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Magnetic micro- or nanoparticles can interact very strongly:

Experimental observations

A. Weddemann, A. Auge, F. Wittbracht, S. Herth, A. Hütten

Under the influence of an 
external homogenous magnetic 
field particle create chains

Question: Can magnetic 
interactions be neglected when 
modeling particles in 
microfluidic systems?
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Expect ferro- or superparamagnetic particles in a solution, being 
manipulated by an external magnetic field.

low frequency field
high frequency field

B
critical frequency

Particle agglomerations 
rotating with external field

Particles oscillating close to 
their initial position

Breaking of particle chains, 
repulsive forces …

Model system

fcrit = fcrit(rpart,M,η)

A. Weddemann, A. Auge, F. Wittbracht, S. Herth, A. Hütten



Particle motion
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Governing equations:

Governing equations

Bext

Particle movement requires 
mesh displacement

→ ALE-formalism

Magnetic particles in strong external field:

M Bext M sM| |=

Stray field calculations:

〈 〉∫
Ω

grad ,grad
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t

A zψ A dx
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Particle motion:

= = − 〈 〉∫ ∫ grad ,mag
particle particle

d dF f x M B  x

viscous force termviscF

force term preventing particles from overlappingpenF
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ALE-formulation
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The basic idea of ALE-methods is to use different coordinate systems, 
a reference and a spatial system. 

Governing equations

ξ2 x2

ξ1
x1

t( , )ξA

x t-1( , )A

0Ω tΩ∂
∂
u

t u t
t

( , )+ [ ]( , ) = 0x xL

Example:

∂
⋅ ⋅
∂∫ ∫

t t

u
ψ t t d ψ t u t d

tΩ Ω

( , ) ( , ) + ( , ) [ ]( , ) = 0x x x x x xL

∂
⋅ ⋅
∂∫ t

u
ψ t t t J t d

t
0Ω

( ( , )) ( ( , ), ) det ( , )ξ ξ ξ ξAA A

⋅ ⋅∫ t
ψ t u t t J t d

0Ω

+ ( ( , )) [ ]( ( , ), ) det ( , ) = 0ξ ξ ξ ξAA L A

weak formulation

domain transformation

Calculation transformed 
to reference system 
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Limitations of ALE-methods:

- Topological changes:

- Very strong displacements:

Governing equations

particles moving 
towards each other

particle moving too 
far in one direction

A. Weddemann, A. Auge, F. Wittbracht, S. Herth, A. Hütten
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Calculation of ALE-mesh-displacement:

Governing equations

vmesh = vparticle

second FEM-triangulation 
with linear basis set Λ

∑ i iv = vmesh part,
nodes

Λ

vmesh = vpart,1Λ1

vmesh = vpart,2Λ2

A. Weddemann, A. Auge, F. Wittbracht, S. Herth, A. Hütten



Second domain triangulation
Governing equations
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The parameter functions Λ can be calculated by standard FEM-
methods:

y

x

1s s2Φ( , )

s2

1s

1
unit simplex

p1

p2

p3

arbitrarily 
shaped 
triangle

with affine linear mapping

{ }≥ ≤∑i is s0, 1
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Particle motion
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Governing equations:

Governing equations

Bext

M Bext M sM| |=

∂ ∂⎛ ⎞
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∫ ∫x xz z
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< σmin qual

T
  T

T

− ⋅∑ ξ θ θΔ 1 2( ) (Λ ( ), , )i i i
i

r = r f r

Total mesh displacement:

Additional remeshing condition:

∂
∇ −

∂
ρ ρ η ρΔ( ) grad

u
+ u u = p+ u+ f

t

Particles induce fluid flow:

div 0u =
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Interactions of beads in fluids

Different phenomena:

- chain creation

- particles oscillating against 
each other

f = f0

f = 1.5f0



Interactions of beads in fluids
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Frequency dependence for different initial conditions:

Interactions of beads in fluids

t in µs

di
st

an
ce

 in
 µ

m

2µm
2µm

Ms = 1000kAm-1

r = 1µm

M
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Interactions of beads in fluids
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Frequency dependence for different particle diameters:

Interactions of beads in fluids

10µm20µm

t in µs

Ms = 1000kAm-1

r = 10µmr = 20µm

di
st

an
ce

 in
 µ

m

M
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Interactions of beads in fluids
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Frequency dependence for different particle magnetizations:

Interactions of beads in fluids

t in µs

20µm

f = 20kHz
r = 20µm

di
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M
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Interactions of beads in fluids

Observation:
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t in µs

v
in

 m
s-

1

Ms = 1000kAm-1

r = 10µm

high velocities might 
lead to non-laminar 
fluid behaviour on 

microscale!!

06.11.2008

Interactions of beads in fluids
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Comparison between forces
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r0 = 1µm

Ms = 1000kAm-1

Model discussion

r = 0.75r0 r = 0.5r0r = r0

A. Weddemann, A. Auge, F. Wittbracht, S. Herth, A. Hütten
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Conclusion & Outlook

We have developed a model to 
describe the dynamic behaviour of 
magnetic beads

We have simulated experimentally 
known effects (chain creation)

We have shown that the magnetic 
interaction of particles can induce 
strong fluidic particle interactions 
that gain importance when dealing 
with different particle sizes

Finding proper clearcuts for 
different force regimes

Implementing ferromagnetic 
particles
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Conclusion Outlook


