

Magne-
toflui-
dics 

Easy to fabricate N N Y N N Y 

Low cost fabrication N N Y N N Y 

Applicable to very low 
𝑅𝑅𝑅𝑅 numbers 

Y Y Y Y Y Y 

Applicable for stagnant 
flows 

Y Y N Y Y Y 

Compatible with 
biological components 

N Y N N N Y 

Sample preparation 
needed 

Y N N N Y N 

Readout visibility Y Y Y Y Y N 

Y/Yellow: Yes and N/Blue: No 
 
In general, active micromixers are often more complex to fabricate (e.g. acoustic 

micromixers) due to their complex structures and their need for external components (e.g. 
power sources) to operate. But mixing in these devices can be tuned for providing optimal 
mixing efficiencies. Active mixing mechanisms can overcome the mixing challenges in non-
Newtonian fluids56 thus making them well adapted for commercial diagnostic platforms. 
Moreover, active micromixing does not require existent fluid flow to work and can therefore 
be applied to microfluidic chambers with (initially) stagnant fluids. Micro-magnetofluidics in 
microfluidic systems have extensively been studied57, with some reaching mixing efficiencies 
>95% even within 2.0 s at a distance 0.3 mm downstream of the mixing channel58. However, 
the densely concentrated ferrofluid might hinder optical readouts (as also illustrated in 
Figure 1.2f). To tackle this issue magnetic micro mixing with magnetic beads arranged in 
chains can be used.   

Finally, most active micromixing devices presented in the literature are manufactured 
from PDMS using soft lithography. This approach is very suitable for research and 
development purposes. This is not the best approach for industrial applications since the 
manufacturing is relatively expensive and slow. PDMS also absorbs small molecules, which is 
a disadvantage for biomedical applications. However, the mentioned micromixing concepts 
can also be realized using more suitable materials and fabrication approaches such as 
injecting molding on thermoplastics. In addition, some of the methods require the inclusion 
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of patterned electrodes (i.e., electroosmotic mixing, cavitation bubble mixing) or 
piezoelectric materials (i.e., acoustic mixing), which results in higher fabrication costs. 

 

Active Micromixing Applications 

As previously noted, stagnant fluids in micro-reaction chambers (no-flow-through 
microwells) are difficult to mix, simply because of the lack of mass transfer59. This challenge 
should be addressed for certain applications in which thorough mixing is necessary. An 
example to this is the microbioreactor. The microbioreactor consists of a microwell where 
biological elements (cells or bacteria) are usually placed and of a surrounding channel that 
allows for flowing nutrients (i.e. oxygen) required for the proliferation of the biological 
elements. These two components are connected with a porous membrane (usually PDMS) 
to accommodate for the transfer of nutrients to the microwell60. The challenge arises when 
the biological elements located to points furthest from the nutrient flowing channel are not 
cultured as effectively as their neighboring elements closer to the channel. It has, thus, been 
found that mixing enhancement mechanisms enable fast and adequate oxygen transfer in 
bacteria cultures in microbioreactors61. In a similar scenario, the static mixer has been used 
in a 24-well plate to find that cell proliferation was improved with a significantly higher 
specific growth rate in round wells62. 

Another distinct example is the usage of magnetic beads as carriers for the 
development of assays, i.e., the enzyme-linked immunosorbent assay (ELISA). ELISA is a 
plate-based assay technique designed for detecting and quantifying antibodies or proteins. 
ELISAs are typically performed in well plates but microfluidic approaches have also been 
investigated63. In a bubble-driven micromixer within a micro reaction well the detection of a 
biomarker in bladder cancer patients’ urine only required 30 to 40 min compared with the 3 
to 4 h required for a conventional ELISA64. 

 

1.3 Mechanisms of magnetic mixing 

Several types of magnetic mixing mechanisms exist, but they all share the fact that 
the magnetic actuation is done from outside the chip with an external magnet. Magnetically 
induced micro mixing is a viable choice for a wide variety of microfluidic applications due to 
the obtained high mixing efficiencies, biocompatibility, little need of complex equipment/ 
fabrication and their effectiveness at 𝑅𝑅𝑅𝑅 ≤ 1 or in micro reaction chambers with stagnant 
fluids. Two main examples are magnetic artificial cilia and magnetic bead chains.  

 

Magnetic artificial cilia 

Cilia in nature are slim, hair-like protrusions of cells that function to generate 
propulsion, induce flow, mix solutions and transport species such as cells or debris65. 
Therefore, artificial cilia are microscopic micro actuators inspired by nature. There are 
various ways of actuating artificial cilia (e.g. acoustically, electrically, by light, etc.), but we 
will focus on the magnetically actuated artificial cilia (MAC). MAC usually consist of 
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ferromagnetic or superparamagnetic particles dispersed in a magnetically inactive material, 
often in PDMS because of its inherent flexibility and simple fabrication methods.  

Theoretical studies have taken place both on the cilia movement66 and the beating 
kinematics67. Once an electromagnetic field is induced68 they can be actuated either 
simultaneously69 or even individually70 for a closer mimicking of the biological cilia. It is also 
demonstrated that alternating and asymmetric actuation patterns71 of cilia movement 
(beating and rotational motion) can induce mixing by chaotic advection72. As such, artificial 
cilia have potential for mixing purposes.  

Magnetic actuation on the other hand is in practice relatively easy to realize since a 
rotating permanent magnet would suffice to circularly move the MAC and not interfere with 
the functions of biological specimens. Examples of MAC in fluids of 𝑅𝑅𝑅𝑅 ≤ 1 and/ or micro 
chambers for fluid mixing are shown in Table 1.2.   

 
Table 1.2: Magnetically Actuated Cilia (MAC) examples of Re≤1 of the past few years. 

MAC for fluid mixing 

Ref. 
Experimental (E)/ 

Simulation (S) 
Overall fluidic 
dimensions 

  𝑅𝑅𝑅𝑅    
number 

Mixing 
efficiency (%) 

3 
E and S H= 400 µm, 

W=114 µm, 
L=152 µm 

3.18  
× 10−3 

91 

4 
E and S H= 500 µm, 

W=100 µm, 
L=500 µm 

1.16 
 x 10-3 

84 

5 
E H= 4 mm, 

D=5 mm 
Micro 

chamber 
80 

H=Height, W=Width, L=Length, D= Diameter 
 

To demonstrate the efficacy of MAC for mixing, 50 µm wide and 400 µm long MAC 
were fabricated to move at a low magnetic field strength of 170 mT73. The authors 
investigated four beating configurations of the symmetrical and asymmetrical vertical 
motion of their cilia (Figure 1.3a) and measured mixing. Mixing of the two Newtonian 
glycerol-based solutions in their experiment reached 91%. Using a similar cilia formation, but 
with a simplified vertical conical motion, an 84% mixing efficiency was achieved74 (Figure 
1.3b).  

At the millimeter scale, a magnetically actuated cilium under a rotating field can act 
as a micro stirrer in a fluidic chamber of higher dimensions and still obtain decent mixing 
efficiency of 80% in larger volumes75 (Figure 1.3c). In this case, there was only one cilium 
under an 18 Hz magnetic driving force.   

Two individually controlled magnetic cilia for mixing (Figure 1.4) were produced to 
investigate mixing76. It was found that, in contrast to simultaneous activation, the alternate 



Introduction 

25 
 

activation of the two cilia inside the 40 mm wide, 18 mm long and 3.8  mm high fluidic 
chamber created two spatially overlapping vortices resulting in better mixing (Figure 1.4b). 
However, the results of both [75] and [76] are based on relatively long cilia (3 - 6 mm and 13 
mm, accordingly), which for most microfluidic applications with small size requirement 
(micron scale), is less useful. 

 

 
Figure 1.3: Results from the work depicted in Table 1.2. a) The investigation of the dynamics of four 
beating configurations73. Reproduced with permission from reference 73 published by Elsevier, 2016. 
b) Time lapse imaging of the flow induced by the vertical conical motion74. Reproduced from reference 
74 under a Creative Commons BY license, published by MDPI, 2018. And c) Mixing by the cilium in a 
fluidic chamber68 at different times and frequencies; reproduced with permission from reference [75], 
published by IOP Science, 2016 
 

Therefore, in addition to the frequency of rotation, larger generated fluid velocities 
would transport material faster. In cilia, the generated fluid velocity is dependent on two 
parameters, namely the bending angle of the tilt of the cilium and the opening of the conical 
cilia motion. A fabrication technique to produce cilia that can reach a bending angle of 72° 
instead of 45° of typical cilia found in literature, has been proposed77. Even though this work 
focusses on fluid pumping, this higher angle may be also beneficial for mixing purposes in 
microfluidics. Should the width and height of the chamber decrease, generation of flows in 
stagnant liquids and subsequent efficient mixing with MAC may be achieved with a cilia 
length of 350 μm77.   
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Figure 1.4: The experimental setup and results of reference [76]  for individually controlling two cilia in 
a fluid chamber a) The setup configuration, b) Time lapse images with the best performed alternate 
pattern cilia beat. Reproduced with permission from reference 76, published by the ASME, 2017. 
 

In addition, chaotic advection must also develop in the fluid; mixing is certain to be 
poor unless flow in the micro reaction chamber is chaotic. This chaotic motion may be 
introduced by adding passive structures on top of the cilia region. 

Currently MAC have been used mainly for pumping purposes, but can also be applied 
for mixing, considering the large flow speeds that can be generated. Especially in applications 
employing only a micro chamber without external flow. It would thus be interesting to 
evaluate these options for mixing. Nonetheless, it is recognized that the fluid perturbations 
generated in cilia are very much dependent on the cilia length and the channel dimensions 
(specifically its height). Magnetic beads on the other hand, do not bare this restriction since 
they are very small and can be moved freely in 3D, exhibiting collective motion and 
potentially resulting in high fluid velocities and perturbations. 

 

1.4 Magnetic mixing induced by magnetic bead chains 

Suspended magnetic beads can self-assemble into chains due to dipole-dipole 
interactions78. The chains can be either attached to the floor of the microfluidic chip21 or 
remain freely in volume79. Magnetic mixing can then be achieved by employing external 
electromagnets for the introduction of a rotating magnetic field.  
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Rotational behavior of magnetic bead chains and effect on mixing 

Superparamagnetic beads are usually spherical consisting of ferromagnetic single-
domain nano-elements incorporated in a polymer matrix and they can be actuated with 
external magnetic fields. These beads move along the gradient of the field induced by a 
magnet, either an electromagnet, a permanent magnet, or a hybrid (e.g. a static gradient 
magnetic field and an external AC uniform magnetic field). Because of dipolar attractive 
interaction when in the presence of a unidirectional magnetic field, beads form chains. This 
chain formation leads to shape anisotropy and thus magnetic torque can be applied on a 
superparamagnetic body if its shape is anisotropic. The magnetic bead chains can thus be 
made to rotate by rotating the magnetic field, and as a result they can be used as micro-
stirrers and induce local micro mixing in LOC devices. More details on the theory of magnetic 
bead mechanisms and local mixing are provided in Chapter 2 of this thesis. 

Rotational dynamics of magnetic bead chains have been experimentally and 
numerically investigated80 along with the magnetic bead velocities and the fluid velocities 
they subsequently induce81. 

 

 
Figure 1.5: Particle trajectories a) Particle tracing results obtained for periodic chain breaking and chain 
reformation. The induced motion of a tracer particle following the fluid at different time steps82. b) The 
overall trajectories of the tracer particles, starting at different radial distances from the center (0,0)82. 
Figures reproduced with permission from reference [82], published by Springer Nature, 2013. 
 

The effect of the magnetic bead chains on the surrounding fluid if in a rotating 
magnetic field was next analyzed82. Ideally, one would like to combine many electromagnets 
to get a field that is as controllable and smooth as possible. A setup employing eight 
electromagnets for an accurate and robust 3D control of the magnetic bead chains – 4 
electromagnets in one plane as in and another set of 4 electromagnets in a plane 
perpendicular to the first plane have been constructed79. Figure 1.5a shows the results in the 
case the chain periodically fragments and reforms where the fluid was visualized with the 
introduction of passive fluorescent microbeads for trajectory acquisition82. Figure 1.5b 
clearly shows the effect of the breakup and reformation of magnetic bead chains on the 
surrounding fluid. It is obvious, that the effect is mainly local around the edges of the 
magnetic bead chain, i.e. local mixing occurs.  

Strong vortex flows can be achieved using a rotating magnetic field on paramagnetic 
beads83. The vortex induced by a rotating paramagnetic nanoparticle chain exerted long-
range attracting interaction forces on adjacent chains that gradually minimized the distances 
between the chains. When the distance of two rotating chains (two induced vortices) became 
smaller than a critical value (vortex core radius to distance of adjacent chains ration  equals 
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0.3 [84]), the chains performed coaxial rotation and the two vortices merged resulting in 
strong vortices. The particle chains rotated around themselves but they simultaneously 
rotated about the center of the vortex due to the dynamic balance of the radial components 
of the interaction forces (Figure 1.6a). Although the specific application that was targeted in 
this study involved drug delivery, this approach can also be beneficial for mixing. The 
magnetic chains not only rotate around themselves (local mixing) but also rotate in a global 
motion depicting collectivity. Also, the merging and splitting of the swarm vortices, Figure 
1.6a (c(1) - c (6)) may cause chaotic effects in the surrounding fluid therefore contributing 
potentially to mixing.  

To avoid a sophisticated experimental setup, a method to orbit magnetic beads 
around using easily microfabricated circular permalloy (NiFe) pillars on the floor of a 
microfluidic channel was presented85 (Figure 1.6b). This in turn led to rapid mixing in a 150 
µm wide and 270 µm long array with a mixing index of almost 70%, but it is believed that 
mixing can be enhanced if the NiFe array consists of more NiFe features. 

In a different configuration, global (9 mm) collective motion of the rotating magnetic 
bead chains was observed with specific magnetic field rotation settings86. The magnetic bead 
chains rotate around themselves (local mixing) but also depict global mixing (Figure 1.6c iii). 
At certain rotational frequencies, combined with certain configurations for the magnetic field 
(different electromagnet protocols of Figure 1.6ii), the following phenomenon occurs: a 
global vortex appears86, but not limited to the central axis of the swarm vortex as in reference 
[83]. This favors chaotic mixing as noticed in Figure 1.6iv). 

 
 

Figure 1.6: Reviewed work on various magnetic bead behaviors. a) Experimental results at a 7.5 mT 
rotating magnetic field. (a1) – (a6) reversible spread state (yellow square), (b1) – (b6) merging of two 
swarm vortices (green square), and (c1) – (c6) splitting of a swarm vortex to two smaller swarms (blue 
square). Scale bar 600 μm. Image obtained from reference 83 and reproduced with permission from 
reference [83], published by SAGE, 2018. b) The NiFe array of reference [85]. Magnetic beads were 
attracted to each NiFe pillar and once the magnetic field became rotational, the magnetic beads started 
rotating by locally stirring the fluid. Since the microchannel floor consisted of a planar array of several 
NiFe features, the collective rotation of all pillars resulted in global mixing. Images obtained from 
reference [85]. Images reproduced with permission from reference [85], published by Elsevier, 2016. c) 
Global collective motion behavior of micro stirrers86: (i) The experimental setup of the chamber in the 
middle of an octopolar electromagnetic system, (ii) Top view sketch of the microfluidic chamber with 
an indication of where the vortex occurred, (iii) The different regimes of swarming particles. A clockwise 
rotating vertical magnetic field (30 mT) was applied and the final shape of swarming particles was 
observed at different rotational frequencies of the applied field. A steady state vortex flow stretched 
along the entire length of the micro chamber, was found at 30 Hz and 50 Hz. (iv) Flow behavior. The 
global induced motion (red arrows) of the fluorescent tracer particles (white spots in three planes over 
the height of the cell. Near the bottom (z = 0 μm) and upper (z = 600 μm) surfaces of the fluid cell, the 
flow field was unidirectional. At the center of the cell (z = 300 μm), small and local vortices appeared. 
Image adapted from reference [86]. Images reproduced with permission from reference [86], published 
by the Royal Society of Chemistry, 2015. 
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In recent work, magnetic nano bars have been used to effectively stir small volumes 
in micro droplets87. Using the same configuration of the magnetic experimental setup86 a 
swarm of rotating nano bars can be envisioned to mix fluids too. In fact, similar collective 
motion of magnetic nano particles as depicted in Figure 1.6a, c, has been reported, although 
the resulting mixing efficiencies were not discussed88. In earlier work, single and collective 
motion of magnetic micro swimmers were studied89 along with clusters as governed by their 
hydrodynamic and dipolar interactions90. However, artificial micro swimmers have not been 
evaluated as mixing mechanisms in the aforementioned work. Artificial micro swimmers are 
features inspired by nature and they have been known to induce mixing of the surrounding 
fluid during locomotion90, therefore it would be interesting to determine whether collective 
motion of artificial magnetic micro swimmers would be beneficial for mixing. 

Although the dynamic behavior of superparamagnetic beads under the influence of 
rotating magnetic fields, and its immediate effect on the surrounding fluid have been 
numerically and experimentally studied, not much research has been done on the collective 
motion of the micro stirrers and its effect on the mixing efficiency in microfluidic chambers 
or channels. As such there is a lot of room for research into global mixing efficiency induced 
by the collective magnetic bead chain micro stirring mechanisms. 

 

1.5 Outlook on magnetic mixing 

Great work was achieved to employ magnetic beads for both microfluidic mixing as 
well as for capturing and detection of analytes91, but as noted more can be done to enhance 
mixing.  

The results shown in Figure 1.6 on the induced fluid motion caused by the global 
motion of microstirrers could potentially result in high mixing efficiencies. Better 
understanding of the mechanisms behind this swarming like motion of the micro rotators, 
could lead to concepts that improve the induced mixing performance.  

Electromagnets are limited in inducing high magnetic field strengths and gradients 
due to arisen heating issues. Integrating (mushroom-like) soft magnetic structures 
underneath microfluidic chambers was demonstrated to result in magnetic bead 
transportation according to a mechanism similar to that of a conveyor belt92. This involved 
combining an external rotating magnetic field and the magnetic structures. A mixing 
chamber can be envisioned with rotating agglomerates where the local magnetic forces drive 
the magnetic beads to desired locations.  

A different approach can involve combining active mixing with passive components. 
Such hybrid passive and active micromixers are expected to further enhance mixing. In fact, 
recent work on ferrofluids in a T-shaped microfluidic device93 has taken place reaching a 
mixing efficiency of 97.5%. This is an early indication that a hybrid approach could give 
synergetic results.  

 

1.6 Conclusions  

Magnetic beads offer the advantage that no external flow is required for their 
actuation and to induce fluid mixing – in contrast to passive micro-mixing strategies. This 
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makes them beneficial to diagnostic systems which require capillary filling (reducing the 
cost/complexity of additional microfluidic pumps and valves) or which involve stagnant fluids 
within micro chamber reactors. In addition, for applications that require the capturing of 
analytes, the magnetic beads offer the possibility of applying a functional coating based on 
antibodies94. These coatings can also prevent aggregation (e.g. carboxylic group coating).  

From recent developments it becomes clear that a wide range of possibilities using 
magnetic micro mixing in microfluidics can be envisioned. The creation of local and high 
magnetic fields can be boosted by the usage of electromagnets and additional integrated 
static soft magnetic elements. Furthermore, a combinational approach of a hybrid passive 
micro-mixing with active mixing components can be envisioned. Finally, different magnetic 
structures (i.e. cilia or flaps) could enhance mixing performance of systems and should be 
designed properly so that high mixing efficiencies can be achieved.  

 

1.7 Aim and outline of this thesis 

As already seen, various solutions to overcome diffusion-based challenges exist. In 
this thesis, we aim to study and develop mixing augmentation methods employing magnetic 
phenomena.  

Specifically, we are interested in the induced fluid velocities in initially stagnant fluids 
due to the movement of magnetic elements in a microchamber and the subsequent induced 
magnetic mixing capacities. As a proof of concept, we will additionally explore the effect of 
added kinetics and sample homogeneity (via mixing from one of the methods –swarming-) 
on a proof of concept biosensor that could be used in a point of care device.  

In Chapter 2, we discuss the theoretical background of these magnetic elements. The 
two key ingredients for magnetic mixing and its quantification, are (1) the magnetic 
elements, (2) the electromagnetic setup that manipulates the elements and (3) the 
quantification method of the mixing efficiency, namely the intensity of segregation. All three 
points are analyzed. In addition, the concept of the microflaps as magnetic elements is 
introduced and the flap behavior is discussed (forces, torques and bending performance). 

Chapter 3 focuses on the movement of superparamagnetic beads in an out-of-plane 
(vertical) rotating magnetic field. At specific magnetic field frequencies and magnetic field 
strengths, the phenomenon of a global bead movement is observed, namely swarming. 
Induced fluid velocities of swarming are quantified with 3D Particle Tracking Velocimetry (3D 
PTV) methods. The mixing efficiency due to swarming is also quantified and the time to read 
out of a proof of concept bioluminescent sensor is assessed. 

In Chapter 4 we rotate the magnetic plane by 90˚ to investigate the magnetic bead 
movement in an in-plane rotating magnetic field. We additionally explore the addition of 
static magnetic mushrooms outside the microchamber and we study the fluid motion in the 
two cases (mushrooms and lack thereof). Finally, we study the addition of passive fluid 
obstacles in the microchamber with the mushrooms.  

Chapter 5 introduces the incorporation of magnetic microflaps in the microchamber. 
We develop the microflaps with conventional photolithography techniques and we construct 
a dedicated setup for their actuation. We evaluate the mixing efficiency caused by the 
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microflaps and we suggest future work that can provide better understanding on the induced 
fluid motion and better mixing outcomes.  

In Chapter 6 we conclude our work with recommendations on future work.  
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2. Theory on the magnetic elements, mixing and 
experimental details 

 
 
Abstract: This thesis assesses the mixing potential of various magnetic elements: 
superparamagnetic beads, superparamagnetic beads in the presence of local magnetic 
gradient inducing features, and magnetic microflaps. The theoretical background of these 
elements is discussed in this chapter. Magnetic beads have shown great results in sorting, 
capturing, detecting, and transporting reagents, but they have also been used as mixing 
enhancement methods as seen in the previous chapter. In the current chapter, particular 
focus is provided on the fundamentals of magnetic (mixing) theory. Magnetic mixing requires 
two key ingredients, the magnetic elements per se and the external magnet/electromagnet 
that manipulates the elements. Both are analyzed. In addition, the concept of the microflaps 
as magnetic elements is introduced and the flap behavior is discussed (forces, torques and 
bending performance). Details of the experiments reported in this thesis are also discussed. 
These include the Mason number calculations and the quantification method of the mixing 
efficiency, namely the intensity of segregation which is broadly used in microfluidic mixing 
analysis.  
 
This chapter is partly based on: ‘Microfluidic magnetic mixing at low Reynolds numbers and 
in stagnant fluids’, E. Shanko, Y. van de Burgt, P. Anderson and J.M.J. den Toonder, 
Micromachines, 10, 11, 2019 

 
 

2.1 Superparamagnetic beads 

Magnetic beads of superparamagnetic nature usually consist of iron oxide (mostly 
Fe3O4) nanoelements incorporated inside a polymer matrix, as shown in Figure 2.1a. The size 
of the beads can range from several hundreds of nanometers to several tens of microns. To 
avoid agglomerations, the superparamagnetic beads often exhibit carboxylic groups on their 
surface (COOH functionalized). 
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Figure 2.1: The superparamagnetic beads used in this thesis and their working mechanism. a) The 
micrometer-sized superparamagnetic particles (Ø = 10 μm) are composed of a polystyrene (PS) matrix 
with incorporated iron-oxide nanoparticles, and they are coated with carboxylic acid (COOH) to avoid 
agglomeration. b) The basic modes of magnetic bead motion in the absence and presence of a magnetic 
field and magnetic gradients.  In the absence of the magnetic field the magnetic beads are not 
magnetized and are dispersed randomly within a fluid. In the presence of the magnetic field, they get 
magnetized and chain up due to dipolar interactions, or they form clusters. Should the magnetic field 
become rotational, then magnetic bead structures rotate, following the field. 
 

In the absence of a magnetic field, the nanoelements feature random spin directions, 
and the net magnetization of the beads is zero. However, in the presence of an external 
magnetic field the magnetization aligns with the magnetic field lines due to Zeeman energy 
gain. In particular, when superparamagnetic beads are subject to a magnetic field 𝐻𝐻��⃗   [A m-1] 
with flux density 𝐵𝐵�⃗ = 𝜇𝜇0𝐻𝐻��⃗   [T], the magnetic particles obtain a net magnetic dipole moment: 

 
𝑚𝑚��⃗ p = 𝑉𝑉p𝜒𝜒p𝐵𝐵�⃗ /𝜇𝜇0                                              (Eq. 1) 

 
where 𝑉𝑉p [m3] is the particle volume, 𝜒𝜒p is effective magnetic particle susceptibility, and 𝜇𝜇0 
is the magnetic permeability of free space (4π · 10-7 [NA-2]). The effective susceptibility 𝜒𝜒p by  
𝜒𝜒

1+ 𝜒𝜒 3�
 for a spherical particle while only considering shape anisotropy (dipole), where 𝜒𝜒 is the 

dimensionless magnetic susceptibility of the material (Fe3O4) of which the spherical magnetic 
element is composed1.  

The magnetic dipoles of the beads interact with each other similar to conventional 
magnets, and this dipolar interaction leads to the formation of chains or agglomerates of the 
magnetic beads, i.e. to the formation of structures which exhibit a magnetic anisotropy 
(Figure 2.1b). Due to the shape anisotropy of magnetic bead chains or clusters, their 
collective magnetic moment 𝑚𝑚��⃗ c aligns preferably along the longest axis of the formed 
structure. Should the magnetic field become rotational, these structures start rotating as 
well, as the formed magnetic anisotropy locks the magnetization to its geometric form (long 
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axis) which allows the external magnetic field to apply a local torque due to Zeeman energy 
minimization. 

Since this work is a continuation of previous work [2], the preferred 
superparamagnetic beads have been 10 µm diameter beads from Micromod Micromer M- 
with COOH functionalization. To properly perform theoretical analysis on our magnetic 
beads, characteristics of the magnetic properties (hysteresis loops for susceptibility 
determination) are obtained using an MPMS-3 superconducting quantum interference 
device (SQUID, Quantum Design, USA).  

The sample of dried magnetic beads is placed in the SQUID magnetometer. The 
diamagnetic interference due to the presence of the plastic holder was noted and 
compensated for due to the low magnetic susceptibility of our beads. The resulting hysteresis 
loop of the 10 micrometer Micromod Micromer M- can be seen in Figure 2.2a. Saturation is 
reached at an applied magnetic field magnitude of B = 2.5 T and saturation magnetization at 
25 mT, and the slope of the curve at 0 is the dimensionless magnetic susceptibility, which is 
𝜒𝜒 = 0.04 for the beads. Similarly, the magnetic behavior of the magnetic mushrooms used in 
chapter 4 is seen in Figure 2.2b. For the mushrooms saturation is reached at an applied 
magnetic field magnitude of B = 1.8 T and saturation magnetization at 650 mT. The 
dimensionless magnetic susceptibility of a mushroom is 𝜒𝜒 = 0.13. 

 

 
Figure 2.2: Hysteresis loop of the used magnetic elements (superparamagnetic beads and mushrooms). 
a) The Micromod superparamagnetic beads used throughout the thesis and b) the mushroom 
structures used in Chapter 4. 

 

Forces in play with magnetic beads’ motion in the fluid 

The various forces and torques acting on the superparamagnetic beads with radius 𝑅𝑅, 
suspended in a fluid with viscosity 𝜂𝜂, and under a (rotating) applied magnetic field with flux 
density 𝐵𝐵�⃗  and flux density gradient  𝛻𝛻𝐵𝐵�⃗  are presented in Figure 2.3.  
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Figure 2.3: Forces acting on two magnetic beads in a magnetic field, and suspended in a liquid in the 
presence of a rotating magnetic field and a gradient.  
 

Dipole Forces 

When a magnetic field is applied, the superparamagnetic beads will join in chains 
parallel to the field if the magnetic interaction energy among induced dipoles is greater than 
the thermal energy. This is due to the magnetic dipole-dipole interaction forces between the 
beads. The expression for the magnetic interaction force �⃗�𝐹𝑖𝑖𝑚𝑚𝑖𝑖 between the ith 
superparamagnetic particle with the rest of the (𝑁𝑁 − 1) particles is3:  

 

�⃗�𝐹𝑖𝑖𝑚𝑚𝑖𝑖 =
3𝜇𝜇0
4𝜋𝜋

�
𝑚𝑚𝑝𝑝𝑖𝑖𝑚𝑚𝑝𝑝𝑝𝑝

𝑟𝑟𝑖𝑖𝑝𝑝4
��1− 5�𝑚𝑚��⃗� ∙ 𝑟𝑟ıȷ���⃗��

2
� 𝑟𝑟ıȷ���⃗� + 2�𝑚𝑚��⃗� ∙ 𝑟𝑟ıȷ���⃗��𝑚𝑚��⃗��

𝑁𝑁

𝑝𝑝=1,𝑝𝑝≠𝑖𝑖

 

  (Eq. 2) 
where 𝑚𝑚pi is the strength of the dipole moment of the ith particle, 𝑚𝑚��⃗�  is the unit vector of 
magnetic moment, 𝑟𝑟ij  is the distance between the centers of the ith and jth particles, and 𝑟𝑟ıȷ���⃗�  is 
the unit vector of the corresponding two-particle chain axis4.  

Due to these dipolar forces the magnetic beads line up to form chains. As can be seen 
in Eq. (2), the force between beads decreases rapidly with bead-bead distance since it scales 
with r-4; this means that, for chain formation to occur with reasonable time, a sufficiently 
high bead concentration should be present. 

 

Magnetic and Drag Forces 

The main acting forces on a magnetic bead in a liquid are the magnetic force �⃗�𝐹mag and 
the hydrodynamic drag  �⃗�𝐹hydro, given by5:  

 
�⃗�𝐹mag =  � 𝑚𝑚����⃗ p ∙ 𝛻𝛻�⃗ �𝐵𝐵�⃗ = �𝑉𝑉p𝜒𝜒p𝜇𝜇0−1��𝐵𝐵�⃗ ∙ 𝛻𝛻�⃗ �𝐵𝐵�⃗                              (Eq. 3) 

 
�⃗�𝐹hydro = −6π𝜂𝜂𝑅𝑅b𝑈𝑈��⃗                               (Eq. 4) 

 
Where 𝑅𝑅b is the radius of the beads and 𝑈𝑈��⃗  is the particle velocity relative to the fluid. Eqs (3) 
and (4) are for single beads but similar expressions hold for bead chains or clusters where 𝑅𝑅b 
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becomes Rc with the radius being that of the chain. As can be seen from Eq. (3), the gradient 
of the magnetic field is responsible for the translational motion of the magnetic beads/ 
chains/ clusters and the hydrodynamic drag  �⃗�𝐹hydro is counteracting this motion.  

 

Magnetic and viscous drag torque on a superparamagnetic particle chain or 
cluster 

Due to the shape anisotropy of magnetic bead chains or clusters, their collective 
magnetic moment 𝑚𝑚��⃗ c is aligned in the direction of their long axis. Should the magnetic field 
become rotational, these structures start rotating as well (Movies 2.1 and 2.2), as the 
magnetic moments are continuously trying to align to the magnetic field lines due to a 
magnetic torque: 

 𝜏𝜏mag = 𝑚𝑚��⃗ c × 𝐵𝐵�⃗                                                           (Eq. 5) 
 

that tends to align the chain to the magnetic field 𝐵𝐵�⃗ . An explicit expression for the magnitude 
of the torque for an N-bead chain is:  
 

𝜏𝜏mag = 3𝜇𝜇0𝑚𝑚p
2  (𝑁𝑁−1)

4𝜋𝜋(2𝑅𝑅c)3 sin(2𝜃𝜃c)                                                (Eq. 6) 

 
where 𝜗𝜗c is the angle (i.e. phase lag) between the chain-axis and the magnetic field4, and 𝑅𝑅c 
the radius of the chain. 

An N-particle chain rotating at angular velocity 𝜔𝜔c = 𝑑𝑑𝜃𝜃c/𝑑𝑑𝑑𝑑 in a fluid with viscosity 
𝜂𝜂 experiences a viscous drag torque the magnitude of which can be explicitly approximated 
by6: 

𝜏𝜏drag = 8π𝑅𝑅c3

3
𝑁𝑁3

ln�𝑁𝑁2�+
2.4
𝑁𝑁
𝜂𝜂𝜔𝜔��⃗ c                                 (Eq. 7) 

 

2.2 Mushrooms 

Parameter optimization 

Comsol (5.5, Comsol Multiphysics, Sweden) simulations aid to predict the 
important dimensional parameters of the mushroom features for the highest 
generated magnetic flux density 𝐵𝐵�⃗  and the strongest induced gradients 𝛻𝛻𝐵𝐵�⃗ .  

Of the parameters explored through the simulations, the number of 
mushrooms in the array and the wall thickness between a mushroom and the 
chamber play the most significant role in gradient generation. The stem length is the 
second most important parameter while the mushroom width and the head diameter 
have limited to no influence on magnetic flux density. shown in the insert of Figure 
2.4a were chosen to generate magnetic field strengths of Figure 2.4 and gradients of 
insert in Figure 2.4. 
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Figure 2.4: Comsol results of the induced magnetic flux density in the x axis and insert: Gradients of the 
x component  

 

2.3 Microflaps 

Microflaps are elements actuated by an external magnetic field to induce flow within 
a micro reaction chamber. They are cantilever-like structures, standing on the floor of the 
micro reaction chamber, with a length, width and thickness of L = 200 µm, W = 160 µm and 
Th = 35 µm, respectively; for details, see Chapter 5. The microflaps are made of 
ferromagnetic particles (Carbonyl Iron Powder, CIP) embedded and distributed in a polymer 
(polydimethylsiloxane, PDMS) matrix material, so they can be actuated using an applied 
magnetic field (Figure 2.5a). 

 
Figure 2.5: Working principles of the microflaps. a) The mechanism of actuation of the microflaps is 
depicted. Three different states are noted, the non-actuation state when the flaps are standing upright, 
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the actuation state due to the applied magnetic field and the recovery state due to elastic recovery. 
The blue arrows depict the motion of the microflaps. b) The forces and torques acting on a microflap 
which has a fixed and a free end in the presence of a magnetic field and in a liquid solution. The 
dimension α is the length of the flap.  
 

There are a number of forces and torques that act upon the microflaps moving in a 
fluid due to an applied magnetic field (Figure 2.5b). Two magnetic interactions lead to the 
deformation of a microflaps: (1) the direct magnetic force �⃗�𝐹mag due to the magnetic gradient 
and (2) the magnetic torque 𝜏𝜏mag  which rotates the micro flap’s magnetic moment 𝑚𝑚��⃗ f 
towards the direction of the applied magnetic field. 
The direct force is given by the expression7: 
 

�⃗�𝐹mag = �𝑚𝑚��⃗ 𝑓𝑓 ∙ 𝛻𝛻�⃗ �𝐵𝐵�⃗ = 𝜌𝜌CIP𝑉𝑉CIP�𝑀𝑀��⃗ f0 ∙ 𝛻𝛻�⃗ �𝐵𝐵�⃗ + 𝑉𝑉CIP𝜒𝜒CIP
𝜇𝜇0

�𝐵𝐵�⃗ ∙ 𝛻𝛻�⃗ �𝐵𝐵�⃗        (Eq. 8) 

 
where 𝜌𝜌CIP is the density of the magnetic particles embedded in the microflap, 𝑉𝑉CIP is the 
volume of the magnetic particles in a single microflap, 𝜒𝜒CIP is the magnetic susceptibility of 
the magnetic particles, and 𝑀𝑀��⃗ fo is the initial magnetization (i.e. magnetic moment per unit 
mass) of the microflap. In Chapter 5, we will see that the effect of the direct force on the 
microflap deformation is negligible compared to the effect of the magnetic torque. 
The magnetic torque 𝜏𝜏mag  is given by: 
 

� 𝜏𝜏mag� = � 𝑚𝑚��⃗  f ∙  𝐵𝐵�⃗  � =  𝜌𝜌CIP𝑉𝑉CIP𝑀𝑀f𝐵𝐵sin(𝜃𝜃f)                               (Eq. 9) 
 

where 𝑀𝑀f is the magnetization of the microflap (i.e. magnetic moment per unit mass) and 𝜃𝜃f 
the angle between 𝑚𝑚��⃗ f and 𝐵𝐵�⃗ . The magnetic moment 𝑚𝑚��⃗ f or magnetization 𝑀𝑀f of the 
microflaps can be determined from the measured hysteresis loop of the structures (see 
Figure 2.6). Saturation in the perpendicular direction to the flap’s long axis is reached at a 
magnetic field magnitude of B = 2 T and saturation magnetization at 1.1 T. Saturation in the 
parallel direction is reached at the same magnetic field magnitude but saturation 
magnetization at 0.88 T. 

The torque given by Eq. (9) will result in the bending of the microflap. For practical 
reasons, we can represent the torque as a force �⃗�𝐹torque  acting at the tip of the microflap 
(with length L) as follows: 

 

��⃗�𝐹torque� = � 𝜏𝜏�⃗ mag�

𝐿𝐿
= 𝜌𝜌CIP𝑉𝑉CIP𝑀𝑀f𝐵𝐵sin(𝜃𝜃f)

𝐿𝐿
                   (Eq. 10) 
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Figure 2.6: Hysteresis loop for a microflap array of 22 x 25 flaps of a size of 200 µm  x 160 µm  x 35 µm 
as measured by the SQUID. A measurement is performed with the magnetic field applied parallel and 
perpendicular to the long axis of the microflaps. The insert is a zoomed in plot near the 0, 0 for the 
remnant magnetization which is 0.005 T. 
 

The effects of the influence of the fluid on the deformation of the microflaps, 
indicated in Figure 2.5  as the hydrodynamic drag force �⃗�𝐹h and torque 𝜏𝜏drag can be taken 
together and represented by the following approximate drag force:  

 
��⃗�𝐹h� = 1

2
𝐶𝐶D𝜌𝜌f𝑈𝑈2𝐴𝐴                   (Eq. 11) 

where 𝜌𝜌f is the density of the fluid, 𝑈𝑈 is the velocity of the microflap with respect to the fluid, 
𝐴𝐴 is the frontal area of the microflap i.e. 𝐴𝐴 = 𝑊𝑊𝜌𝜌, and 𝐶𝐶D is the drag coefficient which 
depends on the shape of the flap. As a zero-order approximation, we take  𝐶𝐶D = 1.17, the 
value for a flat plate.   

If the speed of motion of the microflaps increases, for example in the case of a high 
magnetic actuation frequency, then the drag increases as shown by Eq. (11). Since the 
hydrodynamic drag is always directed opposite to the microflap motion, it will act to diminish 
the amplitude of the deformation.  

Elasticity of the microflaps plays a role as well, as this counteracts the deformation 
introduced by magnetic forces8. Moreover, during the recovery stroke (the state in which the 
flap moves back), when the magnetic forces are zero, the microflaps go back to their original 
position by the release of the elastic energy stored during the actuation stroke. During 
actuation, the microflaps are bent primarily by the magnetic torque �⃗�𝐹torque  (Eq. (10)); in 
addition, the drag force �⃗�𝐹hydro (Eq. (11)) acts on the flap to oppose its deformation during 
motion. The total bending force is the sum of these forces: 
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 �⃗�𝐹bend = �⃗�𝐹torque − �⃗�𝐹h                                            (Eq. 12) 
 

The actual bending of a microflap can be approximated by considering it to be a 
cantilever with a fixed and a free end, where the force is applied at its tip, i.e. the free end. 
The expression for the tip deflection 𝛿𝛿tip is then5:  

 

𝛿𝛿tip = 4𝐹𝐹bend𝐿𝐿3

𝐸𝐸𝐸𝐸𝑇𝑇h3
                      (Eq. 13) 

 
where 𝐸𝐸 is the Young’s modulus of the microflap. Eq. (13) strictly is only valid when the 
deflection is small (typically on the order of the thickness Th of the cantilever), and our 
microflaps are supposed to deflect substantially. However, the equation may still be used as 
a guide for design and for a rough analysis. It can be seen that the Young’s Modulus should 
be small to reach larger deflection, which means that compliant polymer materials are 
preferred to fabricate the microflap. When using polydimethylsiloxane (PDMS) as a matrix 
with incorporated ferromagnetic particles, the elastic modulus E can estimated to be around 
2MPa9. 
 

2.4 Mixing  

The magnetic torque 𝜏𝜏mag that continuously tends to align the chain or flap to a 
rotating magnetic field 𝐵𝐵�⃗  induces fluid motion around the magnetic bead chains and flaps. 
These perturbations in the surrounding fluid can cause local mixing. As discussed earlier, the 
viscous drag torque 𝜏𝜏drag counteracts the rotational motion of the magnetic chains and flaps 
resulting in a decrease in amplitude of motion (of flaps) or into break-up of chains (of beads), 
which can improve the local mixing. An important parameter that will predict the behavior 
of the bead clusters/ chains within the fluid is the Mason number. 
 
The Mason number 

A key parameter that determines the dynamics of the rotating chain is given by the 
dimensionless Mason number (𝑀𝑀𝑀𝑀), defined as10: 

 
𝑀𝑀𝑀𝑀 = 16𝜂𝜂𝜂𝜂

𝜇𝜇0𝜒𝜒2𝐻𝐻2                                   (Eq.14) 

 
where 𝜂𝜂 is the viscosity of the surrounding fluid, ω is the angular velocity of the magnetic 
field, 𝜒𝜒 the dimensionless susceptibility of the beads, H the applied magnetic field strength 
and μ0 the permeability of free space. The Mason number represents the ratio of viscous 
forces to magnetic forces acting on the beads. The motion of the chain, fluid flow, and mixing 
are significantly influenced by the Mason number11 (Figure 2.7). When the magnetic forces 
are dominant, at low 𝑀𝑀𝑀𝑀 (𝑀𝑀𝑀𝑀 < 0.001), the chain will rotate like a rigid or slightly deformed 
rod at a constant angular velocity synchronously with the external field. Due to the viscous 
drag, the chain may rotate with increasing phase lag 𝜃𝜃𝑐𝑐 from the external field, thus 
increasing the magnetic torque to balance the viscous torque. Under increasing value of the 
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Mason number (0.001 < 𝑀𝑀𝑀𝑀 < 0.01) viscous drag increases relative to the magnetic 
interactions among the particles, therefore chain breakup is observed.  At around 𝑀𝑀𝑀𝑀 = 0.002 
the magnetic bead chains break up and reform in an alternating manner whilst at higher 
Mason numbers (𝑀𝑀𝑀𝑀 ≥ 0.01) the drag forces become dominant therefore the chains do not 
reform11, but on average, the chains rotate with a frequency lower than that of the rotating 
field. 

 
Figure 2.7: Dynamics of the specific magnetic bead chain at six Mason numbers studied. The arrows 
depict the magnetic field directionality; image reproduced with permission from reference [11] 
published by the American Physical Society, 2007. 
 

It has been computationally found that the local mixing efficiency is greatly enhanced, 
when the chains, during rotation, repetitively break up and reform, rather than rotating as 
rigid rods12. But the chain breakup is not only dependent on the Mason number but also the 
chain length. A novel dimensionless parameter 𝑅𝑅T, including both effects of the Mason 
number as well as length of the chain, has been derived to characterize rotational bead chain 
dynamics13:  

𝑅𝑅T = 16 𝜂𝜂𝜂𝜂
𝜇𝜇0𝜒𝜒2𝐻𝐻02

𝑁𝑁3

(𝑁𝑁−1)�ln�𝑁𝑁2�+
2.4
𝑁𝑁 �

                    (Eq. 15) 

 
where 𝑁𝑁 is the number of particles forming the chain. Rather than representing the ratio of 
forces, like 𝑀𝑀𝑀𝑀, 𝑅𝑅T represents the ratio of viscous to magnetic torques. If 𝑅𝑅T  < 1 the chain 
rotates as a rigid rod following the field. If 𝑅𝑅T  > 1 the chain breaks up, and possibly reforms. 
However, this break up and reformation significantly compromises the motion efficiency of 
oscillating micro chains14. This means that the chain may rupture and fail to reform again. 
The efficiency of chain reformation has also been studied15. For effective local mixing, 
alternating breakup and reformation are essential. 
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Quantification of mixing efficiency 

For the quantification of the mixing, a Mixing Index (𝑀𝑀𝑀𝑀) based on the method of 
intensity of segregation is used. This method is commonly used for mixing performance 
assessments. When applying the method experimentally, a fluorescent dye is added to the 
fluid in a part of the total fluid domain under consideration; the initial distribution of the 
fluorescent dye is preferably very well defined, for example ideally it is constrained to exactly 
half of the fluid domain (which in our case is a micro reaction chamber). The mixing analysis 
is then based on the analysis of (2D) images taken from the total fluid domain over time, 
while mixing. To this end, the image is divided into N discrete pixels. The MI is defined as in 
[12]: 

MI = 1
𝑁𝑁

∑ �𝐸𝐸k−
∑ 𝐸𝐸k𝑁𝑁
𝑁𝑁 �

2
𝑁𝑁

�
∑ 𝐸𝐸k𝑁𝑁
𝑁𝑁 �

2 = 𝑣𝑣𝑣𝑣𝑣𝑣 (𝐸𝐸)
𝐸𝐸�2

                                     (Eq. 17) 

 
In this equation, 𝐸𝐸k is the fluorescent intensity [0-255] at pixel 𝑘𝑘 and ( 𝐸𝐸�  ) is the 

intensity averaged over N pixels (6.5 μm x 6.5 μm pixel size, and 2048 x 2048 pixels). This 
indicates that in a perfectly mixed scenario MI = 0, whilst in a fully unmixed system  MI = 1. 
In practice it is impossible to experimentally define a reproducible and fully controlled initial 
distribution of fluorescent dye. Therefore, to be able to compare the mixing at different 
actuation conditions, the mean of a series of three experimental sets with similar initial MI 
states are collected. The RMI is a normalized version of the MI and is instead used as a mixing 
quantification method, defined as the MI divided by the MI of first attained image (initial 
state of experiment). 

 

2.5 Theory on the electromagnetic setup 

The two ingredients required for magnetic mixing are the magnetic structures (e.g. 
the magnetic beads discussed herein) and the external magnet(s) that generates the 
magnetic field for the motion of said beads. 

The magnetic field can be generated either by permanent magnets or 
electromagnets. On the one hand, the use of permanent magnets offers strong magnetic 
fields and, in the locations, closest to the magnet the gradients are also largest, therefore 
large magnetic forces can be obtained; but they offer poor control over the field. It is 
particularly difficult to generate time dependent magnetic fields, and therefore to control 
the magnetic bead motion. Hence, electromagnets are preferred because the directions of 
the magnetic field, the intensity of the magnetic field, and the gradient, can be controlled as 
a function of time.  

A custom octopolar electromagnetic setup has been constructed for the external 
manipulation of our magnetic beads4. The setup consists of two sets of four electromagnets 
in two orthogonal planes; the electromagnets are configured at a 90˚ angle difference to 
their neighbor. These planes correspond to a horizontal (poles P5-P8) or in-plane, and vertical 
or out-of-plane (poles P1-P4) orientation (Figure 2.8). 
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Figure 2.8: Our custom octopolar electromagnetic setup. a) A schematic of the setup and b) the real-
life setup as seen from atop. The setup consists of four poles in the vertical plane and four in the 
horizontal plane. 

 
The currents applied to the poles to obtain a vertical and/or horizontal rotating field 

are given by: 
 

 
(Eq. 16) 

 
In these equations, 𝑀𝑀i refers to the current applied to electromagnet Pi, 𝑀𝑀 is the (common) 
current amplitude and ω is the frequency of the rotating field. The magnetic field strengths 
generated at the center between the poles at various 𝑀𝑀 and 𝜔𝜔 are given in Table 2.1 of 
Appendix 2.8. Note that hardware limitations restrict the generation of high magnetic field 
strengths at high frequencies, see Appendix 2.8 “Limitations of the electromagnetic setup”. 
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2.7 Contributions 

The magnetic moment (VSM) measurements were conducted by Jianing Li and Reinoud 
Lavrijsen provided insights in the magnetics of the project. The suggestions on work outlook 
were discussed with Yoeri van de Burgt, Ye Wang and Jaap den Toonder.   

 

2.8 Appendix 

Limitations of the electromagnetic setup 

The generated magnetic field strength is directly related to the applied current to the 
electromagnets. However, overheating was noticed at high currents (> 1 A). To avoid 
overheating and leverage from the relatively high produced magnetic field strengths (35 mT), 
a test on the maximum current application for a maximum of 5 mins was performed. The 
duration of 5 minutes was chosen as it corresponds to the longest experiment performed 
with the octopolar setup.  

The hardware has sampling rate limitations e.g. low pass filters and slew rate limit, 
which challenges the generation of sine waves. Whether the system is still producing sine 
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waves at high frequencies is questionable. To explore the behavior of the electromagnetic 
setup at high frequencies the following test is performed. A magnetic field sensor (SS49E 
linear Hall Effect, Honeywell, USA) is placed in the center of the octopolar setup, with the 
usage of a mechanical hand for stability (Figure 2.9).  

 

 
Figure 2.9: Experimental setup for the octopolar system testing. The magnetic field sensor is 
placed in the center of the octopolar setup, with the usage of a mechanical hand for stability. 
 

The sensor is connected to an oscilloscope (TPS2024, Tektronix, USA) which provides 
wave forms of the sensed magnetic field. With this test, the amplitude of the magnetic field 
corresponding to the sensed magnetic field strength, and the periodicity of the wave, 
corresponding to the sensed magnetic field frequency, can be obtained. For this test, four 
sine wave functions (𝑀𝑀1 to 𝑀𝑀4- of Eq. (16)) are applied through the LabView control to each 
electromagnet individually to form a vertical (out-of-plane) rotating magnetic field. A sweep 
from 1 Hz, 0.1 A to 100 Hz, 1 A, is performed. The comparison of the applied and the 
generated data, takes place next. The output of the Hall sensor as displayed on the 
oscilloscope can be seen in Figure 2.10.  The output corresponds to the sensed rotating 
magnetic field in the center of the octopole. 

 
 
 
 
 

Figure 2.10: Octopolar testing results of the sensed magnetic field as seen through the oscilloscope 
connected to the analog magnetic field sensor. The amplitude of the sine wave plotted by the 
oscilloscope corresponds to the amount of generated magnetic field and the frequency is the rotational 
frequency of the magnetic field. Here, the generated sine wave of the z-component of the magnetic 
field (𝐵𝐵z Figure 2.8a) is seen. The scale is adjusted through the oscilloscope to better visualize the profile 
of the sensed magnetic field sine wave(s). Each rectangular unit in the image corresponds to 2.5 mV/ 
G. 
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As can be seen from Figure 2.10, there are certain limitations for the setup at high 
magnetic field strengths and frequencies. First of all, the application of a specific current can 
result in a different magnetic field strength. For example, a current application of 0.3 A at 1 
Hz will result in a maximum magnetic field strength of 15 mT, but to obtain 15 mT at 100 Hz, 
a current of 0.8 A should be applied. Baring this in mind and to obtain comparable results 
from the same magnetic field strength where only the frequency changes, the current 
application of the Table 2.1 is followed. 

 
Table 2.1: Parameter set for experiments. Generated magnetic fields are color coded. 

Generated 
magnetic 

field 
strength 

(mT) 

Current application (A) 

Frequency 
(Hz) 0.1 0.2 0.25 0.3 0,4 0,5 0,55 0,6 0,7 0,8 0,9 1 

1 5 10   15 20 25     30 35     
10 5 10   15   20   25 30 35     
20 5 10   15       20 25 30   35 
30 5   10   15   20   25 30   35 
40 5   10   15     20   25 30   
50 5   10   15     20   25   30 
70 5     10   15       20   25 

100 5     10           15   20 
 
Random tests on the horizontal poles for the generation of the in-plane rotating magnetic 
field were performed, with identical results as in Table 2.1.  



 

3. Enhanced microfluidic mixing by magnetic 
particle swarming and sample homogeneity effect 
on antibody testing  

 
 
Abstract: In this chapter we explore experimentally the mixing effect within a microfluidic 
chamber as obtained from superparamagnetic beads exposed to an out-of-plane (vertical) 
rotating magnetic field. Various magnetic protocols are examined, and the level of sample 
homogeneity is measured by determining the mixing efficiency index. In particular, we 
introduce a method to induce effective mixing in a microfluidic chamber by the actuation of 
the same beads to perform global swarming behavior, a collective motion, often seen in 
nature, of a large number of individual entities. The micro particle swarming induces high 
fluid velocities in initially stagnant fluids, and it can be externally controlled. The method is 
pilot tested using a point of care test featuring a bioluminescent assay for the detection of 
antibodies. The mixing by the magnetic beads leads to increased assay kinetics which indeed 
reduces the time to sensor readout substantially. Magnetic microparticle swarming is 
expected to be beneficial for a wide variety of point of care devices where fast achieving 
homogeneity of reagents does play a role. 
 
 This chapter is based on: ‘Enhanced microfluidic sample homogeneity by magnetic particle 
swarming and improved antibody-based assay kinetics due to magnetic mixing’, E. Shanko, L. 
Ceelen, Y. Wang, Y. van de Burgt and J.M.J. den Toonder, in peer review. 

 
 
 

3.1 Introduction 

Point of care (PoC) devices utilize lab on chip technologies to deliver testing results at 
the point of care in a fast turnaround time. Recent examples of lab on chip (bio) chemical 
processes are antibody based testing such as SARS-CoV-2 tests1, bacteria detection2, cancer 
cell isolation3, biomarker detection for the identification of different diseases4 with broad 
applications in water quality measurements5, cancer diagnostics6, drug administration7 and 
more, that could translate into a PoC device. PoC devices also bring a major challenge, 
namely the need for device user friendliness. To ensure this requirement, usually the 
components necessary for the analysis (e.g. the biosensor) are already incorporated inside 
the microfluidic device. This can be done via deposition methods. Fast analyte capturing 
detection requires (1) fast spreading of the deposited biosensor in the liquid sample (Figure 
3.1a) and 2) fast binding events of the target and the biosensor in the matrix (Figure 3.1b). 
Magnetic microparticles have been studied to sort, transport and capture targets in a 
microfluidic chip. Here we exploit an additional function of these magnetic capturing 
elements - that of increase of fluid kinetics and subsequently sample homogeneity via mixing. 
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Figure 3.1: Need for efficient mixing in lab on chip devices. a) Magnetic beads can increase the effective 
diffusivity and hence the spreading of a deposited antibody based bio-sensing array in a microfluidic 
chip and b) magnetic beads can increase the binding events between a target (here antibody 
biosensor). 
 

It has been demonstrated that an external magnetic field can self-assemble 
suspended magnetic beads into (anisotropic) chains as a result of the dipole-dipole 
interactions between the beads. When those chains are subjected to a rotating magnetic 
field, they evoke a rotational motion, which locally stirs and mixes the fluid (micro stirrers). 
Under certain conditions a phenomenon of collective motion of these micro stirrers is 
reported to occur, which can induce strong vortical flow in a microfluidic chamber8. Here, we 
exploit this phenomenon for global microfluidic mixing, and call it Magnetic Particle 
“Swarming” due to its resemblance to bird swarming. The occurrence of Magnetic Particle 
Swarming and its dependency on magnetic field rotational frequency and magnetic field 
strength are investigated, and the resulting mixing effectiveness (and related level of 
homogeneity) is quantified. Moreover, we demonstrate the effect of magnetic mixing for the 
improvement of reaction kinetics in a pilot assay and assess the effect of sample 
homogeneity to a bioluminescent antibody-based sensor assay in terms of time to readout 
and efficiency. 

 

3.2 Materials and Methods 

Magnetic beads and electromagnets 

Two main components are required for magnetic bead mixing, namely 
(electro)magnets to generate a magnetic field and magnetic beads as also seen in Chapter 2 
of this thesis. In this research, only the four poles in the vertical plane are used to generate 
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an out-of-plane rotating magnetic field, relative to a microfluidic chamber placed in the 
center between of the poles (Figure 3.2). The magnetic microbeads (ø = 10 µm,~6000 beads 
µL-1) used are the magnetic beads described at Chapter 2 and of similar concentration as in 
previous work8. 

 
Figure 3.2: A schematic of the electromagnetic setup and pole actuation. The actuated poles in the out-
of-plane vertical orientation. A clockwise rotational magnetic field is applied. 
 

A PMMA-based micro reaction chamber (4 mm x 4 mm and 500 µm high) is made by 
laminating PMMA sheets that are pre-cut using a laser cutter (VLS3.50, 40 W CO2, Laser 
Universal Systems) and placed in the center of the electromagnetic setup. The sample is then 
injected using a pipette with test fluids and covered with a thin glass slide. Finally, the whole 
setup is placed under a microscope (Leica DM4000M) with an sCMOS camera (Leica, 
DFC9000GT). The visualization and quantification of the induced flow is realized with the 
addition of passive fluorescent particles (ø = 4 µm, Fluoromax, Thermo Scientific). Fluid 
velocities are measured with 3D Particle Tracking Velocimetry techniques.  

 

Mixing Index methods and determination 

For the mixing index measurements, 2 µL of pluronic acid F-127 (1% w v-1) solution is 
first deposited in the chamber and left to dry at room temperature for 20 minutes. This step 
ensures surface treatment of the PMMA chamber to avoid bubble formation when the 
chamber is covered with the glass slide. The chamber is then filled using a pipette with the 
SPIOM solution and covered with glass. The glass slide is slightly shifted to open a part in the 
top right corner of the chamber, where 1 µL of a mixture of 75% glycerol (Sigma Aldrich, high 
purity) with concentrated fluorescent beads (ø = 2 µm, Fluoromax, Thermo Scientific) is 
injected using a pipette. Last, the glass slide is shifted back to fully cover the micro chamber, 
and the solution is left for approximately 11 minutes (see Appendix 3.7 ‘Experimental 
method for the mixing efficiency’). The last step is taken to allow the two fluids with different 
viscosities to partially diffuse and create a reproducible initial state for all the experiments. 

For the quantification of the mixing, the Mixing Index (MI) based on the method of 
intensity of segregation is used as described in Chapter 2. In short, in a perfectly mixed 
scenario MI = 0, whilst in a fully unmixed system MI = 1. In short, lower MI is better. To 
obtain comparable results to the different mixing at different actuation conditions, the mean 
of a series of three experimental sets with similar initial MI states are collected. The Relative 
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Mixing Index is a normalized version of the MI and is instead used as the mixing quantification 
method, defined as the MI divided by the MI of first attained image (initial state of 
experiment).  

 

LUMABS sensor 

The effect of increased kinetics due to induced SPIOM motion on a bioluminescent 
sensor is investigated on the LUMinescent AntiBody Sensor (LUMAB)9 sensor. LUMABS is 
based on bioluminescence resonance energy transfer (BRET) that currently allows the 
detection of antibodies against HIV1-p17, hemagglutinin (HA), and dengue virus type I10, 
while assays for other markers are in development. LUMABS is a single-protein sensor that 
consists of the blue-light emitting luciferase NanoLuc connected via a semi flexible linker to 
the green fluorescent acceptor protein mNeonGreen, which are kept close together using 
helper domains, hence emitting green light. Binding of an antibody to epitope sequences 
flanking the linker disrupts the interaction between the helper domains, resulting in a large 
decrease in BRET efficiency, hence blue emission is enhanced. Practically, the LUMABS is a 
combination of three components: the sensor, the substrate and the target antibody. The 
substrate acts as a fuel agent for the sensor, and thus their interaction is mandatory for the 
emission. The sensor and substrate are connected through a semi-flexible link; in the 
presence of an antibody this link breaks up resulting in blue emission (Figure 3.3a). The 
change from green to blue emission depicts the antibody presence whilst the ratio of green 
over blue emission is the antibody quantification measure. 

 
Figure 3.3: The LUMABS sensor. a) Schematic view of the LUMABS in the absence and presence of a 
corresponding antibody and b) Side view of the chip. The sensor is deposited (dried) on the microfluidic 
chamber floor. A mixture of the substrate, magnetic beads and the antibody is injected. The black 
arrows depict the transfer of the sensor to the sample, by diffusion and /or convection. 
 

To best mimic point of care devices where most of the components are already 
incorporated inside a cartridge for user friendliness, the LUMABS is deposited inside the 
microfluidic chip (Figure 3b). The deposition method is as follows: a mixture of glycerol and 
110 nM sensor (25% glycerol) is printed on the microfluidic chamber floor via deposition and 
left to dry at room temperature for 2 hrs. The deposition entails manual pipetting of 2 µL 
solution on the chamber floor. The liquid sample subsequently added is a mixture of antibody 
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(CTX-2, 10:1 antibody to sensor concentration) and substrate (dilution of 1:15). The sample 
is injected using a pipette on the inlet (Ø = 1 mm) of the microfluidic chip which is connected 
to the chamber with a microchannel (width = 200 µm and height = 500 µm). The microfluidic 
chips are mounted in the octopolar electromagnetic setup and a commercially available 
camera (Canon EOS 80D SLR) featuring a light sensitive macro lens (Canon EF 100 mm f/ 2.8L) 
is placed atop at working distance. The settings covering low light requirements are: 8”, ISO 
12800, F/ 2.8. To perfectly capture just the green emitting protein and the blue wavelengths 
without interferences, a lid with two bandpass filters (wavelength 450 nm and FWHM 100 
nm and wavelength 560 nm and FWHM 100 nm (Omega filters)) is constructed. A servo 
connected to an Arduino which in turn is controlled via a custom script is alternating these 
filters (Figure 3.4a). In this way only blue or green wavelengths (Figure 3.4b) can be captured. 

Images are taken every 10 seconds between the green and blue and there is an 
additional waiting time of 10 seconds after every loop. Thus, within a minute, two couples of 
images are obtained. Last, a magnetic mixing protocol is initiated for the effect of magnetic 
mixing to the sensitivity of the sensor and time to readout. 

 

 
Figure 3.4: Camera placement on the electromagnetic setup for the biosensor experiments and the 
filtered LUMABS images. The setup cover with the filters and the servo and its arrangement under the 
commercially available camera. 

 

3.3 Results and discussion 

Magnetic bead behavior in various magnetic protocols 

Homogeneity of reagents within a microfluidic chip has proven to be beneficial for the 
efficient capturing of elements and the reproducibility of testing. Fluid/ reagent 
homogeneity, or mixture quality, is thus crucial.  

Two key elements are required to achieve enhanced mixing in microfluidic devices 
utilizing magnetic particle swarming: magnetic beads and a time-dependent magnetic field 
that controls these magnetic beads. A theoretical analysis of the working mechanisms of the 
magnetic beads and the electromagnetic setup has been provided in Chapter 2, but a brief 
explanation is also included here. The main forces are the magnetic force due to the gradient 
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of the magnetic field �⃗�𝐹mag (Eq. (3)) and the hydrodynamic drag �⃗�𝐹hydro (Eq. (4)) due to the 
translation of the magnetic beads in the fluid. In addition, dipolar magnetic forces11 result in 
magnetic particle-particle interactions and possible magnetic bead chain and cluster 
formation. 

Magnetic beads in a chain exhibit anisotropy, with a net dipole moment (𝑚𝑚��⃗ c) in the 
direction of the long chain axis. When the magnetic field becomes rotational, a magnetic 
torque 𝜏𝜏mag (Eq. (5)) occurs that tends to align the chain to the magnetic field 𝐵𝐵�⃗ ; the 
mechanism of local mixing12. A viscous drag torque 𝜏𝜏drag (Eq. (7)) counteracts the 
𝜏𝜏mag causing the magnetic bead chains to rotate at a phase lag compared to the applied 
magnetic field rotation. In addition, the moving particles interact hydrodynamically: the fluid 
flow generated by one particle can affect the motion of all other particles. Boundary 
restrictions due to the geometrical confinement of the micro chamber also play an important 
role. 

All these magnetic and hydrodynamic forces are interdependent and the way in which 
they are balanced completely determines the dynamics of the magnetic microparticle 
motion and the induced fluid flow. The result can be controlled by adjusting the magnetic 
field frequency and amplitude, as well as the liquid viscosity, as is apparent from the 
dependency of the forces and torques on these parameters. Thus, in our experiments we 
concentrate on the magnetic field amplitude and frequency and explore the influence of 
changing these parameters on the (collective) particle motion, induced fluid flow, and mixing. 

A clockwise rotational vertical magnetic field with a magnetic field strength of 25 mT 
is chosen to study the effect of rotational frequency on collective magnetic bead motion, i.e. 
the field rotates in the 𝑥𝑥𝑥𝑥-plane in Figure 3.2. The applied frequency ranged from 1 Hz to 60 
Hz. The results are seen in (Figure 3.5 and Movies 3.20 – 3.23).  

At certain frequencies (> 10 Hz and < 60 Hz) and after 60 to 90 seconds, a collective 
behavior of the particles, chains and clusters is observed in the form of a global circulatory 
motion in the microfluidic chamber. The dipolar interactions of some clusters do not seem 
to be strong enough to endure the hydrodynamic torques and within 3 minutes most of the 
clusters break up into smaller rotating chains, while gradually forming and maintaining a 1.5 
mm wide band with stable and global collective circulatory motion in the central area of the 
chamber.  
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Figure 3.5: Collective microparticle(s), chains and clusters’ motion at 25 mT vertical magnetic rotation 
(only the four vertical poles – P1-4 (Figure 3.2) - are actuated), at different rotation frequencies and at 
different time points in a 3 min vertical magnetic rotation protocol. The images are snapshots at 
different times in a top view of the 4 mm x 4 mm microfluidic chamber. The arrows indicate the motion 
of the magnetic beads while the circles depict the placement of concentrated collections of the chains 
and clusters. The insert at the top left shows the time-averaged magnitude of the magnetic field over 
one rotational cycle over the entire chamber at 𝑥𝑥 =  0, obtained by computer simulations – red = high 
and blue = low field8; was observed at actuation frequencies between 20 Hz and 50 Hz, here visible in 
the 30 Hz results. Scale bar is 1 mm. QR codes correspond to the videos. From left to right: actuation 
at 1 Hz, 25 mT (Movie 3.20), at 10 Hz, 25 mT (Movie 3.21), at 30 Hz, 25 mT (Movie 3.22) and at 60 Hz, 
25 mT (Movie 3.23). 
 

The global circulation is counterclockwise: in Figure 3.5 to the left near the top of the 
chamber and to the right near the bottom, opposite to the applied rotating magnetic field. 
Within the band, particle chains and clusters continuously rotated clockwise (in the rotation 
direction of the field), broke up, and reformed in a dynamic fashion. Movie 3.22 shows this 
behavior. However, at frequencies < 10 Hz and >60 Hz, all particles drawn to the side of the 
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chamber initially remain in place and form a dense collection (“island”) of beads even though 
they exhibit individual (and local) dynamic motion.  

Magnetic Particle Swarming only occurs within a certain range of frequencies in these 
experiments. Additional experiments where the magnetic field strength was varied were also 
performed to quantitatively analyze potential dependencies of the Magnetic Particle 
Swarming on the magnetic field strength. All results are summarized in Figure 3.6 (Movies 
3.1 - 3.31) or Appendix 3.12 for the ‘Magnetic bead behavior accounting for setup 
limitations’. Indeed, Magnetic Particle Swarming is observed at a range of magnetic field 
strengths above 20 mT and frequencies between 10 Hz and 60 Hz. Some of the above 
observations include additional motion of the magnetic beads such as pulsatile behavior. 

 

 
Figure 3.6: Frequency and magnetic field strength dependencies of magnetic bead dynamic behavior. 
Only at a magnetic field strength of at least 20 mT, and frequencies between 10 and 60 Hz, was 
Magnetic Particle Swarming (MPS) observed. The stars (*) indicate conditions at which the magnetic 
bead dynamic behavior was not always reproducible. The Movies 3.1 - 3.31 are found at the end of this 
thesis (“Collection of the movies throughout the thesis”) 

 
All these results suggest that swarming occurs only when a specific balanced 

combination of forces and torques is exerted onto the magnetic beads. 
 

Generation of magnetic particle swarming 

Given that the swarming is a collective global motion of the magnetic beads it is 
expected to promote global mixing and thus global homogeneity within the micro reaction 
chamber with initially stagnant fluids. To better control this phenomenon an in-depth 
analysis of why swarming occurs is executed. All the results suggest that swarming occurs 
only when a specific balanced combination of forces and torques is exerted onto the 
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magnetic beads. In addition, the geometrical confinement plays an important role in the 
swarming formation (Figure 3.7). 

 

 
Figure 3.7: Side view of superparamagnetic beads in an enclosed micro chamber. Acting forces and 
torques on two magnetic beads and the sequence of events leading up to Magnetic Particle Swarming. 
It is noted that the geometrical restriction also plays an important role besides the forces and torques 
acting on the magnetic beads. The schematics are not to scale and SPIOM (s) stands for: 
Superparamagnetic Iron Oxide Microparticle (s), chains and clusters. 

 
We hypothesize that swarming is enabled by the following mechanism, see Figure 

3.7.1-5. Before actuation starts, the magnetic particles are uniformly distributed on the micro 
reaction chamber floor (Figure 3.7.1).  

1. Initialization: Upon starting the actuation, chains and clusters are formed due to 
induced dipolar magnetic forces, and these begin to rotate with the field due to the magnetic 
torque 𝜏𝜏mag. This, in turn, creates fluid flow that interacts with the particles. In addition, 
rotating particle chains and clusters interact with the chamber floor and wall resulting in net 
translation of the particles to the right of the chamber (Figure 3.7.3). The insert in Figure 3.5 
shows that the average magnetic field within the chamber is not uniformly distributed. The 
magnetic gradient force �⃗�𝐹mag is expected to act on the particles driving them to the central 
band and also enhances attraction to the one (right) edge of the chamber. 

2. Island formation: After the initial formation of the central band (Figure 3.7.4) a 
densified island of dynamically moving magnetic particles at the right chamber edge occurs. 
The main mechanisms behind dynamic densifications forming the vortices have been 
characterized previously13. However, in contrast to that study, our global vortex (Magnetic 
Particle Swarming) is highly influenced by the geometrical restrictions imposed by the 
microfluidic chamber. For the first 30 seconds, most of the magnetic beads remain in the 
island. However, at 20 Hz to 50 Hz and magnetic field strengths over 25 mT, some magnetic 
bead chains are seemingly ejected from the core of the swarm (similar to [14]), towards the 
center of the chamber, and most of the clusters break up to form chains or smaller clusters 
when in contact with the geometrical restriction of the chamber walls (Figure 3.7.4). In low 
magnetic field strength and low frequencies, the magnetic torque 𝜏𝜏mag hinders the 
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formation of the Magnetic Particle Swarming. In addition, the resulting particle and fluid 
motion are too weak to overcome the magnetic gradient force �⃗�𝐹mag towards the edge (see 
the insert of Figure 3.5). The insert shows the presence of the higher field at the chamber 
edge and this is translated with the particles remaining trapped in the island. On the other 
hand, for high frequencies, the viscous drag torque 𝜏𝜏drag becomes so large in high 
frequencies that even the smallest clusters and chains break up. This in turn results to 
individual particles with only small magnetic torque and resulting fluid motion making it again 
difficult for the particles to escape against the magnetic gradient force towards the edge, 
thus the island stays intact.  

3. Magnetic Particle Swarming. In the development of MPS, the rotating particle 
chains and clusters that escape from the island start interacting with the top wall of the 
chamber, see Figure 3.7.4. In an applied clockwise rotating magnetic field, the chains and 
clusters also rotate clockwise and when close to the chamber wall, this angular momentum 
is converted into a translational motion as shown in the Figure, when the magnetic chains 
and clusters tumble (micro walk) on the top wall of the chamber and towards the opposite 
side 15,16.  

Subsequently, when enough magnetic beads reach the opposite side, the micro 
walkers start tumbling on the floor of the micro chamber towards the right side of the 
chamber and so on, reaching a stable circulatory collective motion soon (Figure 3.7.5). It is 
also noted that inertia does not play a role in this type of actuation, as the MPS and overall 
SPIOM motion stopped immediately when the magnetic field is switched off, apart from the 
particles sedimenting due to gravity (Movie 3.32). Remarkably, the global circulatory motion 
is opposite to the rotational directions of the particle beads and clusters: whereas the latter 
rotate clockwise, with the magnetic field rotation, the former is counterclockwise, against 
the magnetic field rotation. As a result, the beads also induce fluid flows with opposing 
directionalities. The combination of these two counteracting flows, i.e. local clockwise 
vortices due to rotating chains and clusters, and global vortical flow due to the surface micro-
walkers, is expected to give rise to an enhanced global mixing effect and subsequently fast 
and good mixture quality (sample homogeneity). 

 

Flow kinetics induced by various mixing conditions: magnetic particle 
swarming and its effect on mixing 

The motion of magnetic particles does not necessarily represent the induced flow. 
Therefore, we visualized the fluid flows caused by particle actuation with the vertical 
rotational magnetic field by using 3D-particle tracking velocimetry (3D-PTV) based on the 
general defocusing particle tracking (GDPT) method17. Figure 3.8 and Movies 3.33-3.35 show 
the mean velocity profiles as a function of the vertical position in the chamber, from bottom 
to top in different mixing conditions.  

 



  Swarming 

65 
 

 
 

                                                  
Figure 3.8: Side view of the induced fluid pattern and associated fluid velocities. (a - c) Mean velocity 
profiles obtained from 3D PTV measurements, as a function of the vertical position in the chamber, 
from bottom (𝑥𝑥 = 0 μm) to top (𝑥𝑥 = 500 μm). The averages are based on measurements in the central 
part of the chamber, i.e. 1.3 < 𝑥𝑥 < 2.7 mm, 1.3 < 𝑦𝑦 < 2.7 mm. a) No actuation, b) Actuation with 30 Hz, 
15 mT (no MPS observed) and c) Actuation with 30 Hz, 35 mT (MPS observed). The color of each marker 
is defined by sign of the horizontal velocity 𝑉𝑉𝑥𝑥. There is a clear bias for a positive horizontal velocity 
near the bottom and for a negative horizontal velocity near the top of the fluid chamber especially for 
the MPS case. d) The root-mean-square (RMS) of the 𝑉𝑉𝑥𝑥 and 𝑉𝑉𝑦𝑦 which correspond to the fluid velocities 
in the 𝑥𝑥 and the 𝑦𝑦 directions at different magnetic field strengths at 30 Hz applied rotational frequency. 
QR codes corresponding to the videos. Left: No magnetic actuation (Movie 3.33), Middle: Actuation at 
15 mT, 30 Hz (Movie 3.34) and Right: Actuation at 35 mT, 30 Hz (Movie 3.35). 
 

There is a clear bias for a positive horizontal velocity near the bottom and a clear bias 
for a negative horizontal velocity near the top of the fluid chamber, which is in accordance 
with the counterclockwise global circulation of the magnetic particles. 

In the absence of actuation (Figure 3.8a) the velocity is minimal, limited to less than 1 
μm s-1, so convection is practically absent. For the case in which actuation is applied, but 
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where no swarming is observed, shown in Figure 3.8b, significant flow velocities are 
measured with a positive direction in the lower half of the channel, with a maximum of 100 
μm s-1. Figure 3.8c shows that MPS significantly enhances the horizontal fluid velocity, with 
a maximum value of 500 μm s-1. In addition, the mean velocity is positive (to the right) in the 
lower half of the chamber, and negative (to the left) in the upper half, while the profile is 
mostly symmetric with respect to the channel mid plane at 𝑥𝑥 = 250 μm. This is consistent 
with counterclockwise global circulatory fluid flow, suggesting that the flow is driven by the 
global counterclockwise motion of the magnetic particles observed in the previous section 
Figure 3.8d shows the root mean square (RMS) of both the horizontal velocity component 𝑉𝑉𝑥𝑥 
and 𝑉𝑉𝑦𝑦 derived from the trajectories, being a measure for the level of fluid velocity 
fluctuations – possibly being important for mixing. The RMS is small for 𝑉𝑉𝑦𝑦, but substantially 
larger for 𝑉𝑉𝑥𝑥. Also, for magnetic fields strengths corresponding to Magnetic Particle Swarming 
(i.e. 25 mT and higher), the RMS of 𝑉𝑉𝑥𝑥 is significantly enhanced. 

The mixing performance of the magnetic particle actuation was investigated by 
observing and analyzing the distribution of fluorescent particles throughout the microfluidic 
chamber over time using the intensity of segregation. Figure 3.9 shows the results of the 
normalized version of the 𝑀𝑀𝑀𝑀, the Relative Mixing Index measurement over time at different 
actuation conditions. All actuation protocols result in an enhancement of mixing compared 
to the non-actuated control case. 

 

 
Figure 3.9: Mixing performance as a function of frequency in a 5-minute rotational magnetic actuation 
protocol. Magnetic Particle Swarming is observed at magnetic field strengths ≥ 20 mT (gray highlighted 
area). Qualitative videos of the mixing evolution over time can be seen in Movies 3.36-3.43. 
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There is a direct link between magnetic field strength and mixing efficiency (the 
measure of the level of sample homogeneity). Not only is this link observed for the maximum 
mixing performance achieved but also the time at which that was obtained, i.e. the mixing 
rate (Table 3.1). The best mixing efficiency is achieved at magnetic field strengths ≥ 20 mT 
which corresponds to Relative Mixing Index ≈ 0.5 and at the fastest mixing rates, which 
coincide with the formation of Magnetic Particle Swarming (as seen in Figure 3.6). 
Interestingly, strong magnetic field gradients at magnetic field strengths > 30 mT (insert in 
Figure 3.5) have a slightly negative effect on the mixing efficiencies (Figure 3.9). 

 
Table 3.1: Time to reach Mixing Indexes for different magnetic field strengths. Magnetic Particle 
Swarming occurs in the grey fields. 

Time to reach Mixing Indexes for Magnetic field strengths [s] 

 Mixing Index 
Magnetic field 
strength (mT) 0.8 0.7 0.6 0.5 

5 276 - - - 

10 60 132 - - 

15 68 192 - - 

20 20 40 88 232 

25 8 28 88 262 

30 38 98 158 - 

35 50 96 169 - 

 

Pilot study on the effect of sample homogeneity on the efficiency of a 
bioluminescent sensor assay 

The investigation of the effect of mixing on a bioluminescent sensor entails the 
comparison of situations of an unmixed (MImin = 0.8, no magnetic actuation was applied), a 
poorly mixed (MImin = 0.7, 15 mT, 30 Hz, no MPS) and a better-mixed actuation protocol 
(MImin = 0.6, 35 mT, 30 Hz, MPS) with respect to the efficiency and time to read out of the 
sensor. Our hypothesis is that good mixing will enhance the kinetics of the sensor-substrate 
and sensor-antibody binding events, which will lead to faster sensor readout. Recently, the 
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local effects of magnetic particle micro spinning to protein-protein interactions were studied 
and the reaction efficiency was increased by 55% at 120 rpm 18. Here, the Magnetic Particle 
Swarming adds global phenomena that enhance fluid mixing and the question is whether this 
effect is beneficial for accelerating bio-chemical sensing as well. 

The final result is a combination of two images, one in green and the other in blue, 
and the quantification of the concentration of the antibody is the ratio between the two. 
Obtained images are shown in Figure 3.10  for three mixing protocols, and Figure 3.11 (and 
Movies 3.44 - 3.49) show the intensity ratio between the green and blue images, indirectly 
indicating speed of detection. 

 

 
Figure 3.10: Results of the sensor behavior. The LUMABS sensor is deposited on the floor of a 
microfluidic chamber, and the sample containing the magnetic beads, the target protein and substrate 
molecules are entered into the chamber. Three different states are applied: no actuation / mixing, 
actuation at 15 mT in which poor mixing and no Magnetic Particle Swarming is observed, and actuation 
at 35 mT with better mixing and Magnetic Particle Swarming. Inhomogeneity was reduced by mixing 
and the change in color is faster and larger in the mixed states. The magnetic rotational frequency is 
30 Hz, the antibody concentration is 1.1 µM and the sensor concentration is 110 nM. Scale bar is 4 mm.  
 

Fluid kinetics are expected to play an essential role in the assay. The two interactions 
required to ensure sensor efficiency are (1) the interaction between the sensor and the 
substrate molecule and (2) the antibody-sensor binding events. In time, the two intensities 
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of green and blue light change due to these events. In a state where no fluid perturbations 
are introduced (Figure 3.10, no mixing state) these two interactions are rather slow, as 
diffusion by Brownian motion causes the predominant molecular motion. 

When fluid kinetics are introduced due to the movement of the magnetic beads as 
actuated by the magnetic protocols (actuation at 30 Hz, 15 mT and 30 Hz, 35 mT), these 
events occur faster, and this is confirmed by the faster color change observed in Figure 3.10 
at 15 mT and mixing at 35 mT. 

What is most relevant to the assay is how the ratio of green to blue intensities changes 
(see Appendix “Control experiments on the LUMABS” for the control experiments). From 
Figure 3.11, both mixing protocols substantially enhance the assay; in particular, the time to 
readout is faster. The non-mixed state requires 23 minutes to reach the minimum intensity 
ratio of 0.6 whilst this time is halved at the mixed states (14 minutes at 15 mT and 12.5 
minutes at 35 mT). There is, however, no significant difference between the MPS and the 
non-MPS protocol, although MPS tends to initially speed up the assay somewhat. 

 

 
Figure 3.11: Normalized intensity ratios of the CTX-2 antibody. The LUMABs concentration in the fluid 
chamber is 110 nM and the antibody (AB) concentration is at a 10:1 antibody sensor ratio. Mixing 
occurs at 30 Hz magnetic rotational frequency for both 15 mT and 35 mT. 
 

For PoC applications, the total assay time is relevant, and the requirement is typically 
set at 10 minutes. The read-out signal at 10 minutes, represented by the intensity ratio, is 
significantly enhanced by both mixing scenarios. At 10 minutes the no mixing state portrays 
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an intensity ratio of 0.86 whilst the mixing at applied 15 mT lowers this value to 0.68 and at 
applied 35 mT it is 0.65. 

It can be concluded that for the antibody sensor studied herein the introduction of 
kinetics significantly contributes to a faster readout in excess antibody. See Appendix 3.7 
“LUMABS sensor in equal target-sensor concentrations’ for the lower target concentration 
detection of 1:1 antibody to sensor ratio”. 

 

3.4 Conclusions 

Our results show that magnetic particle actuation, and in particular the Magnetic 
Particle Swarming (MPS), has great potential for inducing strong fluid velocities and 
enhanced mixing in microfluidic reaction chambers. This potentially enhances the operation 
for applications where sample homogeneity is required in micro reaction chambers with 
initially stagnant fluids. Indeed, we observed that magnetic particle mixing substantially 
accelerates a bioluminescent point of care assay for the detection of antibodies. For the assay 
used, however, the enhanced mixing by MPS only gave a minute additional effect over 
conventional magnetic bead mixing. How essential MPS is for achieving fast antibody 
detection, depends on more factors such as the details of the biochemical reaction kinetics 
involved as well as reagent concentrations. It will be interesting to study these effects in 
future studies. Overall, magnetic particle swarming offers a general tool to overcome slow 
diffusion-based mixtures by introducing a straightforward technique to induce global mixing. 

An out-of-plane configuration like the one discussed herein, could hinder optical 
visualization. An in-plane magnetic field would potentially improve (visual) detection of any 
process occurring in the chamber, which is a requirement for point of care devices. 
Therefore, the analysis of magnetic bead behavior, fluid kinetics and mixing efficiency in an 
in-plane rotating magnetic field would be interesting. 
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3.7 Appendix 

Experimental method for the mixing efficiency 

For this mixing evolution method, a clear interface between two solutions with 
different colors (fluorescent and non-fluorescent, which can be translated into black and 
white images) is needed. In the magnetic bead mixing experiments, a solution of the 
superparamagnetic beads in DI water (6000 beads/ µL) is first used to fill the chamber. Next, 
a 1 µL of a more viscous solution consisting of a high seed of fluorescent particles in 75% 
glycerol (99% purity, Sigma Life Sciences, USA), is injected into the chamber manually 
through pipetting. In the fluorescence mode (Leica DM4000M, Germany) the two separated 
fluids can be visualized over time.  

Due to the manual insertion of the fluorescent particles, the initial conditions of the 
experiment widely differed so it was impossible to directly compare the mixing development. 
To reach a similar initial state, a waiting time was introduced (approximately 11 minutes) 
before the actual mixing experiment was started. Figure 3.12 shows the typical time-
dependency of fluorescent particle redistribution with time after the initial injection. This 
clear interface becomes our initial waiting time for all experiments.  

This procedure benefitted two purposes. First, the initial state is reproducible, thus 
experiments can be compared between them and second, during the no mixing state 
(control/ diffusion) and influences due to the initial pressure applied from the pipette when 
injecting the solution were offset.  

 

 
Figure 3.12: The relative mixing index in waiting time and lack thereof for the initial state 

 
Magnetic bead behavior accounting for setup limitations 

As seen in the Appendix “Limitations of the electromagnetic setup” of Chapter 2 the 
octopolar electromagnetic setup has some limitations on achieving specific frequencies at 
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relatively high magnetic field strengths (25 mT) without overheating. Thus, we only focused 
on the field strength and frequencies that were able to be achieved with the setup. The sine 
wave produced by the devices is similarly seen in all the chosen frequencies and strengths. 
Thus Figure 3.6 accommodating for the produced sine waves and the various observations 
on overall collective magnetic bed behavior becomes as Figure 3.13.  

 

 
Figure 3.13: Magnetic bead behavior dependencies on flux densities and frequencies. The produced 
sine waves are also added. 

 
LUMABS sensor in equal target-sensor concentrations 

While in ratios of excess target (antibody) over the sensor (LUMABS) differences 
between the increased kinetics and the absence thereof are very clear, conclusions cannot 
be easily drawn for the 1:1 ratio of LUMABS-antibody (Figure 3.14 quantified from Movies 
3.50-3.55). 
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Figure 3.14: Effect of an out-of-plane magnetic field on low target concentrations for the LUMABS. 
Qualitative videos of the experimental results are seen in Movies 3.50-3.55. 
 

To justify such results, one must consider the working principle of the LUMABS sensor. 
For the LUMABS to operate two substances need to come in contact, the protein sensor and 
the substrate which is the fuel for the sensor. The binding of the two substances forms the 
whole LUMABS and emits in green (peak at 517 nm). When the LUMABS binds to the 
antibody it emits in blue (peak at 460 nm), the ratio of the two intensities becomes the 
quantification of the antibody in the sample. In the scenario where the sensor is in excess 
form the background noise of green hinders the readout of blue as it dominates. When 
higher fluid motion is introduced to the system the fuel is constantly refreshed thus all the 
sensor is bound and the green is even stronger hindering the readout even more.   

Figure 3.15 shows the LUMABS used herein as measured in a plate reader, which is 
the typical instrument to test the sensor 
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Figure 3.15: Luminescent intensity of the LUMABS used in this work. Plot provided by Eva van Aalen. 
 

. It can be seen that the sensor responds well to the addition of the antibody (CTX). 
For the experiment in Figure 3.15 the sensor is mixed with the substrate via pipetting and 
left for about 20 minutes to ensure that the system is at equilibrium. Therefore, an initial 
doubt on whether the sensor is not yet at its saturated state is formed. However, provided 
that the sensor gives a moderate ratio change of max 60% (the affinity of the CTX-LUMABS-
2 is 55 ±3 nM) and even in the best case the ratio changes from 1.0 to max ~0.6 is seen with 
plate reader readout systems. This is also what is seen through our experiments of the sensor 
deposited in the microfluidic chip, therefore the results are comparable. 

 

Control experiments on the LUMABS 

Control experiments where no antibody is added are conducted to ensure the efficacy 
of the sensor but also to establish a cause and effect relationship. It could happen that both 
blue and green intensities decrease over time, which might be due to the substrate turnover 
over or the deactivation of the luciferase, or the change of other conditions. That is why this 
ratiometric sensor is developed and the green/blue ratio as the sensor output is utilized. In 
principle, the green/blue ratio should remain stable without antibody and decreases with 
antibody. However, this was not seen in all the cases (Figure 3.16). In particular, the no mixing 
state and the mixing at 15 mT also showed decrease over time, whilst the mixing at 35 mT is 
more stable. Unfortunately, the reason for this is not yet known. 
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Figure 3.16: Control experiments of the LUMABS where no antibody is added. 
 

 

 



 

4. Rotating microbead clusters, static magnetic 
mushrooms, and geometry 

 
 
Abstract: Applying an out-of-plane rotating magnetic field can induce global swarming of 
magnetic microbeads in a rectangular microfluidic chamber, leading to chaotic fluid flow and 
effective mixing. Although mixing is greatly enhanced in such systems, the disadvantage is 
the complex setup that includes vertically positioned electromagnets. Here, we present the 
use of an in-plane rotating magnetic field to induce magnetic bead mixing in a circular 
microfluidic chamber that allows better access with (optical) readout. We analyze the 
magnetic bead dynamics; the induced fluid profiles and we quantify the mixing performance 
of the system. The rotating field causes the combination of (1) a global rotating flow counter 
to the external field rotation induced by magnetic particles moving along the chamber side 
wall, with (2) local flow perturbations induced by rotating magnetic bead clusters in the 
central area of the chamber, rotating in the same direction as the external field. This 
combination leads to efficient mixing performance within 2 minutes of actuated magnetic 
field. To enhance the effect, we integrate magnetic mushroom-shaped features around the 
circumference of the chamber to generate significant higher global fluid velocities compared 
with the no-mushroom configuration, but in less efficient mixing due to the absence of the 
central rotating bead clusters. To validate and understand the experimental results, we carry 
out numerical simulations of induced fluid profiles in both cases and their corresponding 
mixing indices are retrieved, confirming the experimental findings. Finally, we simulate the 
additional effect of integrating geometrical structures in the microfluidic chamber floor with 
integrated mushrooms which further improved mixing. 

 
This chapter is largely based on: ‘Magnetic microfluidic mixing: rotating microbead clusters, 
static magnetic mushrooms, and geometry.’, E. S. Shanko, O. van Buul, Y. Wang, Y. van de 
Burgt, P. Anderson and J.M.J. den Toonder, in peer review. 
 

 

4.1 Introduction 

In the previous chapter, we have shown that applying an out-of-plane rotating 
magnetic field can induce global swarming of magnetic microbeads in a circular microfluidic 
chamber, leading to chaotic fluid flow and effective mixing1. We found that under certain 
conditions, increased fluid kinetics due to the motion of the magnetic beads contribute to 
faster and more efficient immunoassay sensing. However, an out-of-plane configuration 
could hinder optical visualization. An in-plane magnetic field would improve (visual) 
detection of any process occurring in the chamber, which is a requirement for point of care 
devices. Therefore, in this chapter we use an in-plane rotating magnetic field and quantify 
the induced mixing efficiency.  
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To potentially enhance the mixing in a circular micro reaction chamber we add static 
and magnetically embossed mushrooms which we integrate in a circular array outside and 
surrounding the chamber2. These mushrooms generate time-dependent localized gradients 
which result in controlled bead transportation inside the chamber, and we assess their 
additive mixing potential. Finally, we carry out numerical simulations to examine how to 
absorb the best of two worlds, the passive and the active means of mixing, by combining 
magnetic beads in the presence of mushrooms, with the passive being additional geometrical 
structures placed atop.  

 

4.2 Materials and Methods 

Working principles of magnetic beads and mushrooms 

An extensive analysis on the working mechanisms of magnetic beads has been 
provided in Chapter 2, but a brief explanation is also included here. In the absence of a 
magnetic field, the beads do not interact magnetically. When such superparamagnetic beads 
are subject to a magnetic field 𝐻𝐻��⃗  with flux density 𝐵𝐵�⃗ , the nanomagnetic dipoles align to the 
magnetic field lines. Dipolar interactions between beads align them into structures such as 
chains or clusters. Should the magnetic field become rotational, these structures start 
rotating as well due to a magnetic torque 𝜏𝜏mag (Eq. (5)) which scales with the square of the 
flux density (magnitude 𝐵𝐵�⃗ 2). This is the mechanism behind chain and cluster rotation and 
consequent local mixing. 

Since the chain structures are in a liquid, their rotation is counteracted by a viscous 
drag torque 𝜏𝜏drag (Eq. (7)). The ratio of viscous drag to the acting magnetic torque is the 
Mason number, defined as 𝑀𝑀𝑀𝑀 3 (Eq. (14)). If 𝑀𝑀𝑀𝑀 is small, magnetic effects are dominant and 
the chains or the clusters are stable. For large 𝑀𝑀𝑀𝑀, viscous drag is dominant, and chains and 
clusters break up more easily. In high volume fractions, the clusters coagulate to form disk 
like structures4. In addition to responding to the magnetic torque resulting in rotation, 
magnetic beads are drawn towards higher magnetic fields resulting in translation due to the 
magnetic force which depends on the gradient of the magnetic field as �⃗�𝐹mag. (Eq. (3)) 
Therefore, the magnetic force always transports a particle in a gradient. In turn, this causes 
a counteracting hydrodynamic drag force �⃗�𝐹hydro.(Eq. (4)). The combination of all forces and 
torques leads to a combinational rotational and translational motion of the structures. 

The situation in our experiments is shown in Figure 4.1, schematically depicting our 
circular microfluidic chamber in top view. If an external in-plane rotating field is applied, the 
magnetic beads form chains and clusters which start rotating. 
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Figure 4.1: Schematic of the working principle of mushrooms in a circular array around the chamber 
circumference of a microfluidic chip, and when applying an in-plane clockwise rotating external 
magnetic field.   
 

Since the applied field has a small magnetic gradient directed radially outward, 
the beads experience a small gradient force that drives them to the chamber 
periphery in the end. When adding the passive magnetic mushrooms around the 
circumference of the chamber, a local magnetic field is induced which contributes to 
a fast translational bead motion. There are at least two major effects: (1) the 
mushrooms cause a general gradient, directed radially outward,  that leads to 
attraction towards the  outer chamber side wall; (2) the conveyor belt effect described 
by [2]: for particles close to the wall, the local time-dependent field results in forces 
and torques that lead to rotation, which effectively transports the particles along the 
wall. Detailed theory on the mushrooms has been provided elsewhere2 but the 
mechanism is also depicted in the schematic of Figure 4.1. Note that the beads move 
around the chamber circumference opposite to the rotation direction of the magnetic 
field, i.e. counterclockwise versus clockwise. 

 

Experimental setup and microfluidic chip 

The octopolar electromagnetic setup is used5 for the external manipulation of 
the superparamagnetic beads. To facilitate magnetic mixing with a more 
straightforward and easy access design setup, in this work, we demonstrate the use 
of only in-plane electromagnets (P5-P8 in Figure 4.2a). The setup is next placed under 
the microscope with the sCMOS camera. The fabricated chips are positioned at the 
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center of the octopolar setup (Figure 4.2b). For these experiments an in-plane 
rotational magnetic field of 30 Hz and 35 mT is applied to the horizontal set of 
electromagnets for 2 minutes. 

 

 
Figure 4.2: The setup and the chips featuring mushrooms. a) A schematic of the octopolar 
electromagnetic setup; only the poles in the horizontal in-plane configuration (green, P5 – P8) are 
activated in this work. b) The fabricated microfluidic chamber placed in the octopole with additional 
mushrooms in a circular array around the circumference. 
 

Based on the geometrical parameter analysis performed in Chapter 2. And 
accommodating for physical limitations on the available space in the electromagnetic 
setup and the fabrication limitations, the mushroom dimensions chosen are shown in 
Figure 4.2.c. A circular array of 10 mushrooms is placed 300 µm away from the chamber edge 
(defining the wall thickness). Each mushroom stem is 3.3 mm long (stem length), and 400 
µm wide (stem width), and has a head diameter of 630 µm (mushroom head/ umbrella). 

 

Fabrication of our mushrooms 

Out of cleanroom facilities are employed utilizing laser cutting techniques and 
molding. Figure 4.3 schematically depicts the fabricated devices. More specifically, a 
250 µm thick Poly(methyl methacrylate) (PMMA) sheet with a chamber diameter of 3 
mm and additional mushroom like structures around the circumference are cut using 
a CO2 laser (Laser 2000, BOFA international, Germany) followed by filling the empty 
mushroom structures with a paste consisting of carbonyl iron powder (CIP, 99.5%, 
Sigma Aldrich) mixed in a photo-active glue (Norland optical adhesive 81, USA) and 
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solidifying under UV (UVL-56 Handheld, Upland, USA) overnight for the curing of the 
mixture.  

Hence, the mushrooms have a uniform thickness of 250 µm. Last, a 250 µm 
thick PMMA sheet with a cut chamber is added on top; the resulting chamber height 
is 500 µm, of which the bottom half has the mushrooms around the circumference. 
In parallel, another 500 µm thick PMMA sheet is also cut with a circle of diameter 3 
mm which is taped to the 3 mm thick bottom plain holder, forming the simple no-
mushroom chamber. After the solutions are injected in the microfluidic chamber (see 
below), the fluid cell is covered with a glass slide of diameter 8 mm and thickness 170 
µm. The last step ensures a closed system. 

 
Figure 4.3: Schematic of the exploded view of the two cases. a) the simple no mushrooms chips and b) 
present mushrooms and chosen dimensions, along with fabrication materials and PMMA sheet 
thicknesses (th). The chamber diameter is 3 mm. 
 

Experimental methods 

The induced magnetic bead dynamics, generated fluid velocities and mixing 
performances, are studied in both the simple circular chamber as well as the 
mushroom chamber for comparison. For the visualization of the dynamics of magnetic 
beads, the solution of the superparamagnetic beads diluted in DI water (concentration 
of 6000 beads/ µL) is manually injected into the chamber which is subsequently 
covered by the glass slide. We next employ bright field microscopy and apply the in-
plane rotating magnetic field at 35 mT, 30 Hz for 2 minutes. 

The visualization of the induced fluid velocities and fluid profiles due to the 
magnetic bead movement, is achieved with Particle Imaging Velocimetry (PIV) (DaVis 
8.4, LaVision, Germany). For this, a mixture of magnetic beads (concentration of 6000 
beads µL-1) and a high seed of passive fluorescent fluid tracers (Ø = 2.0 µm, green 
fluorescent polymer microspheres, Fluoro-Max, USA) is injected in the chamber. The 
PIV measurement lasts for approximately 5 seconds after the 2 minute protocol. To 
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better visualize the fluid motion across the whole height of the chamber, two focal 
planes are used, namely (1) a focal plane of depth of field of 90 µm focusing near the 
bottom of the chamber (at chamber height 45 µm from the bottom) and (2) the same 
plane shifted approximately 300 µm higher to visualize a higher plane of the chamber 
(at chamber height 345 µm from the bottom). 

For the quantification of the mixing, the Mixing Index (MI) based on the method 
of intensity of segregation is used as described in Chapter 2.  

 

Numerical simulations 

To validate our experimental results of velocity fields and mixing performance, 
we perform numerical simulations. The numerical simulations are done in 
StarCCM+6,7. In the simulations, the magnetic beads, their resulting motion and the 
hydrodynamic interactions at play are not explicitly simulated since this would lead to 
unfeasible computation times and capacity. Rather, the effect of the motion of the 
magnetic particles   on the fluid flow is accounted for by introducing boundary 
conditions at the chamber side wall, and internally in the chamber to represent the 
effect of magnetic bead clusters in the central region. For both the mushroom and no-
mushroom situations, the outside wall boundary conditions are a tangential velocity 
that decreases linearly from bottom to top of the chamber with values obtained from 
our experimental outcome. This boundary condition accounts for the effect of 
magnetic particles transported along the sidewall. For both situations, different 
velocities are used, in accordance with the experiments (see the results section). The 
top and bottom walls are assigned no-slip conditions. Clusters of magnetic particles 
rotating in the central region of the chamber (which happens in the no-mushroom 
situation), are modeled as rotating disks. MatLab generates 20 random positions of Ø 
= 150 µm and 20 µm thick disks that are next used in a SiemensNX CAD-system to 
position the islands accordingly. The positions are random only in-plane, but at a 
chamber height of 50 µm, as observed from the experiments. Each disk face is 
assigned a unique name necessary for StarCCM+ to assign a local rotation rate of 31.4 
rad/s together with the axis of the position coordinates. The chosen rotation rate 
corresponds to the actual experimental rotational frequency - it is noted that though 
the frequency of the experimentally applied magnetic field is 30 Hz, while the 
measured magnetic bead cluster frequency is 6 times slower at 5 Hz. The information 
on the rotation and the fixed position of the clusters used as an input in this numerical 
analysis are values retrieved from the experiments. The time-step used is 0.04 s, and 
the mesh-size is 20 μm. Diffusion occurs through numerical diffusion because the 
passive scalar is defined as Convection Only. The effective numerical diffusion 
constant is calculated to be 1.2 10-9 m2s-1. 
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4.3 Results and discussion  

Magnetic bead dynamics 

The magnetic bead dynamics in both the simple and the mushroom chamber 
are shown in Figure 4.4. Initially, the magnetic beads are homogeneously distributed 
over the chamber floor. In the presence of a magnetic field the magnetic beads start 
forming various structures (as seen in Figure 4.4 and Movies 4.1 and 4.2).  

 

 

                                                               
Figure 4.4: (No mushrooms) and presence thereof (Mushrooms) A sequence of images at various times 
is obtained in a 2 minute magnetic actuation protocol at 35 mT and 30Hz. Scale bars are 250 µm. QR 
codes corresponding to the videos. Left: No mushroom case. Right: mushroom case. 
 

Magnetic bead dynamics in the microscale: The Mason number will predict the 
behavior of the bead clusters/ chains within the fluid. For us, the dimensionless 
magnetic susceptibility of our magnetic beads is measured to be 0.043 (Chapter 2 
Figure 2.2). The Mason number is calculated at 0.72 for the no mushroom case at 35 
mT and at an angular velocity of 188.5 rad s-1 (30 Hz). On the other hand, the Mason 
number for the mushroom case is found at 1.19 at 45 mT in the center of the chamber, 
a value significantly higher. Viscous drag is therefore more prominent in the 
mushroom case, as the mushrooms generate higher magnetic field strengths. Figure 
4.5 (and Movies 4.3 and 4.4) show a zoomed-in image illustrating the structure of the 
magnetic bead chains and clusters in the two cases. The higher Mason number (i.e. 
more prominent viscous drag) in the mushroom case results in more loose and less 
spherical structures than for the no-mushroom case, as expected. 
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Figure 4.5: Magnetic bead microdynamics in the absence of mushrooms (simple chamber, left) and 
their presence (mushrooms chamber, right) at 20 seconds into magnetic actuation, measured 1.5 mm 
from the wall (center of the chamber). The differences in magnetic cluster structure between the two 
configurations are obvious. In the simple chamber the structures are more “spherical” and isotropic 
like whilst in the mushroom chamber, more loose structures are seen. Magnetic actuation protocol at 
35 mT and 30 Hz. QR codes corresponding to the videos. Left: No mushroom case. Right: mushroom 
case. 
 

Overall magnetic bead dynamics: As shown in Figure 4.4, the no-mushroom case 
generates large, initially mostly non isotropic but later isotropic, rotating structures 
that are slowly moving towards the circumference of the chamber following the 
gradients induced by the applied magnetic field (t = 12 s). At some point in time, this 
leads to a collective motion of magnetic beads moving along the chamber 
circumference combined with rotating cluster structures in the center of the area (t = 
25 s). Over time, the latter merge to form larger rotational structures moving outward. 
At approximately two minutes an agglomerate of magnetic beads is rotating along the 
whole circumference (t = 120 s) outside the focal plane of the chamber floor. On the 
other hand, the magnetic structures (chains/ clusters) in the presence of the 
mushrooms are not only smaller but also are dispersed throughout the lateral plane, 
and the particles are attracted more quickly to the chamber circumference due to the 
additional gradient generated by the mushrooms. Quickly therefore, a global 
collective rotational motion of magnetic beads is noticed to rotate along the whole 
chamber circumference.  

Direction of the rotating structures: From QR codes in Figure 4.5 it can be seen 
that magnetic bead chains and clusters are not only rotating as a whole but there are 
also beads rotating along the exterior of the whole cluster in both cases. The rotational 
motion of the clusters follows the direction of the applied magnetic field 
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(counterclockwise), being caused by the magnetic torque 𝜏𝜏mag. In addition, the cluster 
structures are moving towards the circumference of the chamber exhibiting a 
translational motion due to the gradient magnetic force �⃗�𝐹mag. Upon hitting the outer 
wall, the structures break down and form a band of beads “pacing” along the 
periphery but this time in the opposite direction (clockwise). This phenomenon, 
though observed in both cases, occurs at different timescales.  

The process of magnetic bead dynamics is accelerated in the presence of 
mushrooms and smaller clusters are being formed with weaker dipolar interactions. 
Nonetheless, the main differences are noticed within the first 2 minutes of magnetic 
field actuation. Exceeding the 2 minutes, all the magnetic bead structures have broken 
down on the side walls. After the initial 2 minute protocol, a big cluster of beads 
rotating along the circumference in the no-mushroom case was noted. 

  

Fluid motion dynamics at the two focal planes 

The chamber is divided into two focal planes both with a depth of field of 90 
µm. This separation aids to the better visualization of the volumetric motion of the 
fluid and subsequently the understanding of the effect of the presence of the 
mushrooms. The differences between the two states are qualitatively seen in Movies 
4.5, 4.7, 4.9 and 4.11 and quantitatively shown in Movies 4.6, 4.8, 4.10 and 4.12. The 
results are summarized in Figure 4.6.  

Fluid profile: The rotating structures in the no-mushroom state generate (1) 
fluid perturbations mainly in the central area of the chamber and close to the floor 
and (2) a circulatory flow across the whole circumference. At the top plane, a rotating 
collective motion of an agglomeration of magnetic beads is shown to induce a flow 
almost along the whole chamber. On the other hand, the fluid profile generated by 
the magnetic bead motion due to the local gradients from the mushrooms induces a 
stable profile of global circulatory flow. This fluid profile of global circulatory flow is 
shared between the two planes with almost no difference noticed, in a qualitative 
sense. 

Fluid velocities: Significant differences between the two cases are noted. In the 
absence of mushrooms, the global flow around the chamber circumference has a 
maximum fluid velocity of 𝜌𝜌max = 350 µm/s in the bottom plane and  𝜌𝜌min =
175 µm/s, in the top plane. The mushrooms induce significantly higher fluid 
velocities:  𝜌𝜌max = 800 µm/s in the bottom plane and  𝜌𝜌min = 550 µm/s in the top 
plane with a velocity gradient across the lateral dimension in a band approximately 
700 µm far from the wall, leaving the central area possibly unmixed. 
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Figure 4.6: PIV results of the fluid profile and velocities in the simple circular chamber (No-mushroom) 
and in the mushroom chamber (Mushrooms). The chamber is divided into two focal planes with a 90 
µm field of view; one plane is focused near the floor of the chamber at chamber height = 45 µm (images 
on the left) and the other plane in the top part at chamber height = 335 µm (images on the right). Scale 
bar is 250 µm.  

 

Simulations of the fluid flow 

To validate our experimental results, we performed numerical simulations of 
the 3D fluid flow in the two cases: the no-mushroom and the mushroom chambers. 
The clockwise global rotational circulatory flow in both situations was simulated by 
imposing a linear velocity profile on the outer chamber wall as a maxima in the bottom 
and minima at the top (no mushroom: 𝜌𝜌max = 350 µm/s and  𝜌𝜌min = 175 µm/s, 
mushroom:  𝜌𝜌max = 800 µm/s and  𝜌𝜌min = 550 µm/s in accordance with the 
measured velocities (Figure 4.7 inserts).  
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Figure 4.7: Simulated fluid profiles in two different states in a plane at 40 µm height in the chamber. a) 
Fluid streamlines generated in the case of absence of mushrooms where magnetic bead clusters are 
rotating in place. Their angular velocity is 31.4 rad s-1 and their size is regarded as 150 µm diameter and 
20 µm thickness. 20 random clusters are placed in the chamber and a counter directional global flow 
along the circumference is simulated with a gradient velocity ranging from 350 µm s-1 on the bottom 
plane to 175 µm s-1 on the top. b) Streamlines generated in the presence of mushrooms. The global 
flow is simulated with a gradient ranging from 800 µm s-1 on the bottom plane to 550 µm s-1 on the top 
plane. 

 
The no-mushroom simulation showcases 20 randomly allocated clusters which 

are islands of 150 µm diameter and 20 µm height. These dimensions correspond to 
fifteen magnetics beads forming an isotropic-like unit and two magnetic bead heights 
rotating in a counterclockwise manner at an angular velocity of 31.4 rad s-1 (Figure 4.7.) 
and elevated 40 µm from the floor of the simulated microfluidic chamber (Ø = 3 mm). 
The resulting fluid profile is similar to the profile obtained with the PIV analysis (Figure 
4.6 – left column). 
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Mixing index quantification for the two planes 

The mixing index is assessed in two planes to obtain insight into the volumetric 
mixing effect of the different experimental sets. Interestingly, the results in the two 
focal planes did not bare major differences, with the mixing from the mushroom case 
being more prone to the volumetric disparities within the reaction chamber. Both 
cases are compared to a state where no magnetic actuation is induced (i.e. mixing 
happens primarily through diffusion). 

Figure 4.8 and Figure 4.9 illustrate the mixing index quantified experimentally 
(Figure 4.8) and numerically (Figure 4.9) and clearly shows that efficient mixing is best 
achieved in the no-mushroom case. The qualitative Movies 4.13-4.18 of the mixing 
evolution over time are found in the end of this thesis.    

The mixing performance in the no-mushroom case is most likely due to the 
introduction of local fluid perturbations by the local magnetic cluster rotation in the 
center of the chamber (leading to local mixing). Furthermore, the translational motion 
of the clusters towards the outer wall adds to the mixing potential with the resulting 
counter directional global circulatory magnetic bead motion contributing to mixing 
even more (global mixing).  

The presence of the mushrooms seems to have a negative effect on the mixing. 
Even though the induced velocities are higher due to the additional local magnetic 
gradients caused by the mushrooms as we have seen in the previous section, their 
sheer presence eliminates any fluid perturbations in the chamber central area since 
the rotating bead clusters in the central chamber area are less prominent.  
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Figure 4.8: Experimental results of the mixing performance as a function of time in a 2-minute rotational 
magnetic actuation protocol. The relative mixing index results are shown for both the focal planes (near 
the bottom floor and near the top of the chamber). It is evident that the rotating micro stirring 
structures present especially in the no-mushroom chamber, have a positive influence on the mixing 
performance of the system, whereas the presence of mushrooms decreases the mixing.  
 

The numerical diffusion of the simulation provides the numerical mixing index, 
as shown in Figure 4.9 (and Movies 4.19 and 4.20). The numerical diffusion is 
determined with a 3D version of the 2D method of Bailey8 as 1.2 · 10-9 m2s-1 for the 
used time-step and mesh-size. This is approximately 5000 larger than the diffusion 
calculated using the Stoke-Einstein equation9 for the passive fluorescent fluid tracers 
used in the mixing experiments. This explains the quantitative difference between the 
simulated and the experimentally obtained mixing index. Nevertheless, the pattern 
and the qualitative behavior are comparable, with the no-mushroom case generating 
superior mixing efficiency in comparison to the mushrooms. 

 

 
Figure 4.9: Simulated mixing performance as a function of time in a 2-minute simulation. The simulation 
is also based on the intensity of segregation method. The evolution of mixing over time is also visualized 
at different time points (t = 0 s, t = 10 s, t = 20 s, t = 50 s, t = 90 s and t = 120 s).  
 

The mushrooms, although inducing high fluid velocities, suffer from the 
absence of flow perturbations in the central area of the chamber thus leaving the 
system partially unmixed. Given that the presence of the rotating micro islands 
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perturbs the fluid in the central area in combination to the peripheral counter 
directional global fluid motion, they make an ideal candidate for mixing.  
 

The best of both worlds 

The mushrooms have proven to be efficient in inducing high velocity fields in 
the chamber in comparison to the simple no-mushroom chamber, but they do not 
necessarily generate high mixing efficiencies due to the homogeneous fluid profile. 
Adding geometrical features inside the chamber to introduce flow perturbations, i.e. 
adding passive mixing features, may help to enhance mixing by combining the best of 
two worlds: active and passive mixing. We have carried out preliminary numerical 
simulations to explore this potentially synergetic effect. 

Four rectangularly shaped passive structures of length 440 µm, height 421 µm 
and width 80 µm are added on the “ceiling” of the microfluidic chamber at a distance 
of 80 µm from the side walls (Figure 4.10a insert).  

As can be seen in Figure 4.10a (and Movie 4.21), these simple structures perturb 
the global fluid flow around the circumference of the micro reaction chamber and the 
streamlines depict the additional flow structures towards the central area of the 
chamber. However, it is noticed that the center is not mixed. The added geometry 
does play a role in achieving better mixing efficiencies (Figure 4.10b). These simple 
structures will do the trick and improve the mixing performance by 18% (Simulated 
MIgeometry = 0.25 and MImushrooms = 0.43 accordingly after 2 minutes simulation 
time).  

We anticipate that optimized passive geometries can significantly increase the 
mixing efficiency of the system further, while also taking advantage of the high fluid 
velocities induced by the movement of magnetic beads in the presence of mushrooms 
in a microfluidic chamber with a stagnant fluid. 
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Figure 4.10: The synergetic effect of the active mixing induced by magnetic beads in the presence of 
mushrooms combined with the passive mixing by added obstacles in the fluid path. a) Fluid streamlines 
generated in the case of the mushrooms with additional passive rectangular structures at a distance of 
80 µm from the wall and the indicated dimensions. These structures are added to perturb the flow and 
possibly mix the central area of the chamber for higher mixing efficiency. b) Simulated mixing 
performance of the system during a 2 minute simulation. The mixing evolution over time is also 
visualized at different time points (t = 0 s, t = 10 s, t = 20 s, t = 50 s, t = 90 s and t = 120 s). 
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4.4 Conclusions 

In this chapter we applied an in-plane rotating magnetic field to a simple 
cylindrical micro reaction chamber and we studied the induced dynamics of magnetic 
beads present in the chamber, as well as the generated fluid flow and the mixing 
performance of the system. Building on previous work 2 we next explored the effect 
on these phenomena of the addition of a circular array of soft magnetic mushroom-
like microstructures integrated in the device around the chamber. The induced fluid 
profiles and mixing efficiencies were assessed both experimentally and numerically.  

In the simple chamber, the rotating field was found to cause the combination 
of (1) a global rotating flow counter to the external field rotation induced by magnetic 
particles moving along the chamber side wall, with (2) local flow perturbations 
induced by rotating magnetic bead clusters in the central area of the chamber, 
rotating in the same direction as the external field. This combination led to efficient 
mixing performance. Adding the mushrooms resulted in local gradients that were 
found to accelerate the magnetic bead and fluid motion compared to the simple 
chamber. However, the mixing performance was found poorer than for the simple 
chamber, since the magnetic beads rotated only along the periphery of the chamber 
leaving the central area of the chamber unmixed. These findings were confirmed by 
our numerical study. 

To enhance the mixing induced by the mushrooms while still take advantage of 
the induced high fluid velocities we added passive mixing structures on the chamber 
floor (as simple obstacles in the fluid path) in a numerical study. The structures were 
found to create supplementary vortices that caused fluid perturbations throughout 
the chamber, resulting in substantially better mixing. We anticipate that optimization 
of the passive mixing geometries will further increase the mixing efficiency of the 
system. 

Taken together, an in-plane rotating magnetic field can generate high magnetic 
bead mixing efficiencies in a cylindrical microchamber with an initially stagnant fluid, 
making it an ideal candidate for realizing fast point of care devices. The addition of 
both passive magnetic mushrooms and passive mixing geometries can lead to both 
high fluid velocities and enhanced mixing. 
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4.6 Contributions 

This is a continuation of the work of Stijn van Pelt. Jaap den Toonder conceived and 
supervised the research. Eriola Sophia Shanko did the Comsol simulations, performed all the 
experimental work, and covered the data analysis for the experiments. Olaf van Buul 
performed the numerical analysis. The suggestions on work outlook were discussed with 
Yoeri van de Burgt, Ye Wang, Patrick Anderson and Jaap den Toonder.  
 

4.7 Appendix 

Experimental method for the mixing efficiency 

For this mixing evolution method, a clear interface between two solutions with 
different colours (fluorescent and non-fluorescent, which can be translated into black and 
white images) is needed. In the magnetic bead mixing experiments, a solution of the 
superparamagnetic beads in DI water (6000 beads/ µL) is first used to fill the chamber. Next, 
a 0.5 µL of a more viscous solution consisting of a high seed of fluorescent particles in 75% 
glycerol (99% purity, Sigma Life Sciences, USA), is injected into the chamber manually 
through pipetting. In the fluorescence mode (Leica DM4000M, Germany) the two separated 
fluids can be visualized over time.  

Due to the manual insertion of the fluorescent particles, the initial conditions of the 
experiment widely differed so it was impossible to directly compare the mixing development. 
To reach a similar initial state, a waiting time was introduced (approximately 15 minutes) 
before the actual mixing experiment was started. Figure 4.11 shows the typical time-
dependency of fluorescent particle redistribution with time after the initial injection. This 
clear interface becomes our initial waiting time for all experiments.  

This procedure benefits two purposes. First, the initial state is reproducible thus 
experiments can be compared with each other and second, influences due to the initial 
pressure applied from the pipette when injecting the solution are offset. 
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Figure 4.11: Effect of convection due to the manual pipetting of the viscous fluid with the fluorescent 
tracers and distribution of said solution in an almost 15 min experiment.  
 



 

5. Microflaps for mixing and sensing 
 

 
Abstract: In this chapter, we introduce an alternative method of mixing and sensing, 
namely by the magnetic actuation of micro fabricated elements integrated in a microfluidic 
chamber, which we call microflaps. The microflaps are made of a PDMS matrix with 
distributed embedded magnetic iron powder particles. In the presence of a magnetic field, 
the actuated microflaps induce flow of an initially stagnant liquid in a micro reaction 
chamber. Given that the mixing efficiency is in the scope of this thesis, we assess the mixing 
potential of a proof of concept microflap array attached to the floor of a micro reaction 
chamber. We observe that the microflaps do introduce improved mixing performance in 
comparison to a non-actuated state. However, still better mixing can very likely be achieved 
by optimizing certain parameters – for which we propose several scenarios. Finally, the 
microflaps have the potential to be used for (bio) sensing and we provide recommendations 
on how this can be achieved. 

 
This chapter is partly based on the MSc thesis of Thijs Verijdt under the supervision of E. S. 
Shanko and J. M. J. den Toonder.   

 
 
 

5.1 Introduction 

In the thesis thus far, we have utilized out-of-plane and in-plane rotational magnetic 
fields to actuate magnetic beads for microfluidic mixing.  We have shown that both these 
strategies can induce enhanced mixing in a micro reaction chamber, by triggering specific 
magnetic bead dynamics using controlled magnetic actuation protocols. In this chapter, a 
different magnetic actuation mechanism is employed, and distinct magnetic elements are 
fabricated.  

An array of microflaps is attached to the floor of a rectangular micro reaction chamber 
containing an initially stagnant fluid. Micromachined flaps are attractive because they may 
offer the possibility of integration of both microsensors and micro actuators in a single 
device. The actuation principle and fluid manipulation properties of our microflaps are similar 
to those of artificial cilia, micropillars attached to a surface that are inspired by biological 
cilia1. Magnetic artificial cilia made of a PDMS matrix with dispersed magnetic particles have 
been used to pump fluids2 or clean surfaces3 by actuation using an external magnetic field.  

The microflaps are designed and fabricated to exhibit magnetic response in the 
presence of a magnet. Opposed to the electromagnetic setup used in the previous chapters, 
here we use a permanent magnet that is attached to a physically rotating setup, which causes 
the magnet to pass underneath an array of microflaps at specific frequencies. The induced 
flap motion and the mixing potential are assessed.  Finally, recommendations on the 
continuation of the work are provided and benefits and limitations are discussed.  
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5.2 Materials and Methods 

Working principles of the microflaps 

A theoretical analysis of the working mechanisms of the microflaps has been provided 
in Chapter 2, but a brief explanation is also included here. Microscale magnetic flaps 
oscillating in a fluid experience forces due to the rotating magnetic field, flap elasticity, and 
the viscous fluid in which they are moving. When the flaps are subject to a magnetic field 𝐻𝐻��⃗  
with flux density 𝐵𝐵�⃗ , two magnetic effects lead to the deformation of a microflap: (a) the direct 
magnetic translational force �⃗�𝐹mag due to the magnetic gradient, given by Eq. (8) and (b) the 
magnetic torque 𝜏𝜏mag  which rotates the magnetic moment 𝑚𝑚��⃗ f towards the direction of the 
applied magnetic field, given by Eq. (9). The result is the bending of the microflaps, as 
indicated in Figure 5.1a. 

 

 
Figure 5.1: Left: Schematic of a single microflap indicating its motion. The flap dimensions are: L= 200 
µm, Th= 35 µm and W= 160 µm. Right: Schematic of top view of an array of microflaps in a rectangular 
chamber with size of 5 mm x 5 mm and 500 µm height. The arrow indicates the motion of the magnet 
underneath the flap array. Magnet size not to scale.  
 

Since the flaps are in a liquid, their deformation during motion is counteracted by 
hydrodynamic forces, given by Eq. (11). In addition, elasticity of the microflaps plays a role, 
as this counteracts the deformation introduced by magnetic forces. The combination of all 
forces and torques in time leads to a reciprocal and repetitive bending motion of the 
structures while fixed on the microfluidic floor: During the passing of a magnet underneath 
a microflap, it bends due to the magnetic forces to an extent that is also determined by its 
mechanical stiffness and by the viscous drag during its motion (Eq. (13)); we call this the 
actuation stroke. After the magnet has passed, the microflap goes back to its original upright 
shape by the release of the elastic energy stored in the flap; we call this the recovery stroke. 
This process repeats as the magnet moves underneath. 
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The actuation setup 

Two key ingredients are required for the conduct of experiments using the 
microflaps, one is a magnetic (actuation) setup and the other is the device with 
integrated microflaps. Studies on similar structures4 have shown that relatively large 
magnetic fields are required for the movement of such elements. The magnetic field 
strengths are typically larger than 100 mT, which precludes the use of our octopolar 
electromagnetic setup since the maximal generated magnetic field is 35 mT (see 
Chapter 2). The experiments are divided into two parts depending on the employed 
magnetic field: the static phase and the time dependent phase.  

The static phase: To visualize the flap deformation under a static magnetic field, 
permanent magnets of magnetic field strengths of 180 mT, 250 mT, 350 mT and 450 
mT, were used. Their magnetic field strengths were first measured with a magnetic 
probe. Each magnet at a time was approached to the flap array and was placed at a 
distance of 3 mm underneath the flaps (in the orientation of the cut line at the insert 
in Figure 5.2d). The flaps were attached on a stage and the magnet approached by 
hand (Figure 5.2a). The deformation of the flaps in various magnetic field strengths 
was calculated from obtained images with Image J (angle tool).  

The time dependent phase: For the experiments with time dependent magnetic 
field, the flaps were visualized from atop (Figure 5.2b) and to accommodate for the 
field strength needed, a dedicated setup was constructed (Figure 5.2c).  

 

 
Figure 5.2: Schematics and experimental setup for the microflap experiments. a) Schematic for the 
measurement of flap deformation under a static field, here the side view of the chamber is visualized. 
b) Schematic of the setup for the mixing evolution visualization and quantification. c) Top view of the 
adjusted magnetic stirrer with the permanent magnet. The magnet is in the center of the bold white 
circular shape. The chamber with the flaps is placed in the center of the depicted shape also. And the 
dashed white line corresponds to the rotational trajectory of the magnet. d) Comsol static magnetic 
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fields (mf) simulations of the used neodymium magnet (250 mT) and magnetic flux density change 
depending on the distance from the magnet in the cut line portrayed on the insert as a red dashed line; 
in the experiments, the magnet is placed 3 mm underneath the microflaps. And e) Comsol simulations 
of the induced magnetic field gradient at a distance of 3 mm far (underneath) from the microflaps; of 
the same arrangement as in d. 
 

A magnetic stirrer (Corning live sciences, PC-210) was customized to feature a 
permanent magnet (grade N45 Neodymium, 10 mm x 10 mm x 10 mm magnet with 
1.2 T remnant flux density) placed at the end of a rectangular shaped 5 mm thick 
PMMA bar. The permanent magnet is aligned to precisely pass underneath the 
chamber with the microflaps during rotation at a distance 3 mm from the flaps. 
Comsol simulations of the magnetic flux density at various distances from the magnet 
were performed to calculate the magnetic field strength and gradient. As seen in 
Figure 5.2d and e, at 3 mm from the permanent magnet, the flaps are sensing a 
maximum 250 mT field strength and maximum magnetic gradient of approximately 
45 kg/m · s2 ·A, which corresponds to 45 T/ m (45 mT/ mm).  

 

Fabrication of microflaps 

The fabrication of the magnetically actuated microflaps is similar to the process 
described in [2]. In brief, this involves conventional photolithography procedures of 
photoresist (SU-8) spinning, baking, UV exposure and development to make a 
micromold. Next, the microflaps are replicated from the micromold as shown in Figure 
5.3.  

 
Figure 5.3: PDMS replication for the fabrication of the microflaps. A layer of a mixture of PDMS with 
carbonyl iron powder is applied on the SU8 micromold made on the silicon wafer (1). The excess 
mixture is removed (2) and a fresh PDMS is applied on top (3). After curing the flexible PDMS is released 
from the SU8 mold (4) and placed inside a microfluidic chamber (5).  
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PDMS is chosen due to the material’s flexibility upon cross linking. A mixture of 
PDMS base (polydimethylsiloxane, Sylgard 184, Dow Corning) in a 10:1 ratio with 
PDMS curing agent (polydimethylsiloxane, Sylgard 184, Dow Corning) with added 
Carbonyl Iron Powder (CIP) (99.5%, Sigma Aldrich) in a 1:1 ratio, is prepared. The 
mixture is next applied to the micromold (Figure 5.3.1) and placed in a degassing 
chamber to remove air trapped in the cavities. The excess PDMS-CIP is carefully wiped 
off with cleanroom tissue (Figure 5.3.2). Fresh PDMS (same as aforementioned but 
without the CIP) is manually applied atop resulting to a thickness of approx. 370 µm 
and placed in the vacuum chamber again (Figure 5.3.3). Last, the fresh PDMS and the 
CIP mixture are cured at 65˚C for 3 hours and 15 minutes. Finally, the magnetic 
microflaps of 200 µm height are released from the mold (Figure 5.3.4). The microflaps 
have a final length, width and thickness of L = 200 µm, W = 160 µm, and Th = 35 µm, 
respectively. 

The microfluidic chamber is made from a 500 µm thick PMMA sheet of 40 mm 
x 40 mm in which a 5 mm x 5 mm square hole is cut with a CO2 laser (Laser 2000, BOFA 
international, Germany), which is glued on the PDMS-based microfluidic floor with a 
thin double-sided tape (Figure 5.3.5). To ensure an enclosed system, a glass slide of Ø 
= 8 mm and thickness of 170 µm is placed atop. 

 

Geometry and arrangement of the flaps 

As an initial proof of concept experiment with the microflaps, a rectangular 
array of 22 x 25 flaps is chosen. The geometry limitation is based on three aspects: (1) 
The used 4x magnification lens (plan NEO FLUAR, Leica, Germany) which has a field of 
view of approx. 5 mm; the chamber size assures that it can be completely visualized. 
(2) As many flaps as possible to fit the chamber with enough movement space 
between them (given their maximum possible bending angle) to induce most 
perturbations and/ or highest flows without the flaps directly touching each other. (3) 
Fabrication constraints - for example too thin and too high flaps would be challenging 
to fabricate with photolithography - and most flaps would break during release from 
the mold. Keeping these limitations in mind the chosen dimensions and flap 
arrangement are as follows. 

The arrangement of the flaps is inspired by the work of reference [5] on artificial 
cilia. Their arrangement in the lateral space is equally distributed, and so is ours. The 
result is an array of equally distributed flaps of 160 µm width, 35 µm thickness and 
200 µm height, as schematically shown in Figure 5.1b. Each flap is 200 µm far from 
their front neighbor and 50 µm from their side neighbour.       

 

Experimental details 

Microflap visualization: The induced microflap motion and mixing performance, 
are studied. For the visualization of the motion of the microflaps, DI water is manually 
injected into the chamber which is subsequently covered by the glass slide. We next 
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employ bright field microscopy and apply the magnetic field at 0.8 Hz (by rotation at 
50 rpm) and double at 1.6 Hz (100 rpm). For these experiments, a high-speed camera 
(Phantom v9.0, Vision Research, USA) is used to precisely capture the motion of the 
flaps at 1000 fps during the magnetic actuation (Figure 5.4). 

   

 
Figure 5.4: Setup for the visualization of the microflap movement under the magnetic field with the 
different components. A: The modified magnetic stirrer, B: the microflaps in the PMMA chamber, C: 
Stereo microscope, D: The high speed camera. 
 

Microflap mixing efficiency: For the mixing experiments, fluorescent images are 
obtained every 10 seconds using an sCMOS camera (DFC9000 GT, Leica, Germany). 
For the quantification of the mixing, the Mixing Index (MI) based on the method of 
intensity of segregation is used, explained in detail in Chapter 2. For this, we followed 
the same mixing method as in the Appendix of Chapter 3 ‘Experimental method for 
the mixing efficiency’. 

 

5.3 Results and discussion  

Microflap deformation  

The microflaps deflect in the presence of the magnetic field. As it can be seen, 
for increasing magnetic field, the microflaps are subjected to a larger torque and thus 
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have a larger deflection of angle 𝜃𝜃sf. The results of microflap bending experiments 
under a static magnetic field are shown in Figure 5.5 and quantified in Table 5.1.  

 
Figure 5.5: Pictures of microflaps bending under different static magnetic fields in air. The maximal 
deflection angle 𝜃𝜃sf is measured as a comparison of a tip in an initial perpendicular state to the tip 
deflection in the presence of the magnet. 
 

Two types of magnetic interactions between the magnetic properties of the 
flap and the applied magnetic field can cause the flap to deform: (1) if the applied 
magnetic field is non uniform, the flap will be attracted towards the positive magnetic 
gradient �⃗�𝐹mag (Eq. (8)) and (2) the magnetic torque 𝜏𝜏mag (Eq. (9)) rotates the magnetic 
moment 𝑚𝑚��⃗ f  towards the direction of the magnetic field. All magnetic interactions can 
be computed. 
 
Table 5.1: Measured maximal microflap angle deflection in air for the various magnetic field strengths 

Magnetic field 
strength (mT) 

Maximal angle 
deflection 𝜃𝜃sf (˚) 

180 6 
250 12 
350 18 
450 25.4 

 
In the dynamic actuation experiments, the magnet used generates a field of 

250 mT (see Fig. 5.2d), which causes a deflection of 12˚. To be able to compare the 
effect of the direct force with the torque, we recalculate the effect of 𝜏𝜏mag  in terms 
of the equivalent force acting on the flap’s tip 𝐹𝐹�⃗ torque  as given by Eq. (10) at a magnetic 
field strength of 250 mT. The length of the fabricated flap is L = 200 µm. The density 
of the carbonyl iron magnetic particles (CIP) embedded in the microflap is ρCIP= 8000 
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kg/m3.  The CIP particles are loaded at 50 wt% which is equivalent to 11 vol% thus the 
volume of the magnetic particles in a single microflap is 𝑉𝑉CIP= 1.73 · 10-13 m3. The 
magnetic susceptibility of the magnetic particles is 𝜒𝜒CIP = 0.4 [6] and the gradient is 
45 T/m as seen in Figure 2.6. For the initial magnetization we regard the remnant 
magnetization as seen in the insert of Figure 2.6 which is 𝑀𝑀���⃗ fo= 0.005 mT.  

Substituting these numbers into Eqs (8) and (10), we obtain the magnitude of 
the direct magnetic force as 𝐹𝐹�⃗mag = 6.19 ∙ 10−7N, and the force due to the magnetic 
torque is 𝐹𝐹�⃗ torque = 5.25 ·  10−6N. The latter is one order of magnitude larger, and 
therefore the microflap deformation due to the magnetic field is dominated by 
magnetic torque over the direct magnetic force. 

 
 

Microflap movement in a magnetic field and water 

The flap movement and the magnet motion underneath is shown in Figure 5.6 
at different stages during the actuation where the flaps are moving in air (image 
sequence obtained from Movie 5.1). It can be seen that the microflaps are instantly 
responding to the magnetic field changes. During the actuation stroke, the microflaps 
bend due to the magnetic torque and force, and during recovery they snap back due 
to release of elastic energy. 

 

 

 
Figure 5.6: Top: microflap motion at different stages during actuation at 1.6 Hz in air. Images obtained 
with the high speed camera at 1000 fps, and flaps are moving in air. The insert depicts the position of 
the magnet (grey square) relative to the microflaps. Time is in milliseconds, scale bar is 1 mm. Bottom: 
QR code corresponding to A zoomed in video of the microflap array motion in air at 1.6 Hz and 250 mT, 
(Image sequence from Movie 5.1). 
 

The microflap actuation experiments have also been done in water. As 
explained in Chapter 2, the hydrodynamic drag has an opposite direction to the 
microflap motion thus altering the deflection angle. A comparison between the 
movies in air and in water can be seen in Figure 5.7 (Movies 5.2 and 5.3). It is clear that 
the motion of the flaps in water is significantly diminished due to the counteracting 
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hydrodynamic drag. This is also seen in the mixing efficiency experiments, which will 
be discussed below. 

 

 

                                           
Figure 5.7: Hydrodynamic effect on the flap movement. Given that it is difficult to observe the 
differences in motion, a zoomed in image of the white squares (for one individual flap) are provided in 
Figure 5.8. Scale bar is 270 µm. QR codes corresponding to the videos. Left: The array of microflaps 
located in an open system in air at 0.8 Hz and 250 mT (Image sequence from Movie 5.2). Right: The 
array of microflaps placed in an open chamber in water at 0.8 Hz and 250 mT (Image sequence from 
Movie 5.3).  

 
To determine the deflection angle of the flaps we analyze the high speed 

images (Figure 5.8 from Movies 5.4 and 5.5). The maximal deflection angle of the flaps 
in water has been measured to be 11˚ which is slightly smaller in comparison to the 
12˚ angle measured in air. The corresponding maximum deflection can be 
approximated by the length of arc 𝑠𝑠 = 2𝜋𝜋𝜌𝜌(𝜃𝜃f 360⁄ ) where L = 200 µm and 𝜃𝜃f  is the 
maximum deflection angle, and we obtain maximum deflections of 42 µm and 38 µm, 
in air and water, respectively. From analysis of the high speed images, we can also see 
that it takes 11 ms to reach the maximum deflection in water. The velocity of the 
microflap in air is 4.2 · 10-3 m/s and in the fluid can be estimated to be 3.4 · 10-3 m/s. 
Substituting this value into Eq. (11), along with  𝐶𝐶D = 1.17, 𝜌𝜌f = 997 kg/m3, 𝐴𝐴 = 𝑊𝑊𝜌𝜌, 
leads to an estimate of the hydrodynamic drag as  𝐹𝐹�⃗ h = 2.15 · 10-10 N, which compares 
with 𝐹𝐹�⃗ torque  as four orders of magnitude smaller. 
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From this estimate, it looks like the hydrodynamic drag is actually very small 
(compared to the magnetic torque) therefore there is not much influence on the 
motion.  

 

                                                                             
Figure 5.8: Zoomed in image sequence of the different states of one microflap in a time dependent 
magnetic field and different timelines. Time is in milliseconds and the scale bar is 35 µm. QR codes 
corresponding to the videos. Left: One microflap located in an open system in air at 0.8 Hz and 250 mT 
(Image sequence from Movie 5.4). And Right: One microflap placed in an open chamber in water at 0.8 
Hz and 250 mT (Image sequence from Movie 5.5). 

 

Mixing induced by the microflap actuation 

Similarly to the previously published artificial cilia, the microflaps may induce 
fluid flow that can lead to mixing. The evolution of the mixing, as experimentally found 
for our microflaps, is seen in Figure 5.9 (Movies 5.6 and 5.7).  Microflaps actuated at 
0.8 Hz are compared to a non-actuated state where molecular diffusion dominates 
mixing.   
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Figure 5.9: Mixing experiment results for the microflaps, showing the evolution of the distribution of 
fluorescent tracer particles with time. Two cases are shown at different time steps: the non-actuated 
(diffusion dominant case) and the actuated microflaps at 0.8 Hz. The actuation is performed in the 𝑥𝑥 
direction. The field of view is 5 mm x 5 mm. Bottom: QR codes corresponding to videos of the mixing 
process. Left: Mixing evolution in the non-actuated case; right: mixing evolution under actuation. 
 

In contrast to the work reported in Chapters 4 and 5 on the superparamagnetic 
beads as a means of mixing where mixing occurred in fast timelines, in the microflap 
experiment the effects are visible only after long actuation, but enhanced mixing, if 
present at all, is not obvious from Figure 5.9.  

To assess the mixing effect of the microflaps in more detail, the quantification 
of the mixing efficiency, represented by the relative mixing index, is shown in Figure 
5.10. As can be seen from the figure, the motion of the microflaps indeed leads to a 
lower mixing index compared to molecular diffusion only. This is an indication that the 
microflaps have potential for mixing, but obviously the design of our microflap array 
is not optimal for this.  

 

 
Figure 5.10: Mixing performance over time for the microflaps actuated at a 0.8 Hz magnetic field of 250 
mT, comparted to the non-actuated case. Each state contains an experimental set of triplicates and the 
average is graphed.  
 

Optimization of microflaps for mixing 

The microflaps are placed in a rectangular array (shown in Figure 5.1) and they 
occupy almost half of the chamber in the vertical direction (200 µm high flaps in a 500 
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µm high chamber). This placement and said dimensions lead the creation of fluid 
stagnation points between the flaps and at the floor of the microfluidic chamber. In 
addition, all flaps move in the same direction during actuation creating a quasi-static 
situation without the symmetry breaking (in space and/ or time) that is required for good 
mixing. Due to these effects, mixing is hampered. One could offset for these disadvantages 
by (1) rearranging the distribution of the microflaps on the chamber floor, (2) altering the 
geometry of the confinement, (3) changing the actuation direction or actuation pattern. All 
these suggestions offer two functionalities: creating chaotic flow in the microfluidic chamber 
and/ or a global flow induced by the presence of the geometrical restriction.  

Rearranging the distribution of the microflaps on the floor: The current flap array 
arrangement may generate fluid flow in one direction, but an alteration of the spatial layout 
of the microflaps can be envisioned to obtain multi-directional motion. The configuration 
shown in Figure 5.11a consists of the original layout with additional rows of flaps oriented 
orthogonally to the original flaps, actuated with an additional magnetic field perpendicular 
to the original one. This concept makes use of the fact that the in-plane stiffness of the flaps 
is much higher than the out-of-plane stiffness, and therefore only a magnetic field oriented 
perpendicularly to the flap faces will be able to deform them significantly. Hence, the two 
sets of orthogonally oriented microflaps are selectively actuated by either one of the field 
directions. Hence, by periodically actuating one or the other direction, flow in either the 𝑥𝑥- 
or 𝑦𝑦-direction is obtained. This layout possibly offsets the creation of the stagnation point in 
between the microflaps. Periodically shifting the external magnetic field direction (i.e. vary 
the periodicity of flap movement in the two orientations) may lead to mixing. 

Altering the geometry of the confinement: The individual microflaps cause local flow, 
but the collective motion of the flaps in combination with the boundary condition imposed 
by the confinement of the microchamber in which they are integrated, can lead to a global 
flow. Hence, the geometry of the confinement may be tuned to create global mixing.  An 
example of a geometry as such is seen in Figure 5.11b. In the left sketch, the motion of the 
microflaps, actuated by one periodic magnetic field, causes two large counterrotating 
vortices to emerge due to the shape of the boundary of the confinement. As indicated in the 
right sketch of Figure 5.10b, the addition of (an) additional row(s) of flaps in the center of 
this chamber, perpendicularly oriented to the original flaps, makes it possible to create a 
perpendicular flow to exchange fluid between the two larger vortices. This additional set of 
microflaps is actuated by a periodic magnetic field oriented orthogonally to the original one. 
This concept again makes use of the difference between in-plane and out-of-plane stiffness 
of the flaps for the selective actuation of one or the other set of microflaps. By periodically 
changing between the two actuation directions, a global flow may be generated that can 
enhance mixing over time. 

Changing the actuation direction or actuation pattern: in the current fabrication of 
the microflaps, the magnetic iron particles (CIP) are randomly distributed within the PDMS, 
leading to materials with intrinsic isotropic magnetic properties. If the magnetic particles 
could be forced into a preferential alignment during fabrication, this can give anisotropic 
magnetic properties that influence the deformation of the flaps. This can be done by be 
curing the PDMS-CIP mixture under the influence of a permanent magnet. In this way, the 
flaps would have a predetermined directionality. 
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Figure 5.11: Schematics of suggested mixing optimization solutions for the microflaps. a) Top view of 
rearranged spatial layout of the microflaps. This solution includes additional rows of flaps and a 
corresponding additional orthogonal field. The periodical switch between the magnetic field directions 
would induce fluid flows in both x and y directions and thus eliminate stagnation points. b) Top view of 
a suggested chamber geometry and flap placement. By taking advantage of the chamber restrictions, 
two large vortices would appear. Left: utilizing only one magnetic field direction and Right: An 
additional perpendicular magnetic field could add an additional vortex in the middle of the chamber, 
should additional flaps be placed in the center. c) Side view of the fluid flows generated from the motion 
of the magnetic microflaps: left (current) in a one directional magnetic field and right (suggested) in a 
rotating magnetic field parallel to the microflaps which can introduce torsional flap deformation. 
 

Ensuring that neighboring flaps are cured with different directionalities, then overall 
a more chaotic flap motion would be noticed during the magnetic field application, which 
could lead to more effective mixing. Although there are examples of such an approach for 
relatively large magnetic structures7, this is hard to realize for our microflaps. Another option 
could be to use out-of-plane rotating magnetic fields which would alter the induced flap 
pattern by introducing torsional deformation of the flaps (Figure 5.11c). This type of 
deformation has been shown to enhance mixing8. 

 

5.4 Microflaps for sensing 

Similarly to the magnetic beads whose motion in a magnetic field is shown to cause 
mixing, the microflaps also have the potential to induce fluid kinetics which can result in 
mixing, even in initially stagnant fluids. In Chapter 3 we explored the influence of increased 
kinetics due to swarming of magnetic beads on a biosensor. It was found that there was a 
positive influence on the detection time of an antibody based bioluminescent sensor. It 
would be interesting to study the same effect on the target-sensor interactions of the 
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actuated microflaps – and in this case the microflaps themselves could serve as the target 
capture sensing structures.  

 
Various studies on the immobilization of cells for the analysis of various elements have 

been performed9. Herein we envision the immobilization of cells or different substances on 
the top of the microflaps, as seen in Figure 5.12a).  

 
Figure 5.12: Microflaps for simultaneous mixing and (bio) sensing. a) A scenario of the immobilization 
of cells on the surface of the microflaps. The flaps can induce kinetics which would accelerate sticking 
events on the coated surface on the microflap tip. b) Functionalized microflaps to feature antibody 
coating for the detection of various analytes in the sample. Coating and functionalized can also cover 
the full surface of the microflaps (sides included) and not just the tip.  
 

Magnetic beads have also been discussed to feature additional functionalities such as 
(bio) sensing (i.e. antibody functionalized magnetic beads10). Again, the microflaps can be 
envisioned to be used for mixing and simultaneous (bio) sensing (Figure 5.12b) enhanced by 
their motion under a magnetic field. 

 

5.5 Conclusions 

In this chapter, we introduced the concept of an array of slender magnetic microflaps 
attached to the floor of a microchamber to enhance mixing. These elements are designed to 
be both compliant and magnetic, so that they can easily be actuated via an external magnetic 
source. The movement of the microflaps causes surrounding flow that may cause mixing. For 
our design, a moderate improvement in mixing efficiency over molecular diffusion was found 
experimentally. In the future, a 3D µParticle Image Velocimetry (µPIV) can provide more 
insight into the volumetric fluid behavior and the induced fluid velocities due to the motion 
of the microflaps. 

Suggestions to achieve better mixing and ideas about the incorporation of (bio) 
sensors to the matrix of microflaps are offered. The microflaps seem to be an interesting 
candidate for applications where simultaneous mixing and sensing are required.   
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6. Conclusions and Recommendations 
 

 
Abstract: The aim of this thesis was to study the dynamic behavior, induced fluid kinetics 
and corresponding microfluidic mixing efficiencies of various magnetic elements for faster 
assays in point of care diagnostics. In this final chapter first a summary of the main findings 
is provided. After this, an outlook is given, in which suggestions for improvement and next 
steps are presented. The outlook involves the better understanding of the dynamic behaviors 
of our magnetic elements and their induced volumetric fluid profile, velocities and mixing. 
The applicability of the magnetic elements in PoC devices is a next step to be considered in 
detail. 

 

6.1 Introduction and achieved thesis goal 

Point of Care (PoC) devices employ microfluidic technologies to perform fast (bio) 
chemical analysis at the user’s site. Often these analyses require a fast, reproducible and 
robust readout. The homogeneity of reagents within the microfluidic chip helps to meet 
these criteria1. Homogeneity can be reached with mixing the elements within the system to 
increase fluid kinetics and overall (bio) sensor interactions with a target.  The thesis goal was 
to study various magnetically active elements of mixing, such as magnetic beads for 
swarming, static mushrooms and microflaps, visualize their dynamics and assess the induced 
fluid velocities /kinetics in initially stagnant fluids as well as their mixing capacities. As a proof 
of concept, we additionally explored the effects of added kinetics and sample homogeneity 
(via mixing from one of the methods –swarming-) on a biosensor assay that could be used in 
a point of care device. 

In Chapter 1 we set the background, by introducing existing methods for mixing 
enhancement in microfluidic platforms, such as passive and active micromixers. These 
methods were assessed by ease and cost of fabrication, their application at initially a low Re 
number (Re << 1), their application in stagnant fluids, their compatibility with biological 
components, the complexity of equipment or sample preparation steps required, and fluid 
rheology dependencies. Magnetic mixing was found to be a good candidate for applications 
with these requirements. Magnetic beads could be magnetic bead chains as local or global 
microstirrers or they could be utilized in soft magnetic structures such as magnetic 
microflaps. 

In Chapter 2 we discussed the background theory for the working mechanisms of the 
superparamagnetic beads and the microflaps.  

In Chapter 3 we used superparamagnetic beads which we exposed to an out-of-plane 
-vertical- rotating magnetic field:  The dynamic behavior of the superparamagnetic beads 
under the influence of such a magnetic field leads to increased kinetics. At certain 
frequencies and magnetic field strengths a global collective swarming-like motion within the 
chamber develops. This overall motion was found to increase the kinetics and provide good 
mixing efficiency. When assessed with a proof-of-concept bioluminescent sensor, initially 
deposited in a micro reaction chamber, we saw that the diffusivity of the elements and the 
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binding interactions in an excess target to sensor ratio, are faster in the presence of an 
actuating mechanism compared with a control without actuation. It was also seen that, no 
matter whether swarming occurs or not, the fact that the fluid kinetics (and subsequently 
analyte kinetics) are increased due to actuation plays a more important role in this assay than 
exactly how this is achieved 

In Chapter 4 we used similar superparamagnetic beads, but this time exposed to an 
in-plane -horizontal- rotating magnetic field. Magnetic beads form structures (clusters/ 
chains) which are rotating inside the microfluidic chamber. These structures cause local 
mixing. What is more, present magnetic gradients cause an additional translational global 
motion of the structures which in turn leads to global and effective mixing. This configuration 
can aid the (optical) readout of PoC since the in-plane horizontal electromagnetic 
configuration would not hinder the vision, as opposed to the vertical configuration for which 
this is more challenging to achieve. 

The addition of mushroom-like passive magnetic structure surrounding the 
microfluidic chamber leads to local magnetic field gradients during in-plane rotation, which 
cause faster movement of the superparamagnetic bead chains and clusters and therefore 
further enhanced fluid kinetics. However, we saw that increased kinetics do not necessarily 
lead to better mixing. In fact, the case of the mushrooms showed decreased mixing efficiency 
in comparison to their absence. To improve the mixing performance of the system, we added 
passive mixing methods, namely geometrical obstacles were placed in the fluid path within 
the microfluidic chamber. Indeed, these simple passive structures contribute to better 
mixing, as we found from numerical simulations. 

In Chapter 5, microfabricated cilia-like flexible magnetic structures, or “microflaps” 
were induced to exhibit motion in the presence of a magnetic field. The microflaps create 
fluid motion around them which possibly translates to global mixing.  Indeed, slightly 
improved mixing was observed during the actuation of the microflaps compared to a 
predominantly diffusion based (non-actuated) state. There is plenty of work that remains to 
be done in the studying of the microflaps to achieve better mixing. Therefore, 
recommendations and future work were also suggested. 

 

6.2 Conclusions 

Magnetic micromixing can provide high mixing efficiencies in microfluidic chips under 
low Reynolds numbers, and in initially stagnant fluids. We have shown that 
superparamagnetic beads actuated by either an in-plane rotating field or an out-of-plane 
rotating field increase fluid kinetics in initially stagnant fluids and can cause efficient mixing. 
In turn, increased kinetics and homogenization by enhanced mixing leads to faster (bio) 
sensing readout, but only under specific conditions.  

Our results confirm that just enhancing fluid kinetics does not necessarily lead to 
better mixing or better (bio) sensing readouts. Designing the complete system by a 
combination of active / passive (magnetic) elements as well as actuation protocols, tailored 
to the application and in particular the sensor assay, is crucial to realize the successful 
implementation in point of care devices. This thesis has introduced various concepts and 
insights to achieve this. 
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6.3 Outlook 

Finally, we provide an outlook which mainly involves the better understanding of the 
dynamic behaviors of our magnetic elements or their induced volumetric fluid profile, 
velocities and mixing. The magnetic elements’ applicability in PoC devices is a next step to 
consider. 

In Chapter 3 we saw that the time to read out of detecting analytes was not improved 
further when enhancing mixing efficiency beyond a certain point for the particular proof-of-
concept antibody-based bioluminescent sensor (LUMABS2).  When comparing the time to 
read out of detecting analytes in a non-mixed state to a somewhat mixed and to a well-mixed 
scenario (caused by swarming) we saw that the readout was substantially faster for both the 
mixed cases, but equally fast for the two. A similar result has also been reported in literature3. 
This shows that the effect of mixing on biosensor assay improvement may be highly 
dependent on the particular assay used. It would therefore be interesting to explore this 
outcome for various, other biosensing assays, both for those that involve binding events 
within the volume of the sample (like for the LUMABS), and for hose that depend on surface-
binding events (like for many immunoassays such as ELISA). Research has already shown that 
Protein G- IgG capturing events increased4 when mixing as a consequence of enhanced 
mixing by magnetic bead actuation, but there is still room to link these binding events more 
specifically to mixing efficiencies and determine if the quality of mixture (sample 
homogeneity) does play a role in local binding interactions for specific assays.  

In Chapter 4, massive mushroom-like passive structures here introduce as potential 
micromixing-enhancers; previously these had been shown to transport beads as a result of a 
conveyor belt motion5. Though the mixing efficiency induced by the mushrooms was not as 
good as expected, a combinational transporting and mixing function can be envisioned. This 
can be in the form of a two-chamber chip connected via a channel with mushrooms 
surrounding both the chambers in a circular array, in addition to their placement around the 
channels. The addition of passive geometrical features to help enhance micromixing was 
shown in Chapter 4 only for a particular geometrical design. There may be room for 
optimizing this further by varying the features designs. 

The microflaps, introduced in Chapter 5, have shown the potential to mix and their 
dynamic behavior has been briefly studied, particularly with respect to the relevant forces. A 
better (experimental) understanding of the important parameters for flap motion (i.e. 
different magnetic field orientations, frequency of rotating magnetic field, periodic 
asymmetry of flap movement), can be useful for the improvement of the mixing efficiency 
induced by the microflaps. Various geometrical chamber shapes, microflap arrangement and 
flap motions that would result in even better mixing, should also be investigated.  

The micromixing studies presented in this thesis have been performed in simple 
Newtonian fluids (like water), while biological fluids like blood or saliva are more complex 
and show non-Newtonian behavior. However, point of care devices utilize body fluids, which 
can be plasma, blood, saliva or urine. As a body sample, urine has almost the same viscosity 
as water at 37 ˚C. Saliva is a viscoelastic material with a strong shear-dependent viscosity, 
and blood shows non-Newtonian behavior at least at the length scales studied here. Thus, 
simple change of working fluid may provide different mixing performances in these micro 
mixing methods and would require optimization again. 
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As seen, the work in this thesis not only has provided new concepts and insights, but 
also sparks a plethora of research questions. But, given the potential benefits of magnetic 
elements in mixing efficiencies and assay speed shown, we believe that PoC can greatly 
benefit from the integration of such magnetic elements and perhaps the next pandemic will 
find us with more effective and high precision diagnostic tools including magnetic elements 
based on the ones studies in this thesis. 
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6.5 Contributions 

The suggestions on work outlook have been proposed by Eriola Sophia Shanko and discussed 
with Yoeri van de Burgt, Ye Wang and Jaap den Toonder. 
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Collection of the movies throughout the thesis 
 

 

Chapter 2 

Description Movie 
name 

QR codes 

Local dynamics of magnetic beads in a horizontal rotating magnetic field  
Local dynamics of magnetic beads in a 
horizontal rotating magnetic field of 35 
mT, 1 Hz 

Movie 2.1 

 
https://youtu.be/uSCJ7JBk7GU 

Local dynamics of magnetic beads in a 
horizontal rotating magnetic field at 35 
mT, 30 Hz 

Movie 2.2 

 
https://youtu.be/vA-HxUohkhU 

 

Chapter 3 

Description Movie 
name 

QR codes 

Magnetic bead behavior in various magnetic flux densities and frequencies 
Magnetic beads at rotating magnetic field of 
5 mT, 1 Hz 

Movie 3.1 

 
https://youtu.be/MNRG7YuM3Bk 

Magnetic beads at rotating magnetic field of 
5 mT, 10 Hz 

Movie 3.2 

 
https://youtu.be/gcaURB-NinQ 

Magnetic beads at rotating magnetic field of 
5 mT, 20 Hz 

Movie 3.3 

 
https://youtu.be/gEz6G42dTHY 

Magnetic beads at rotating magnetic field of 
5 mT, 50 Hz 

Movie 3.4 

 
https://youtu.be/NdENLrjHkOk 

https://youtu.be/uSCJ7JBk7GU
https://youtu.be/vA-HxUohkhU
https://youtu.be/MNRG7YuM3Bk
https://youtu.be/gcaURB-NinQ
https://youtu.be/gEz6G42dTHY
https://youtu.be/NdENLrjHkOk
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Magnetic beads at rotating magnetic field of 
5 mT, 70 Hz 

Movie 3.5 

 
https://youtu.be/ueZR99kXLTw 

Magnetic beads at rotating magnetic field of 
5 mT, 100 Hz 

Movie 3.6 

 
https://youtu.be/C_YjqZc7bXw 

Magnetic beads at rotating magnetic field of 
10 mT, 10 Hz 

Movie 3.7 

 
https://youtu.be/U0q2-pjr4iM 

Magnetic beads at rotating magnetic field of 
10 mT, 30 Hz 

Movie 3.8 

 
https://youtu.be/O6dvotefNts 

Magnetic beads at rotating magnetic field of 
10 mT, 50 Hz 

Movie 3.9 

 
https://youtu.be/XXgR1JYdrgE 

Magnetic beads at rotating magnetic field of 
10 mT, 100 Hz 

Movie 3.10 

 
https://youtu.be/0wnCUZ9ff24 

Magnetic beads at rotating magnetic field of 
15 mT, 1 Hz 

Movie 3.11 

 
https://youtu.be/wZGzGVuRgD0 

Magnetic beads at rotating magnetic field of 
15 mT, 10 Hz 

Movie 3.12 

 
https://youtu.be/u1mN4lDfDLg 

Magnetic beads at rotating magnetic field of 
15 mT, 30 Hz 

Movie 3.13 

 
https://youtu.be/lwHW7QsSLlA 

Magnetic beads at rotating magnetic field of 
15 mT, 50 Hz 

Movie 3.14 

 

https://youtu.be/ueZR99kXLTw
https://youtu.be/C_YjqZc7bXw
https://youtu.be/U0q2-pjr4iM
https://youtu.be/O6dvotefNts
https://youtu.be/XXgR1JYdrgE
https://youtu.be/0wnCUZ9ff24
https://youtu.be/wZGzGVuRgD0
https://youtu.be/u1mN4lDfDLg
https://youtu.be/lwHW7QsSLlA
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https://youtu.be/XFQyV2I39YQ 
Magnetic beads at rotating magnetic field of 
15 mT, 70 Hz 

Movie 3.15 

 
https://youtu.be/_jLiU4Rrfpg 

Magnetic beads at rotating magnetic field of 
20 mT, 1 Hz 

Movie 3.16 

 
https://youtu.be/LxwoxhYhOb8 

Magnetic beads at rotating magnetic field of 
20 mT, 10 Hz 

Movie 3.17 

 
https://youtu.be/e4dzqQ2Ulro 

Magnetic beads at rotating magnetic field of 
20 mT, 30 Hz 

Movie 3.18 

 
https://youtu.be/Uuwl12iKuf0 

Magnetic beads at rotating magnetic field of 
20 mT, 70 Hz 

Movie 3.19 

 
https://youtu.be/iMg2FfqTayo 

Magnetic beads at rotating magnetic field of 
25 mT, 1 Hz 

Movie 3.20 

 
https://youtu.be/CGZMSa7GS88 

Magnetic beads at rotating magnetic field of 
25 mT, 10 Hz 

Movie 3.21 

 
https://youtu.be/pvGp_RPqzi4 

Magnetic beads at rotating magnetic field of 
25 mT, 30 Hz 

Movie 3.22 

 
https://youtu.be/SMmYTI_kn_0 

Magnetic beads at rotating magnetic field of 
25 mT, 60 Hz 

Movie 3.23 

 
https://youtu.be/UYhr6lfO3tc 

https://youtu.be/XFQyV2I39YQ
https://youtu.be/_jLiU4Rrfpg
https://youtu.be/LxwoxhYhOb8
https://youtu.be/e4dzqQ2Ulro
https://youtu.be/Uuwl12iKuf0
https://youtu.be/iMg2FfqTayo
https://youtu.be/CGZMSa7GS88
https://youtu.be/pvGp_RPqzi4
https://youtu.be/SMmYTI_kn_0
https://youtu.be/UYhr6lfO3tc
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Magnetic beads at rotating magnetic field of 
30 mT, 1 Hz 

Movie 3.24 

 
https://youtu.be/e4Y72gzec2c 

Magnetic beads at rotating magnetic field of 
30 mT, 10 Hz 

Movie 3.25 

 
https://youtu.be/XLuT1v-97R8 

Magnetic beads at rotating magnetic field of 
30 mT, 30 Hz 

Movie 3.26 

 
https://youtu.be/3n_Y_b3khOQ 

Magnetic beads at rotating magnetic field of 
30 mT, 50 Hz 

Movie 3.27 

 
https://youtu.be/5uUPjK9u8Ms 

Magnetic beads at rotating magnetic field of 
35 mT, 1 Hz 

Movie 3.28 

 
https://youtu.be/g9AA1XnEEc4 

Magnetic beads at rotating magnetic field of 
35 mT, 10 Hz 

Movie 3.29 

 
https://youtu.be/9nq57Pob8H4 

Magnetic beads at rotating magnetic field of 
35 mT, 20 Hz 

Movie 3.30 

 
https://youtu.be/bcpbRUINddU 

Magnetic beads at rotating magnetic field of 
35 mT, 30 Hz 

Movie 3.31 

 
https://youtu.be/ohKGT9aysX0 

Effect of inertia on magnetic beads 
Sedimentation of the magnetic beads as 
soon as the magnetic field is switched off 
during Magnetic Particle Swarming at 35 mT 
and 30 Hz 

Movie 3.32 

 
https://youtu.be/-DDqr4eRdYo 

Particle Tracking for fluid velocity 

https://youtu.be/e4Y72gzec2c
https://youtu.be/XLuT1v-97R8
https://youtu.be/3n_Y_b3khOQ
https://youtu.be/5uUPjK9u8Ms
https://youtu.be/g9AA1XnEEc4
https://youtu.be/9nq57Pob8H4
https://youtu.be/bcpbRUINddU
https://youtu.be/ohKGT9aysX0
https://youtu.be/-DDqr4eRdYo
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Qualitative video of the fluid motion in a 
microchamber with no magnetic actuation 

Movie 3.33 

 
https://youtu.be/S6DMg7RaJZI 

Qualitative video of the fluid motion in a 
microchamber at a magnetic actuation of 15 
mT, 30 Hz. 

Movie 3.34 

 
https://youtu.be/COp5njABQC4 

Qualitative video of the fluid motion in a 
microchamber at a magnetic actuation of 35 
mT, 30 Hz. 

Movie 3.35 

 
https://youtu.be/rxr_4MIJwrU 

Mixing evolution over time 
Qualitative video of the mixing evolution at 
no magnetic actuation 

Movie 3.36 

 
https://youtu.be/I_-6x2DOWfM 

Qualitative video of the mixing evolution at 
a magnetic actuation of 5 mT, 30 Hz 

Movie 3.37 

 
https://youtu.be/5kN6dIEoPh4 

Qualitative video of the mixing evolution at 
a magnetic actuation of 10 mT, 30 Hz 

Movie 3.38 

 
https://youtu.be/x3FlfuWcosI 

Qualitative video of the mixing evolution at 
a magnetic actuation of 15 mT, 30 Hz 

Movie 3.39 

 
https://youtu.be/DtpQTwoo3Qg 

Qualitative video of the mixing evolution at 
a magnetic actuation of 20 mT, 30 Hz 

Movie 3.40 

 
https://youtu.be/19g3-EQ7luY 

Qualitative video of the mixing evolution at 
a magnetic actuation of 25 mT, 30 Hz 

Movie 3.41 

 
https://youtu.be/BtQi5W5RU3w 

https://youtu.be/S6DMg7RaJZI
https://youtu.be/COp5njABQC4
https://youtu.be/rxr_4MIJwrU
https://youtu.be/I_-6x2DOWfM
https://youtu.be/5kN6dIEoPh4
https://youtu.be/x3FlfuWcosI
https://youtu.be/DtpQTwoo3Qg
https://youtu.be/19g3-EQ7luY
https://youtu.be/BtQi5W5RU3w
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Qualitative video of the mixing evolution at 
a magnetic actuation of 30 mT, 30 Hz 

Movie 3.42 

 
https://youtu.be/K69F7D1L2nA 

Qualitative video of the mixing evolution at 
a magnetic actuation of 35 mT, 30 Hz 

Movie 3.43 

 
https://youtu.be/5NswvGNCKPY 

Sensor behavior in the various states in a 24-minute protocol of antibody concentration at 
1.1 μM. 

Sensor behavior in diffusion (Green) Movie 3.44 

 
https://youtu.be/XyRbA6caZN0 

Sensor behavior in diffusion (Blue) Movie 3.45 

 
https://youtu.be/D7Fz9oHp4Ls 

Sensor behavior at 15 mT, 30 Hz (Green) Movie 3.46 

 
https://youtu.be/V5aZVMLyg54 

Sensor behavior at 15 mT, 30 Hz (Blue) Movie 3.47 

 
https://youtu.be/gJWiolOV7Jw 

Sensor behavior at 35 mT, 30 Hz (Green) Movie 3.48 

 
https://youtu.be/I9EkccStP4o 

Sensor behavior at 35 mT, 30 Hz (Blue) Movie 3.49 

 
https://youtu.be/_7VEhsuAtzw 

Sensor behavior in the various states in a 24-minute protocol of antibody concentration at 
110 nM. 

Sensor behavior in diffusion (Green) Movie 3.50 

 
https://youtu.be/NWqODNshPEY 

https://youtu.be/K69F7D1L2nA
https://youtu.be/5NswvGNCKPY
https://youtu.be/XyRbA6caZN0
https://youtu.be/D7Fz9oHp4Ls
https://youtu.be/V5aZVMLyg54
https://youtu.be/gJWiolOV7Jw
https://youtu.be/I9EkccStP4o
https://youtu.be/_7VEhsuAtzw
https://youtu.be/NWqODNshPEY
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Sensor behavior in diffusion (Blue) Movie 3.51 

 
https://youtu.be/cfkBpoWhE6g 

Sensor behavior at 15 mT, 30 Hz (Green) Movie 3.52 

 
https://youtu.be/pSQAiSM9sKc 

Sensor behavior at 15 mT, 30 Hz (Blue) Movie 3.53 

 
https://youtu.be/0dpLbBwL-oM 

Sensor behavior at 35 mT, 30 Hz (Green) Movie 3.54 

 
https://youtu.be/EpyZm_K7okw 

Sensor behavior at 35 mT, 30 Hz (Blue) Movie 3.55 

 
https://youtu.be/s9Nbl0ClsHY 

 

Chapter 4 

Description Movie 
name 

QR codes 

Magnetic bead (micro) dynamics 
Magnetic bead dynamics in the no 
mushroom case at 30 Hz, 35 mT 

Movie 4.1 

 
https://youtu.be/8MibHuy0emk 

Magnetic bead dynamics in the mushroom 
case at 30 Hz, 35 mT 

Movie 4.2 

 
https://youtu.be/j3rEo3qSQwE 

Magnetic bead microdynamics in the no 
mushroom case at 30 Hz, 35 mT 

Movie 4.3 

 
https://youtu.be/gWB-OFO_nJA 

https://youtu.be/cfkBpoWhE6g
https://youtu.be/pSQAiSM9sKc
https://youtu.be/0dpLbBwL-oM
https://youtu.be/EpyZm_K7okw
https://youtu.be/s9Nbl0ClsHY
https://youtu.be/8MibHuy0emk
https://youtu.be/j3rEo3qSQwE
https://youtu.be/gWB-OFO_nJA
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Magnetic bead microdynamics in the 
mushroom case at 30 Hz, 35 mT 

Movie 4.4 

 
https://youtu.be/lFykA8fKTOk 

Qualitative and Quantitative videos of the fluid profiles 
Qualitative video of the fluid profile in the 
bottom of the chamber without mushrooms 
at 35 mT, 30 Hz  

Movie 4.5 

 
https://youtu.be/P_-KeJKGbzQ 

Quantitative (PIV) video of the fluid profile in 
the bottom of the chamber without 
mushrooms at 35 mT, 30 Hz.  

Movie 4.6 

 
https://youtu.be/5tNkchWUP9E 

Qualitative video of the fluid profile in the 
top of the chamber without mushrooms at 
35 mT, 30 Hz 

Movie 4.7 

 
https://youtu.be/pu-AnP7qFgE 

Quantitative (PIV) video of the fluid profile in 
the top of the chamber without mushrooms 
at 35 mT, 30 Hz. 

Movie 4.8 

 
https://youtu.be/ot_IXDABPwY 

Qualitative video of the fluid profile in the 
bottom of the chamber with mushrooms at 
35 mT, 30 Hz 

Movie 4.9 

 
https://youtu.be/ZgKC2pg2MGY 

Quantitative (PIV) video of the fluid profile in 
the bottom of the chamber with mushrooms 
at 35 mT, 30 Hz. 

Movie 4.10 

 
https://youtu.be/7yGHbG0W6JY 

Qualitative video of the fluid profile in the 
top of the chamber with mushrooms at 35 
mT, 30 Hz 

Movie 4.11 

 
https://youtu.be/ZYK9HPDm4FE 

Quantitative (PIV) video of the fluid profile in 
the top of the chamber with mushrooms at 
35 mT, 30 Hz. 

Movie 4.12 

 
https://youtu.be/0LMNT8rVdv8 

Mixing evolution over time 

https://youtu.be/lFykA8fKTOk
https://youtu.be/P_-KeJKGbzQ
https://youtu.be/5tNkchWUP9E
https://youtu.be/pu-AnP7qFgE
https://youtu.be/ot_IXDABPwY
https://youtu.be/ZgKC2pg2MGY
https://youtu.be/7yGHbG0W6JY
https://youtu.be/ZYK9HPDm4FE
https://youtu.be/0LMNT8rVdv8
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Qualitative video of the mixing evolution on 
the floor of a microchamber without 
actuation. 

Movie 4.13 

 
https://youtu.be/33F5tHsf4G4 

Qualitative video of the mixing evolution on 
the top of a microchamber without 
actuation. 

Movie 4.14 

 
https://youtu.be/PZhmSHVYWEA 

Qualitative video of the mixing evolution on 
the floor of a microchamber without 
mushrooms at 35 mT, 30 Hz. 

Movie 4.15 

 
https://youtu.be/aK02pjbCHE8 

Qualitative video of the mixing evolution on 
the top of a microchamber without 
mushrooms at 35 mT, 30 Hz. 

Movie 4.16 

 
https://youtu.be/UHzZr6Dlrwo 

Qualitative video of the mixing evolution on 
the floor of a microchamber with 
mushrooms at 35 mT, 30 Hz. 

Movie 4.17 

 
https://youtu.be/Zl7clb-N2do 

Qualitative video of the mixing evolution on 
the top of a microchamber with mushrooms 
at 35 mT, 30 Hz. 

Movie 4.18 

 
https://youtu.be/2z5kNnWWm8 

Numerical mixing evolution 
Numerical mixing index evolution in a 
microchamber (no mushrooms) 

Movie 4.19 

 
https://youtu.be/BgA2IWprFBM 

Numerical mixing index evolution in a 
microchamber (with mushrooms) 

Movie 4.20 

 
https://youtu.be/LUolwEbcfQY 

Numerical mixing index evolution in a 
microchamber (with mushrooms and fluid 
path obstacles) 

Movie 4.21 

 
https://youtu.be/eukKXRZiRVE 

 

Chapter 5 

https://youtu.be/33F5tHsf4G4
https://youtu.be/PZhmSHVYWEA
https://youtu.be/aK02pjbCHE8
https://youtu.be/UHzZr6Dlrwo
https://youtu.be/Zl7clb-N2do
https://youtu.be/2z5kNnWWm8
https://youtu.be/BgA2IWprFBM
https://youtu.be/LUolwEbcfQY
https://youtu.be/eukKXRZiRVE
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Microflap movement under a rotating magnetic field  
Video of the flap array rotating at 250 mT, 
1.6 Hz  

Movie 5.1 

 
https://youtu.be/H8kU2keDkaY 

Video of the flap array rotating at 250 mT, 
0.8 Hz in air as obtained from the high speed 
camera.  

Movie 5.2 

 
https://youtu.be/Geqe9K_DpsI 

Video of the flap array rotating at 250 mT, 
0.8 Hz in water as obtained from the high 
speed camera. 

Movie 5.3 

 
https://youtu.be/Jwn_UC_tMEA 

Zoomed in video of one flap rotating at 250 
mT, 0.8 Hz in air as obtained from the high 
speed camera. 

Movie 5.4 

 
https://youtu.be/YC7WUGVvPdw 

Zoomed in video of one flap rotating at 250 
mT, 0.8 Hz in water as obtained from the high 
speed camera. 

Movie 5.5 

 
https://youtu.be/9B0YBKuCi44 

Mixing evolution over time 
Qualitative video of the mixing evolution in a 
microchamber with microflaps (diffusion) 

Movie 5.6 

 
https://youtu.be/DCZGzLDpn0c 

Qualitative video of the mixing evolution in a 
microchamber with microflaps (actuation at 
250 mT, 30 Hz) 

Movie 5.7 

 
https://youtu.be/vT5OpUVIiCw 

 
  

https://youtu.be/H8kU2keDkaY
https://youtu.be/Geqe9K_DpsI
https://youtu.be/Jwn_UC_tMEA
https://youtu.be/YC7WUGVvPdw
https://youtu.be/9B0YBKuCi44
https://youtu.be/DCZGzLDpn0c
https://youtu.be/vT5OpUVIiCw
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