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Abstract: The possibility to detect and probe 
molecules in microfluidic devices gives rise to 
interesting applications. There are different 
approaches how to detect and probe particles, but 
a common step, for most methods, is to place the 
particles on a sensor. This can be done by 
applying external field gradients, or in this case 
by utilizing gravitational and hydrodynamic 
effects. Therefore, the sensor is placed beneath a 
microfluidic structure of changing height. 
Numerical simulations for various flow rates 
show, that the amount of captured material can 
be significantly increased in comparison to a 
straight channel. The geometry can be adapted to 
different flow rates, at the cost of higher aspect 
ratios and a longer ramp. 
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1. Introduction 
 
Magnetic micro- and nanoparticles have gained a 
lot of interest during the last decades, due to a 
wide field of possible applications. They can be 
used as contrast agents for magnetic resonance 
imaging (Roch et al. [1]), as magnetic drug 
carrier (Lübbe et al. [2]) or for hyperthermia 
(Hergt et al. [3]) to destroy malignant cells by 
thermal heating. This is possible due to the fact, 
that magnetic particles can be manipulated by 
external fields. They are aligned to the direction 
of the field and for the case of an inhomogeneous 
field are exposed to an additional force. The 
stray field of such particles can also be detected 
by magneto-resistive sensors, using the stray 
field’s effect on soft magnetic layers for example 
(Schotter et al. [4], Ferreira et al. [5], Besse et al. 
[6]). Both effects show high potential for lab-on-
a-chip devices. Especially if biomolecules are 
combined with magnetic particles, they could be 
manipulated and detected (Panhorst et al. [7], 
Kinoshita et al. [8]). If additionally the surface of 
the sensor is functionalized in such a way, that 
specific biomolecules only bind at a specified 
locations, then the biomolecules could be 
distinguished between (Wang and Li [9]). 

One problem of such devices is the rapid decay 
of the particles stray field. Therefore, the particle 
has to be placed close to the sensor at the bottom 
of the channel. There are different possible 
solutions to increase the probability of the 
particles reaching the sensor. One well known 
strategy is to pull the particles by applying a 
inhomogeneous magnetic field created by 
conducting lines (Brezska et al. [10]). But this 
solution has some disadvantages, like the 
complexity of the device being increased, and an 
additional magnetic field raising the noise signal 
of the sensor making the detection worse. 
Another solution has been proposed by 
Weddemann et al. [11], which utilizes gravity 
and a change in the channels geometry. It was 
demonstrated in simulations and experiments 
that this approach works. In this work we rerun 
the simulations done previously and try to adapt 
this approach to problems with different 
parameters. 
 
2. Governing equations 
 
The velocity profile u of an incompressible fluid 
is described by the Navier-Stokes equation 
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where p denotes the pressure profile, f the 
external force density and   and   the density 
and viscosity of the fluid. Furthermore the 
equation of continuity has to be considered, 
which simplifies to 
        (2) 

for incompressible liquids. Without varying 
external forces, the time derivative   

  
 can be 

omitted and in case of laminar flow, the non-
linear terms have a vanishing contribution. 
Finally equation (1) simplifies to 
            . (3) 

Particles suspended in such a liquid are exposed 
to a force F proportional to the velocity 
difference between the particle v and the 
surrounding fluid u. According to Stokes drag 
law, a spherical particle of radius r is exposed to 
a Force F of 
       (   ). (4) 
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For particles on the micrometer scale and below, 
inertia effects can be omitted and the particles 
velocity is given by 
     

   

    
, (5) 

where Fex combines all external forces. At this 
point only gravity and buoyancy are taken into 
account and finally the particles velocity v is 
     

   

  
(       )  ⃗ , (6) 

with g denoting the gravitational constant,       
the particles density and  ⃗  a normal unit vector 
along the z axis. 
The particles behavior is described by an 
advection-diffusion equation to contribute to 
thermal motion of the particles 
  

  
        with        (    ⃗ )  (7) 

with       (    ) the diffusion constant 
and    the Boltzmann constant and   
Temperature of the system. As the velocity scale 
is much higher than the particles size, the 
diffusion term only contributes in regions close 
to the boundary. 

 
 

3. Model 
 
The geometry investigated is shown in Figure 1. 
The square-shaped channel, of         on 
the left, changes over a length of         to a 
channel of width          and height of 
       . The aspect ratio, defined as 

  
    

    
 is  

 
 and equals the slowing down of the 

fluid, while passing the structure.  Parts of the 
inlet and outlet channels are modeled too, so that 
the correct flow profile is received inside the 
ramp structure. This is due to simple boundary 
conditions on the inlet. Figure 2 (a) shows a flow 
profile that has not jet adapted to the boundary 
conditions and is distorted, whereas (b) is 
showing a typical flow profile. 
The flow profile is calculated using the 
COMSOL Incompressible Navier-Stokes model 
with a linear solver. A No-Slip condition is 
applied to all boundaries, except the inlet, outlet 
and the plane of symmetry. The inlet has the 
Inlet – Velocity condition with a velocity    , the 
outlet has a Open boundary – Normal stress 
boundary condition with      applied. 
There are two different models in use to 
characterize the particles behavior. The first 
calculates the density of the particles on the 
ramp’s floor and is described in the following 
section. The second mode, maps the height at the 
ramp’s entrance to the ramp’s floor which is 
described in section 3.2 and illustrated in Figure 
3 
The carrier liquid is assumed to be water at room 
temperature        resulting in          

  
  

and              . For the particle 
parameters, a density            

  

  
 and a 

diameter       are chosen. 
 

 

 
Figure 1. 3D Model of the ramp structure with all 
contributing effects. Gravitation (red), buoyancy (black) 
and flow profile (blue). Only half of the model is used for 
simulation purposes, as the model is symmetric. 
 

 
Figure 2. Simulation of the flow profile of a ramp 
structure. Entrance is           , outlet is 
           with a ramp length of      . The 
length of the modeled inlet and outlet channels are (a) 
    and (b)       
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3.1 Concentration distribution 
 
The concentration distribution is calculated with 
the COMSOL Convection and Diffusion Model, 
using artificial diffusion in a compensated 
Petrov-Galerkin framework. The physics are set 
according to equation (7). This model is only 
simulated for the ramp itself. The inlet boundary 
is set to a fix concentration of     , the outlet 
only allows convective transport, like the ramp’s 
floor, which is equivalent to instantaneous 
bonding of particles. All other boundaries are set 
to an Insulation/Symmetry condition. 
 
3.2 Initial height mapping 
 
Like the concentration distribution this is 
calculated using COMSOL Convection and 
Diffusion Model. The mapping is illustrated in 
Figure 3. Every height at the entrance of the 
ramp is mapped to an area on the ramps floor 
where it is supposed to land. Therefore the 
boundary condition at the inlet is changed to 
   , shown at the inlet in Figure 3. This is 
equivalent to solving a level-set equation. 
 
4 Results 
 
As shown in Figure 4, the capturing rate of the 
structure compared to a straight channel is 

increased significantly. The ramp collects more 
particles from higher initial heights, as shown in 
Figure 4b) and 4d). The channel achieves a 
maximum concentration of about 1.1 times the 
incoming concentration, in contrary the ramp has 
a maximum concentration of about 1.35 times 
the initial concentration which is an increase of 
about 22%. For lower velocities this effect is 
even bigger, which was investigated by 
Weddemann et al. [12]. Figure 4 shows solutions 

 
Figure 3. Simulation of the initial height mapping 
of a ramp structure. Entrance is           , 
outlet is            with a ramp length of 
     . The length of the modeled inlet and outlet 
channels     . The streamlines show the path of a 
particle through the ramp while neglecting 
diffusion. The colors indicate, which height a 
particle needs at the entrance to land on the 
specified position. The gray boundary shows the 
plane of symmetry 

 
Figure 4. Comparison between a straight channel (a, b) and a ramp structure (c,d). Both models have a 
length of       and an entrance of        , the ramp structure ends with         . Both are 
calculated for a fluid velocity of         . a) and c) show the concentration distribution of the 
respective structure, b) and d) are the corresponding height mappings.  
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for different model geometries and higher 
velocities. Figure 4a) again shows the same ramp 
as Figure 3c) but a domain plot of the floor. The 
plot on the left shows the concentration 
distribution which has a minimum in the ramps 
center and a maximum afterwards. The choice of 
the model parameter mainly influences the 
position of the maximum of the concentration 
distribution. The model parameters can be 
adapted to a wide range of velocities, as Figure 
4b) and 4c) show. For this cases the 
concentration on the floor are more homogenous 
as for a comparable channel structure and 
provide an 18% higher concentration peak. 
However this comes at a cost of high aspect 
ratios of the geometry making it more difficult to 
manufacture and to simulate. This can be 
observed in Figure 4c) where the resolution of 
the grid on the floor of the ramp is not sufficient. 
Additionally these ramps are much longer than 
those needed for slower fluid velocities. 
 

5. Conclusion 
 
The simulations show, that the model presented 
by A. Weddemann et al. [12] can be adapted to 
higher velocities. This comes at a cost of severe 
change in height and width of the structure. For 
simulations it is harder to find an appropriate 
mesh to get a good resolution of the floor on the 
one hand, and to reduce the calculation time 
needed on the other hand. The device can still be 

used to sort the incoming particles according to 
their height at the entrance of the ramps 
structure. COMSOL Multiphysics simulations 
provide estimates for efficient placement of the 
sensor inside the ramp structure. 
For further studies of such models the mesh has 
to be improved to guarantee good resolutions of 
the floor even at high aspect ratios  . Additional 
applications of the design, like a separation 
device, could be tested. 
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