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ABSTRACT 

Electromagnetically driven elastic magnetic microfluidic mixers were investigated for their performance in ai r, water and 

glycerol  filled chambers. They were fabricated by embedding flexible magnets  in polydimethylsiloxane (PDMS) membrane. At a 

driving frequency of 100 Hz, oscillating fluid flow was induced and mixing was  achieved..  Three designs  were fabricated and 

s tudied: a) concentric type with the magnetic material in the center of the membrane, b) eccentric type with the magnetic 

material  offset from the center of the membrane and c) split type with two regions of magnetic materials with opposing 

polari ties . The spli t configuration provides  additional  fluid folding, facili tating mixing of the 20 μL fluorescent dye in 60 μL of 

solvent.  Simulation and experimental results show that the eccentric and split designs were able to achieve a 20-30 % 

reduction in mixing time compared to the concentric design.  At the same magnetic flux density, the eccentric type design 

exhibited the greatest deflection, explaining the better mixing achieved over the concentric type design. The split type design, 

having the lowest deflection, was able to perform better and more consistently than the eccentric type design by creating a 

“micro rocker mixer” effect. We postulated that the shapes of the deflection profiles in the eccentric and split designs 

contributed to the mixing efficiency by promoting better chaotic advection than the concentric design.
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1. Introduction 

Microfluidic technology has generated significant interest over the past few years due to the inherent advantages in terms of small volume, 

response time and cost reduction.  This trend is evident based on the increasing number of articles and patents published yearly  [1]. An example of a 

successful microfluidic system application is the handheld patient-side blood testing device [2].  Such devices require mixing of  fluids  to obtain 

diagnostic test results, which allow healthcare professionals to make an accurate treatment decision [2]. However, due to the very low Reynolds 

number (from less than 1 to 10) [3, 4, 31] and omnipresence of laminar flow in microfluidics, fluids can only be mixed through convection and 

molecular diffusion. This often requires a long period of time (which is in one order magnitude) [31] to achieve complete mixing [3]. Hence, it is 

apparent that an efficient micro-mixer is  needed for such applications. Typically, in microfluidics channels, the diffusion time is on the order of 

magnitude of 1 for 100 um of diffusion distance, as estimated with the relation – T = L2/D, where L is the diffusion distance and D is the diffusion 

coefficient for the solute in the fluid [30, 31].  For example, the diffusion of sucrose in water over a distance of 100 um, would occur in 20 s, given 

the diffusion coefficient of sucrose in water to be about 0.5 x 10-9 m2/s [44].  Considering a typical flow rate of around 100 mm/s, adjacent streams of 

different fluids  should flow over distances of 200 cm or more before mixing of sucrose is completed via diffusion. This constraint is undesirable for 

the miniaturization of the microfluidics devices.  On the other hand, complex structures such as grooves and ribs [33, 39-43] can be used to enhance 

mixing in passive micro-mixer. However, these structures are often complex in designs which increases the difficulty in the fabrication of the devices.  

Hence, chaotic, advection-based active micro-mixers are often preferred over passive micro-mixer. Among the advection-based micro-mixers 

are the T-junction mixers. Researchers have shown that, with the use of oscillating flows confluent at a T -junction, the mixing lengths can be 

significantly reduced by 2 orders of magnitude, as compared to that required for passive mixing - from tens of centimeters to millimeters [28]. Also, 

Okkela and Tabeling have shown numerically and experimentally that violent folding of streams occur at a T -junction when the amplitude of flow 

disturbance normalized against the velocity of flow is greater than the product of the Strouhal number with 2π [29]. Spatial-temporal resonances of a 

folding quantity have been plotted by Okkels and Tabeling, relating a series of amplitude of flow disturbances and Strouhal number combinations at 

which folding of the fluid flows is maximized.  For an open flow system, the T-junction mixers are unsuitable as the mixing activity is being limited 

to the dimensions of the junction.  A long downstream channel is still required for mixing to be completed passively after the phase-to-phase 

interface has been stretched.  Hence, in this paper, an oscillating flow is applied in a closed environment, such as in a temporarily isolated chamber, 

to complete the fluids mixing before channeling the mixed fluids to other segments of the lab-on-chip devices.  This reduces the overall footprint of 

the micro-mixer required. 

There are various methods to generate an oscillating flow field. One of which, is to use magnetically driven actuators which are able to provide 

robust and wireless operations. These actuators are ideal in miniaturized applications [7] and could potentially be applied to several applications in 

microfluidics. The use of magnetic membranes was reported in many works, demonstrating various actuation purposes [8], in the form of an 

elastomer with permanent magnets attached or embedded within [9] or by introducing nano-sized magnetic particles into the polymer matrix [10], 

which may be structured as a micropillar  [11]. However, the implementation of permanent magnets into microsystems may result in cracking and 

face poor adhesion with the substrate which could affect the performance of the micro-mixers. Furthermore, this is often limited to the size and shape 

of permanent magnets available commercially. Introduction of magnetic nanoparticles into polymer may result in undesired agglomeration, thus 

affecting polymer elasticity  and performance. Such magnetic composite polymers are also not able to produce large deflection, limiting the efficiency 
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of mixing and requiring longer duration to complete the mixing process. Chong et al. [15] did a brief study using a flexible magnet integrated with 

PDMS and demonstrated its potential of being a micro-mixer. In contrast to magnetic membranes containing ferromagnetic particles which could 

only be actuated by attractive forces, this flexible magnet could be actuated by both attractive and repulsive forces, with better response to an 

alternating external magnetic field.  

In this study, three configurations with different magnetic cores were fabricated and studied. Specifically, two of the designs were able to create 

atypical shapes of the membrane profile via the innovative layouts of the magnetic cores. In one of the designs, we also demonstrated simultaneous 

attractive and repulsive actuation on a single membrane resulting in a different mixing effect. The effect of the magnetic field and the corresponding 

deflections to their performance in mixing were also studied.  It is envisioned that such mixer configurations can be used in microtiter array plates to 

improve mixing.  

 

2. Device design and fabrication 

The magnetic core of the micro-mixer was cut from a flexible magnetic sheet (Eclipse Magnetics, 060510U10/W, 500 μm in thickness). This 

flexible magnetic core was then embedded into PDMS elastomer, forming a magnetic membrane to respond to electromagnetic f ield. The polarity of 

magnetization for the flexible magnetic sheets is usually arranged in a Halbach array [15] to concentrate the magnetic flux on one side of the sheet. 

A gaussmeter with axial probe (Hirst, GM05 Gaussmeter) was used to measure along the flexible magnetic sheet to identify the width of each 

polarity zone which is about 3 mm wide(Figure 1). The boundaries between the positive and negative zones are mixed or neutral in terms of polarity. 

Multiple pieces of magnets were punched out with a 3 mm diameter puncher. Punching out at Location 1, for example, would give a predominating 

opposite polarity to Location 2, while Location 3 would give a mixed characteristic. 

FIG. 1.  Sample cut-out locations on Halbach array. 

 

The fabrication process (Figure 2) of the mixer started with a spin coater (Laurell WS-400BZ-GNPP) where a layer of PDMS of about 25 μm in 

thickness was deposited on a PMMA wafer disc with a spin speed of 3200 rpm. The 3 mm diameter magnetic core was positioned on the first layer of 

PDMS, and the structure is partially cured before, a second layer of PDMS was spin-coated. After that, the PDMS was allowed to cure at 80 °C for 

60 minutes [11]. This lower-than-typical curing temperature is chosen to achieve a greater flexibility of the PDMS membrane, with a Young’s 

Modulus of around 1.8 MPa, as achieved also by Johnston et al [12].  This ensures sufficient displacement by the solenoid field, and effective mixing 

of fluid in the chamber.  A typing curing temperature of around 125 oC would result in a Young’s Modulus of 2.4 MPa [12], which would reduce the 

membrane deflection and resulting pressure on the fluid by 25 %.  In addition, Johnston’s group presented experimental data that shows that the time 

for the core of a 2 mm thick PDMS film to reach a curing temperature of 100 oC, is around 13 min or less.  Since the PDMS layer of the magnetic 

membrane in our device is only 25μm or less, such a curing time of 60 min is sufficient for completely curing the PDMS at 80 oC.  A similar curing 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

temperature is used by Fatemeh et. al. in fabricating a composite PDMS infused with iron oxide nanop articles [13].  An open well was created by 

casting and curing a square slab of PDMS with a bore diameter of 6 mm. The magnetic membrane was then assembled to the PDMS well by plasma 

bonding (Plasma Cleaner PDC-32G) forming the mixing chamber.  

Three designs were fabricated (Figure 3): a) concentric type with the magnetic paper/material in the centre of the membrane, b) eccentric type 

with the centre of the circular magnetic material offset by 1.5 mm from the centre of the membrane, and c) split type with the magnetic core 

consisting of two semicircles (radius 1.5 mm) with polarities in opposing directions, separated by a distance of 1.5 mm from each other and centred 

around the axis of the circular membrane.  During perturbation by the solenoid field, the points of maximum displacement for the concentric and 

eccentric mixers are 0 mm and 1.5 mm from the centre of the circular membrane respectively.  The points of maximum displacement for each of the 

opposite poles of the magnetic material, in the split mixer, are 2.25 mm from the centre of the membrane.  

 

 

FIG. 2. Illustration of fabrication process. 
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FIG. 3. Three designs of magnetic membrane: a) concentric type, b) eccentric type, c) split type (right).  

 

3. Mathematical model of fluid flow during mixing 

The full Navier Stokes Equation is used here, since strong advection flows are present. 

du⃗⃗ 

dt
+ u⃗ ∇u⃗ = −

grad(p)

ρ
+(µ

ρ
∇2(u⃗ )T)                                                   (1) 

The dimensionless form of the above is obtained 

du⃗̃ 

dt̃
+ u⃗̃ ∇̃u⃗̃ = −grad(p̃)+

∇̃2(u⃗̃ )
T

Re
                                                     (1a) 

Where 

u⃗̃ =
u⃗⃗ 

U
,    p̃ =

p

ρU2
,  ∇̃=

(∂x,∂y,∂z)

L
 , t̃ = t

L/U
   

And where 
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U: characteristic velocity of flow, being 1 ms-1 

ρ: density of fluid, being 1000 kgm-3 (for water) 

L: the characteristic length scale, being 10-4 m (also the spatial step used in the discrete formulation) 

µ: dynamic viscosity of fluid (0.001 Pas for water) 

Re: Reynolds number given by Re =
ρUL

µ
 

 

The time-dependent component of the function can also assume a sine function, and from here, the time and space-dependent acceleration of 

each point of the membrane can be derived. 

Assuming continuity of the bottom fluid layer with the membrane, starting with the displacement of the fluid layer immediately adjacent to the 

oscillating membrane, where F(x, z) is the two-dimensional spatial profile of the membrane deflection, 

y = Y0F(x,z) sin(ωt)                                                                            (2) 

 

the pressure imposed on the lowest layer of fluid adjacent to the oscillating membrane would be 

 

pm = ρÿ = −ρω2Y0F(x,z) sin(ωt)                                                   (3) 

 

The immediate layer of fluid above will experience, by Newton’s 3nd Law, 

 

pf = −ρÿ = ρω2Y0F(x,z) sin(ωt)                                                  (3a) 

 

The dimensionless form of this would be 

 

p̃ = −
ρÿ

ρU2
=

ω2Y0

U2
F(x,z) sin(ωt)                                                       (3b) 

 

where 

ω: angular frequency of oscillation of membrane displacement 

x: Position along x-direction along plane of membrane 

t: time  

 

We define the pressure profile function, F(x, z) for the concentric mixer to be: 

 

Fc(x, z) = exp (−
(x−xc)

2 +(z −zc)
2

2σc
2 )                                                      (4) 
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Where 

xc: is the position of the membrane with the highest deflection, centered in the plane of membrane 

σc: the standard deviation of the Gaussian form(which is related to the width of the deflected membrane profile) 

 

For the eccentric design, the pressure profile is described by the same form of expression, but with the position of the largest deflection, xeand zeset 

as a quarter of the diameter of the membrane. 

 

Fe(x, z) = exp (−
(x−xe)

2 +(z −ze)
2

2σe
2 )                                             (5)       

 

A realistic expression for the pressure imposed by split -mixer membrane could be composed of a pair of superposed anti-symmetric Gaussian 

functions: 

 

Fs(x,z) = exp (−
(x− xs1)

2 +(z− zs1)
2

2σs
2 ) −exp (−

(x−xs2 )2 +(z−zs2)
2

2σs
2 )                     (6) 

 

where  

 

xs1, zs1:is the position of maximum deflection for the positive pole 

xs2, zs2 : is the position of maximum deflection for the negative pole 

 

Subsequently, all tildes will be omitted from the dimensionless quantities, for convenience of expression.  

Replacing F(x) with the appropriate form for the deflection profiles of each of the three mixers, we have, for the three desi gns, the pressure felt 

by the subsequent layer of fluid would be  

 

pc̃ =
ω2Y0

U2
sin(ωt)exp (−

(x− xc)
2 +(z−zc)

2

2σc
2 )   (Concentric)       (7)      

pẽ =
ω2Y0

U2
sin(ωt)exp (−

(x− xe)
2 +(z−ze)

2

2σe
2 )    (Eccentric)           (8) 

ps̃ =
ω2Y0

U2
sin(ωt)(exp (−

(x− xs1)
2 +(z−zs1)

2

2σs
2 )−exp (−

(x− xs2)
2 +(z −zs2)

2

2σs
2 ))  (Split)  (9) 

 

4. Computational analysis of mixing performance 

Various schemes were utilized for quantifying and visualizing the degree of stretching and folding of flow streamlines, including traditional 

methods of particle tracing for producing Poincare section maps of particle trajectories [19], a front-tracking technique by Galaktinov [20] and 

revisited by Anderson [21], and a mapping method of using distribution matrices for analyzing the mixing progress [22]. By tracking such three-
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coordinate displacements of regularly marked initial elemental volumes in the fluid field, information about the mixing can b e collected. Such is the 

case of the manifestation of the non-periodic orbits, which can be demarcated by the Kolmogorov-Aronold-Moser (KAM) curves, such that the flows 

within the KAM boundaries are regular and linear [21].  Lyapunov exponents, which are a measurement of the rate of exponential divergence of 

velocity over a particular time scale as time goes to infinity, are used as an indication of the onset of chaotic flow.  Xize and Yi-Kuen have also 

independently found that the Lyapunov exponents, used as the mixing index, are closely related to the amplitude and stirring frequency  [6].  It is also 

shown that in an oscillating flow generated by an oscillating lid, the amplitude of the lid velocity and Reynolds number, does not have an influence 

on the time at which the maximum Lyapunov exponent is reached, but a larger amplitude of lid velocity does result in a larger  value of Lyapunov 

exponent, thereby increasing the rate of mixing in finite time [34].  They have also, in the same paper, proposed the use of the Lyapunov exponent as 

an indication of the rate of increase of the interface between the materials to be mixed, hence linking to the mixing performance.   

Kusch, Ottino [24] and MetCalfe [25] attempted to relate the amount of stretching during the time of flow re-orientations.  The Strouhal number, 

for an oscillating-transverse flow mixer at a T-junction, is found to be related to the target number of wavelengths of folded streams (half of the 

number of folds) that could develop within the width of the junction, measured parallel to the main channel flow. In the case of confined flows, as in 

the present invention, the Strouhal numbers consist of the projection of the flow velocity onto the axial direction of the vortex, and the frequency of 

oscillation is that of the transversal of the loops, as visualized in a Poincare section projection [21]. Nishimura and Kunitsuga [32] have done an 

extensive analysis of the velocity field in a cavity with an oscillating lid, resulting in a study of the vortex strength for different Strouhal number.   

Whereas many studies, both theoretically and experimentally, have been done for the oscillating flat lid in a cavity mixer, our current work 

explores the mixing performance and fluid flow driven by an undulating surface with a non-uniform profile.  It is envisaged that many interesting 

behaviors will arise out of the extra degrees of freedom offered by extra variation of the pressure divergence field.  It is also observed in the 

experiments, that a sloshing effect [35] of the fluid, during the agitation of the membrane, leads to a feedback to the fluid flow field, leading to 

possible flow resonances [36] and rapid mixing.  The frequency of periodic flows of the fluid is assumed to be determined by and therefore similar to 

that of the membrane oscillation.   

In this work, we explore a more direct means to track the mixing progress, namely by the use of concentration distribution-tracking of a t wo-

phase fluid system.  A quantity describing the relative concentration of each of the two fluid phases is stored in a matrix for all cells of the mesh.  A 

finite volume method is used, where the sum of influx and out-flux confluent on a particular elemental volume at every time-step, with respect to the 

adjacent cells, is used to update the relative concentration or fill-factor of each of the fluid phases in that elemental volume. 

 

C0
n+1 =

1

Ω
∑Sj

6

j=1

∆t(uj
inCj

n− uj
outC0

n)                                                  (10) 

 

where  

 

C0
n+1, C0

n: New and current concentration of solute in the lattice cell volume under consideration 

Cj
n: Current concentration of solute in each of 6 immediate lattice cell neighbors 

Ω:   Volume of each lattice cell 
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uj
in, uj

out: current incoming and outing fluid velocities normal to the faces of immediate lattice cell neighbors 

Sj: Surface area of one face of lattice cell 

∆t: time step of current iteration 

 

The standard deviation of the solute concentration, in all the lattice cells of the mixing chamber, is then computed and used as a measure of the 

mixing progress, as follows: 

 

σ = √
1

N
∑(Cn − 〈C〉)2

N

n=1

                                                                             (11) 

 

where 

σ: the standard deviation of solute concentration 

N: the total number of lattice cells 

Cn: the solute concentration in each lattice cell at a particular time 

<C>: the average solute concentration among all cells, at a particular time 

 

A smaller standard deviation of solute concentration indicates better mixing. 

 

5. Membrane deflection measurements 

The mixing chambers were placed individually on top of an electromagnet capable of producing a maximum magnetic flux density of about 45 

mT. To ensure consistency in experimentation, a 2 mm thick plastic spacer was placed in between the mixing chamber and the electromagnet . Figure 

4 shows a mixing chamber placed under a top-down microscope and above the electromagnetic for a static deflection measurement. By re-focusing 

the microscope on the magnetic membrane under various magnetic flux densities, the vertical deflections are measured and recorded. 
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FIG.4.  Mixing chamber placed between a microscope and the electromagnet  (Top).High speed camera setup, where camera is pointed to the side of the chamber  

(Bottom). 

 

Under a positive current input to the electromagnet, the magnetic core with positive polarity experienced a repulsive force t o produce an upward 

membrane deflection, and vice versa. Figure 5 shows the static deflection results for the three types of design where each curve consists of three 

repeated measurements. 

Figure 5(a) consists of results from two concentric mixers with opposing polarities. An increasing positive current will result in an upward 

deflection for the positive polarity mixer and a downward deflection for the negative polarity mixer. The trend is linear wit h a total deflection (under 

a current from -2.4 to 2.4 A) of ~ 228 μm for the positive polarity mixer and ~ 218 μm for the negative polarity mixer. 

Figure 5(b) shows the deflection versus input current for an eccentric mixer which is also linear but exhibits a higher total deflection of ~ 389 

µm when compared to the concentric mixers under the same range of current input, representing a ~ 71 % increase. Interestingly, the shifting of the 

magnetic core off-center results in a higher total deflection. 

Figure 5(c) shows the deflection for the split mixer where one set of data represents deflection at the positive polarity region and the other set 

the negative polarity region. The deflections against current for both regions are linear. At each current setting of the electromagnet, the two regions 

will experience opposing deflections because one would be experiencing an attractive force while the other will be experiencing a repulsive force.  

The total deflection averages at ~121 μm which is the lowest among the three mixers and is a ~ 47  % decrease from the concentric mixer. The 

splitting of the magnetic core, into two opposing halves, plays a role in the reduction of the deflection.  In addition to the static deflection 

measurements, we had also conducted dynamic deflection measurements using a high speed camera (Photron, Fastcam APX RS) setup as shown in 

Mixing 
Chamber Spacer 

Electromagnet 

Light source 

High-speed 
camera 

Mixing 
chamber 
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Figure 4. The mixing chamber was placed on top of the electromagnet and a high speed camera captured the video (at 1000 fps) of the chamber from 

the side during membrane actuation in which the polarity of the current to the electromagnet was switched at 100 Hz using a square waveform. Three 

conditions were tested: a) empty chamber (air) (Viscosity 18.7x10-6 Pas) [16], b) water (Viscosity 10-3 Pas) [17] in the chamber and c) glycerol 

(Viscosity of 1.412 Pas) [18] (Ajax Finechem 242) in the chamber and the results shown in Figure 6. When water was added to chamber for the three 

designs, the deflection values dropped significantly when compared to an empty chamber.  

 

 

 

 

FIG. 5. Static membrane deflections for (from top to bottom): (a) concentric, (b) eccentric and (c) split  type mixer designs (each graph shows the averages and standard 

deviations about each data point) 
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Glycerol, being more viscous and denser than water, had the strongest damping effect on the membrane and reduced the deflection further. The 

deflection performance among the three mixers was similar to what was observed in the static deflection measurements where the eccentric mixer is 

the highest and the split type the lowest. 

 

 

FIG. 6. Dynamic deflections of membranes under different fluids. 

 

6. Simulation of membrane deflection 

The static deflection of membranes was simulated with ANSYS Workbench to understand the membranes’ behavior under actuation. As the 

experiment involved an electromagnet, the magnetic flux density induced was converted to pressure force by the formula: 

 

F =
B2A

2μ0

                                                    (12) 

P =
F

A
                                                         (13) 

 

where  

B is the flux density,  

A is the area and  

μ0 is the permeability of vacuum (4π x 10-7). 

 

With reference to the electromagnet’s characterization, the magnetic flux density at various current inputs was expressed as pressure loadings as 

shown in Table 1. 
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TABLE I. Conversion of current to magnetic flux density and pressure loading. 

Current (A) Flux Density (mT) Pressure (Pa) 

0.6 11.2 50 

1.2 19.3 148 

1.8 24.9 246 

2.4 28.6 325 

3.0 31.1 385 

 

In the simulation, a fixed support was applied on the model’s circumference at 6 mm diameter, along with the converted pressure load applied 

on the magnetic core surface to produce a deflection. Meshing of the membrane model was done with medium sizing wit h the membrane model 

having 5806 nodes and 2813 elements. The following boundary conditions and assumptions were made to simulate the membrane deflection: (a) all 

degrees of freedom constrained on the membrane model’s circumference with fixed support; (b) a uniformly-distributed pressure load applied on the 

magnetic core surface.  

The results showed that the membrane with magnet embedded concentrically had a maximum upward deflection of 124 μm across the surface at 

325 Pa. Based on eccentric design’s simulated result, the magnetic core was deflected at different height at various  positions. The portion of the 

magnetic core nearest to the edge of the membrane deflected the least while the other portion of it achieved a maximum deflection, peaking at 223 

μm (representing ~ 80 % increase over the concentric design). 

The split design achieved a maximum total deflection of 46 μm from both positive and negative polarity regions; a decrease of  63% from the 

concentric design. The result showed that one half of the magnetic core deflected upwards, while the other half deflected downwards. This was due to 

the nature of the magnetic sheet polarity; one being negative and the other being positive.  In general, the simulation results agree with the deflection 

measurements in terms of relative performances and the shape of membrane profiles created were similar. 

 

7. Results of numerical simulations of fluid flow 

For the following simulations, for the purpose of comparison, all the mixers have membranes that are perturbed by the same maximum 

magnitude of deflection – 120 μm – in one direction from the equilibrium. However, due to the difference in the locations of the magnet on the 

flexible membrane in the three mixers, the membrane deformation and as-generated Gaussian pressure profile for the mixers will be different – half 

maximum widths of 3 mm for the Concentric, 2.1 mm for the Eccentric, and 1.5 mm for the Split mixers. The SIMPLE (Semi-Implicit Method for 

Pressure-Linked Equations) scheme [21] is implemented, where the pressure field is solved globally by the implicit method, after the pressures at the 

boundaries are updated at each time step explicitly, using the finite volume and mass residual relaxation methods. To improve convergence of the 

solutions, a 4th order spatial derivative-based artificial viscosity [37] is included in the viscous  terms of the full Navier Stokes Equations.  The non-

linear advection terms are solved explicitly. 

The visualizations of the pressure fields (Figures 7) and velocity fields with streamlines (Figures 8 to 10), are presented to illustrate the degree 

of folding that may occur for the three different mixers.  Each cycle of the magnetic membrane perturbation takes 0.01 s, based on a frequency of 100 
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Hz. Although an adaptive time-stepping is used, to ensure accuracy, the size of the maximum time-step is limited to 10-4 s, so that a sample rate of at 

least 100 data points is possible in each cycle of membrane oscillation.  

The pressure gradient varies more steeply, vertically, in the case of the concentric and eccentric mixers, compared with the split mixer.  The 

complementary motion of the two magnets in opposite directions may have led to the gentler vertical pressure gradient, since the mass transfer in the 

two directions in the two halves of the chamber compensate each other.  It can also be seen that both eccentric and split mixers can generate flow 

fields with more folding in the streamlines, due to the asymmetry of the pressure field with respect to the geometry of the mixing chamber.  The 

eccentric mixer is able to generate tight vortices in the XZ plane, while the split mixer generates a pair of X-vortices in the YZ plane at mid vertical 

level position of the chamber.  In addition, there is a greater transport of fluid in the lateral direct ion (along the axial plane of the chamber), as  

indicated by the streamlines in the XY view (Figure 8) and XZ view (Figure 10), which contributes to the periodic folding of the fluid interfaces.  

Hence, this leads to faster active mixing in the split mixer. 
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FIG. 7. Pressure Field in XY view of (top to bottom) Concentric, Eccentric, Split  mixers at 0.007 s (1.4 π of cycle) 
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FIG. 8. Velocity Field in XY view of (top to bottom) Concentric, Eccentric, Split  mixers at 0.007 s (1.4 π of cycle) 
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FIG. 9. Velocity Field in YZ view of (top to bottom) Concentric, Eccentric, Split  mixers at 0.007 s (1.4 π of cycle) 
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FIG. 10. Velocity Field in XZ view of (top to bottom) Concentric, Eccentric, Split mixers at 0.007 s (1.4 π of cycle) 

 

Further on, a plot of the change in solute concentration standard deviation (Figure 11) at a particular point in time (at 30 ms from start of 

membrane actuation, where the standard deviation of solute concentration is reaching equilibrium), against deflect ion magnitudes and width of 

membrane deflection profile, is used for performance comparison among the three mixers.  Due to the asymmetric positioning of  the magnet in the 

eccentric mixer, the membrane assumes a skewed profile under the effects of the magnetic field, such that the pressure field generated on the fluid 

assumes a Gaussian profile with a narrower width (represented by the two times the standard deviation of the Gaussian curve - between 2 to 3 mm).  

In the split-mixer, the dual magnets of opposite polarities are located side by side, resulting in competitive dynamics of the magnets when they move 

in opposite directions in the applied uniform magnetic field.  The forces on the magnets interact and restrict the overall deflection in either direction, 

such that the maximum deflection magnitude in one direction is smallest among the three mixers (about 46 um), while the profile takes on a width of 
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about 1.5 mm for each magnet (one half of original 3 mm-diameter round magnet).  However, the solute concentration standard deviations for the 

split-mixer decrease at a faster rate than those of the other two mixers.  This shows that even though the magnitudes of fluid flow may be lower in the 

split mixer, the profile of the pressure field and the locations of the magnets are important factors for realizing a faster mixing rate of the solutes, via 

effective folding of the phase-to-phase interface.  Taking the numerical results for the decrease in solute standard deviations at 30 ms (Figure 11), 

where equilibrium is reached, the target design parameters used in the experimental devices (3mm width, 120 um deflection for the concentri c mixer, 

2.1 mm width, 220 um deflection for the eccentric mixer, and 1.5 mm width, 46 um deflection for the split mixer), the split mixer has the greatest 

decrease in normalized solute concentration standard deviation (0.68), followed by the eccentric (0.56) and concentric mixers  (about 0.44). From the 

above results, it can be deduced that there is a 35 %, and 21 % time reduction for maximum degree of mixing to occur in the split and eccentric 

mixers respectively, in comparison with the concentric mixer. The numerical results show good agreement with the experimental results (Figures 13), 

with an error of 15 % for the split mixer and 5 % for the eccentric mixers, in terms of improvement in mixing rates. 

 

FIG. 11. Comparison of numerically computed decrease in solute concentration deviations (at 30 ms) in three mixers, with different def lection magnitudes and profile 

widths. Circled points are the experimental focus. 

 

The positions of the maximum deflection of the membrane also have an effect on the mixing rate, for all three mixer types.  When the two 

maximally deflected regions of the split mixer are shifted closer to the edge of the mixing chamber, there is a 0.2 % increase in the mixing rate (in 

terms of rate of solute concentration standard deviation decrease). 

 

8. Experimental results of mixing tests 

Mixing tests were conducted with the use of a high speed camera setup shown earlier in Figure 6 to capture the progression of the mixing 

process. 60 µL water was first loaded into the chamber, followed by the addition of 20 µL fluorescent dye (Polysciences Inc. Cat #15702). A current 

with square wave frequency of 100Hz was supplied to the electromagnet to generate an alternating magnetic field of ~ 45mT to oscillate the magnetic 

membrane. The energy of this oscillation would be transmitted to the fluid in the chamber creating a mixing effect. Figure 13 shows typical snapshots 

of the video at various times. The fluorescence dye can be seen as a bright strand suspended in water, in Fig. 13(a) just before actuation of the 

membrane. At the end of the mixing as shown in Fig. 13(d), the entire chamber looks homogeneous in terms of the color intensity. 
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FIG. 12. Mixing of fluorescent dye in chamber with membrane actuation at (a) 0  s, (b) 2 s, (c) 4 s, (d) 8 s after addition of dye. Diameter of chamber is 6mm. 

 

In processing the video images, the difference in intensity of pixels at each time-step was measured in the region of interest, giving a standard 

deviation value. These standard deviation values were used to relate to the degree of mixing, φ, based on the following formula: 

 

ϕ =
σi − σ

σi −σf

                                                 (14) 

 

where 

σi: the initial standard deviation of the grey-scale values in the      region of interest. 

σf: the final value for complete mixing, and σ, the standard deviation at a particular time-step. 

 

Figure 13 (left graph) shows the degree of mixing against time for the three mixers with each plot being the average of five repeated mixing 

tests. The plots for eccentric and split designs began to reach a plateau at seven seconds where there were little changes in the pixels’ intens ity. For 

the concentric design, a steady gradient was measured and only became stable towards the end of the graph. This meant that the eccentric and split 

designs were able to distribute and spread the fluorescent dye around the water quicker than the concentric design, promoting more mixing within the 

chamber. 

Even though mixing process was confirmed to be completed by magnetic membrane actuation at the end of two minutes, some values of 

standard deviation were still measured by the analysis software. This was due to the curvature of the circular mixing chamber. The extreme left and 

right sides of the mixing well appeared to be darker than the centre portion, meaning that there would still be differences in pixel intensity at steady -

state; hence, the degree of mixing does not reach a perfect value of one for all mixing results. 

It was expected that the eccentric design would perform better than the concentric design because the offset from center of the magnetic core 

resulted in a higher deflection as observed in the deflection measurements as well as in the simulation. A higher deflection would typically result in 

faster mixing because of the increase in fluid movement.  However, the split design had similar performance as the eccentric design even though its 

static and dynamic deflection values were the lowest. It was initially suspected that the orientation of analysis plane may have played a part in the 

results obtained because the eccentric and split mixers were asymmetric. Therefore, the orientation of the high speed camera was changed to also 

capture the video during mixing from a second perpendicular plane. 

As shown in Figure 13 (right graph), it was found out that the trend of the plots for the first and second positions behaved similarly in both the 

eccentric and split mixers. Slight deviations were due to the initial condition of the mixing chamber when fluorescent dye was added in. Hence, we 

could conclude that the orientation of analysis plane had negligible effect on the mixing efficiency results. 
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FIG. 13. Top: Degree of mixing over time for three mixers.  Bottom: Mixing results for different perpendicular orientation of analysis planes-the red trapezoidal boxes 

in the images represent the analysis planes. 

 

The concept of chaotic advection was demonstrated in this work. The fluorescent dye and water were able to mix quickly due to the stretching 

and folding of fluid lines when the membrane was actuated. The motions of fluid particles contribute to chaotic advection, the efficiency of mixing 

could be determined by the stretching rate of fluid lines [26], and consequently, the reduction in the diffusion paths [27]. 

In the case of the concentric design, the deflection profile was more uniform across the membrane which pushed the entire chamber of fluid as a 

bulk in the vertical plane. Mixing still occurred but some energy was spent in producing that vertical swell of fluid as w e had also observed in the 

videos.   The eccentric design had a tilted deflection profile and was able to induce vorticity in the mixing well and promot e stretching of the fluid. 

The other reason could be that the eccentric design was able to produce a lar ger deflection as compared to the concentric design, creating a larger 

fluid movement. Even though the split design had the smallest deflection, it was compensated by its deflection profile. Under  electromagnetic 

actuation, the two split magnetic halves of  opposing polarity moved in opposite directions, causing a warping effect on the membrane which induced 

further instability in the motion of fluid particles in the chamber. This reciprocating, lateral twisting motion works like a “micro rocker mixer” with a 

more efficient transfer of energy to promote mixing by better stretching and folding of fluid lines as compared to the concentric mixer. Splitting the 

magnetic core into two halves of “3D” structures could also have contributed to the improved mixing.   
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It is observed in the video recordings of the fluid flow in mixing action during the experiments, as well as in the streamline visualizations from 

numerical simulations, that the fluid particles are directed in more number of folded paths which are distributed in more regions of the chamber of the 

split mixer, compared to the other two. This is observed to lead to faster mixing of the solute, due to the frequent and rapid transfer of material 

between the many vortices (large eddies, as well as micro-circulations on smaller scales) that are distributed extensively throughout the fluid volume.  

In the case of the other two mixers, the material trajectories over extensive regions can be seen to show more homogeneity in  terms of flow 

orientations, and there is significant deceleration in these persistent directions due to the confinements of the chamber boundaries.   

Both the eccentric and split designs were able to reduce their mixing duration by about 20-30 % as compared to that of the concentric design, 

indicating better efficiency. For a mixing chamber of the size presented currently in this paper (6mm in diameter), where the diffusion distance 

required is on the order of a millimeter, the diffusion time, and hence the typical passive mixing times would be about 10 minutes [30].  Active 

mixing via perturbation of a magnetic film significantly reduces the mixing times to under just 10 seconds. It was also noted  that the variability 

during the mixing experiment for split design was lower than the eccentric design. The average variability for split design was 0.064 while eccentric 

design was at 0.127, which meant that the split design magnetic membrane showed a better degree of repeatability. The variability for the concentric 

design was 0.103. 

 

9. Conclusion 

We had designed, fabricated and characterized the performance of three micro-mixers based on flexible magnetic membrane. Computer 

simulation was also carried out to understand the deflection response of the membranes, as well as the resulting fluid flow due to the driving force 

provided by the oscillating membranes. Both experimental and numerical data showed correlated trends in mixing performances, with respect to the 

mixer design and its geometrical characteristics - the split mixer has a 20-30 % improvement in mixing performance, over the other two mixers. The 

mixing performances of the split and eccentric designs were better than the concentric mixer due to better energy transfer to  promote vorticity and 

chaotic advection, and by imposing a strategic spatial variation of flow field by means of the split arrangements of the perturbing magnetic structures. 

By reconsidering the layout of magnetic core, it served as an alternative to improving mixing efficiency without the need to increase electromagnetic 

field strength (thereby expending more energy and generating excess heat) or using stronger magnets. Its design and construction are also sufficiently 

simple to facilitate integration with existing microfluidic chip designs. 
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