
Deterministic Lateral Displacement (DLD): Finite element modeling and 

experimental validation for particle trajectory and separation 

E. Pariset*,**, J. Berthier *,**, F. Revol-Cavalier*,**, C. Pudda*,**, D. Gosselin*,**,  

F. Navarro*,**, B. Icard*,**, V. Agache*,** 

 
* CEA, LETI, MINATEC Campus, F-38054 Grenoble, France 

** Univ. Grenoble Alpes, F-38000 Grenoble, France 

  

ABSTRACT 
 

In biotechnology, deterministic lateral displacement 

(DLD) is used to separate label-free particles — such as 

cells, bacteria and exosomes — according to their size. The 

separation phenomenon is based on steric effects around an 

array of shaped micro-pillars: particles larger than a critical 

size are laterally displaced by the pillars whereas smaller 

particles follow a global straight path. Models have been 

proposed in the literature to predict the critical sizes 

according to the geometry of the DLD arrays. However, 

these models are semi-empirical and do not cover all the 

possible pillar shapes and orientations. Here we present a 

finite element model to find the best separation geometries 

for different-shaped micro-pillars, using COMSOL finite 

element particle tracing module. Calculation results are 

compared to the literature and confirmed by experimental 

results with calibrated polystyrene particles. Therefore, the 

presented model allows to choose the optimal DLD design 

according to the desired separation size. 
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1 INTRODUCTION 
 

Deterministic lateral displacement (DLD) is a 

microfluidic particle-separation technique that makes use of 

successive bifurcations of the laminar flow around an array 

of regularly arranged pillars. This technique enables to 

separate nanometer to micrometer-sized particles around a 

critical diameter called Dc, that is determined by several 

geometrical characteristics of the posts array, such as the 

pillars shape, orientation, inter-spacing and slant angle. 

The separation principle implemented in DLD systems 

was first described in 2004 by Huang et al. [1]. The DLD 

array contains many rows of pillars that are horizontally 

shifted when compared to the direction of the fluid flow. 

Therefore, the fluid emerging between two pillars is 

separated into several flow tubes when flowing around the 

next pillar. The number of streamlines and their width are 

related to the slant angle and the inter-spacing gap between 

two adjacent pillars. When particles are injected, their 

trajectory in the DLD array is determined by their radius 

when compared to the width of the first flow tube that is not 

deviated by the pillar. When the particle’s radius is smaller 

than the width of this flow tube, the particle follows a 

global straight “zigzag” path, while larger particles are 

“displaced” by the pillars because of steric effects. The 

critical diameter (Dc) defines the transient size between 

both trajectories.  

In 2006, Inglis et al. [2] proposed a model to predict the 

value of Dc for circular posts and an infinite DLD channel, 

with the assumption of a parabolic flow profile between 

adjacent posts. By integrating the flow profile along the 

width of the first flow tube, the ratio of the critical diameter 

Dc over the inter-spacing gap G was obtained, if θ is the 

slant angle, and ε = tan(θ):  
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By matching experimental data obtained with rigid 

particles and circular pillars, Davis [3] was able to propose 

a prediction of  Dc with good agreement with Inglis’ model: 

 
48.04.1 GDc       (2)

  

Triangular pillars were considered by Loutherback et al. 

[4] to improve separation performances. The Inglis model 

was adapted to take into account the asymmetric flow 

profile presented between triangular posts and good 

agreement with experimental results was obtained. 

Recently, Davis’ model was refined to generalize to 

several pillar shapes from numerical results. From a lattice 

Boltzmann method, Wei et al. [5] modelled the separation 

of hard spherical particles in DLD networks with five 

different post shapes. A new factor called ratio of sub-

channel widths η was introduced in the Davis formula to 

take the pillar shape into account in the prediction of Dc.  
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Zhang et al. [6] injected two geometric factors α and β in 

the Davis formulation in order to predict the effect of four 

different post shapes on the critical diameter from 

dissipative particle dynamics modelling. 

 
GDc       (4) 

 

Unlike in the Wei model, it was found that the α parameter 

was not affected by the pillar shape, while the β parameter 

was different for circular, triangular, diamond and square 

pillars. 

 

In this paper, a new model is presented to predict the 

critical diameter in DLD arrays of different shaped and 

oriented micro-pillars, using COMSOL finite element 

particle tracing module. The calculation is compared to the 

models that were introduced above as well as to 

experimental data with rigid spherical polystyrene particles. 

 

 

2 FINITE ELEMENT MODEL 
 

A commonly made assumption is that the particles do 

not modify the flow pattern. In other words, the particle 

trajectory is weakly coupled to the hydrodynamics. Note 

that this assumption may fail with highly concentrated 

samples, like whole blood. In the COMSOL approach, the 

hydrodynamics of the carrier fluid is first computed. The 

particle trajectory computation requires to solve the Newton 

equation for each particle, taking into account inertia, 

gravity and drag force. However, the use of the COMSOL 

module “Particle Tracing” needs refinements to take into 

account the wall-exclusion. A particle position should not be 

only determined by its barycenter, but also by its envelope. 

We have set up on any solid boundary — in our case the 

pillars and channel walls — a rebound condition based on 

the distance from the particle barycenter to the wall, so that 

the particle envelope does not intersect the wall surface. 

 

2.1. The notion of distance to the walls 
  

The distance from a point of the computational domain 

to the boundary is given by the Eikonal equation: 

 

1xd  )(      (5)

       

The Eikonal equation requires that the distance to the walls 

function d(x) is well-behaved — in the present case 

differentiable — at the walls. This restriction stems from 

the remark that the distance function on the boundary is:  
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where n is the inward normal to the boundary . The normal 

unit vector on pillars with sharp edge is not defined, and this 

induces a singularity. The introduction of rounded edges 

solves this problem.  

 

2.2. The steric effect 
 

Once the wall-distance map is calculated, the steric 

effect of the particles can be implemented. Indeed, the 

particle contacts the wall when d(x) is equal to the particle 

radius and its velocity is directed towards the wall. Upon 

contact, a rebound condition is set up: 

 

preboundppreboundp VtVVnVn


.t.   and  .. ,,   (7) 

 

Figure 1 shows two populations of particles of different 

sizes (diameters 7 and 7.2 µm), transported by a carrier 

fluid, moving around circular pillars (diameter 15 µm). The 

calculation of the particle-wall distance (Fig. 1b) is essential 

to model the separation effect around the critical diameter. 

 

Figure 1: Modelisation of the DLD separation without (a) 

and with (b) the wall distance physics 

 

 

3 NUMERICAL RESULTS 
 

From this numerical model, we were able to determine 

the influence of the pillar shape and orientation on the 

critical diameter and to compare our results to the literature. 

Rigid spherical particles were injected in several 2D DLD 

arrays. First, our model for circular pillars has been 

validated by a comparison with the results of Davis [3] and 

Inglis et al. [2]. 

 

3.1 Validation for circular pillars 

For each DLD array geometry, the critical diameter was 

determined from the mode of displacement of different 

sized particles. Three types of trajectory were observed in 

the simulations according to the particle size: the zigzag 

and displacement modes, as well as a “mixing mode” with 

alternation of zigzag and displacement modes for particle 

sizes close to the critical diameter [7]. The numerical 

critical diameter was defined as the smallest particle 

diameter for which a displacement mode was observed. 
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Figure 2: Comparison of Dc/G between the Davis and Inglis 

models and the numerical results with N=1/ε 

 

Figure 2 shows good agreement of our numerical results 

with Davis’ model., while Inglis’ model is shifted towards 

smaller critical diameters. This suggests that the assumption 

of a parabolic flow profile between adjacent posts does not 

match exactly experimental and numerical results. 

Refinements should be considered to take into account the 

anisotropy induced by the slant of the pillars array. 

 

3.2 Effect of  shape and orientation of pillars 

The number of geometrical parameters that describe the 

pillars are numerous: shape, orientation, spacing and period 

number. Here, we investigate numerically the influence of 

the pillars shape and orientation on 15µm-width posts, with 

an inter-pillars gap of 10µm. Five geometries were 

considered: circles, hexagons, octagons and triangles with 

two orientations for hexagons and triangles. 

Figure 3: Diagram of the critical diameters for pillars 

with different shapes and orientations 

Figure 3 shows that both the shape and the orientation of 

pillars influence the critical diameter. 

  

The effect of the pillar orientation is represented in 

Figure 4 with a flow going from the left to the right side. 

When compared to a vertical post edge (Fig. 4b), the critical 

diameter decreases with a positive slope of the post edge 

(Fig. 4a), as the streamlines are directed upwards, and it 

increases with a negative slope (Fig. 4c), as the streamlines 

are directed downwards.  

Figure 4: Comparison of the streamlines distribution around 

the same rectangular pillars with three different orientations 

(a-c), hexagonal (d) and octagonal pillars, with N=3.3 

 

It is verified in Figure 3 that Dc is larger for negative-

slope triangles (triangles -) than for positive-slope triangles 

(triangles +). The other pillar geometries have two possible 

orientations as they have a top-down symmetry. However, 

even with the smallest value of N that is considered, only 

the top-half section of the pillars is approached by the 

streamlines flowing above the previous pillar (Fig. 4d and 

4e). Therefore, the hexagonal and octagonal pillars have 

similar Dc values as the positive-slope triangles. Since the 

triangles + and hexagons + pillars have the same slope for 

the left edge (120°-slope), they have the same Dc diagram. 

For small N values, the critical streamlines approach a 

vertical edge for both hexagons - and octagons since the 

stopping point is located on this edge (in red in Fig 4.d and 

e), which explains that both Dc diagrams are the same. 

When N increases, the influence of the edge slope appears 

and Dc becomes larger for octagons (135°-slope) when 

compared to hexagons – (150°-slope). 

The model adapted from Davis [5][6] was applied to our 

simulation results in order to find the α and β parameters in 

the equation (4). Table 1 shows the obtained parameters: 

 

Table 1: Values of the geometrical parameters α and β 

Pillar 

Shape 
Circle Hex. + Hex. - Oct. Tri. + Tri. - 

α 1.4 1.4 1.4 1.4 1.4 1.1 

β 0.48 0.54 0.60 0.53 0.54 0.49 
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As suggested by Zhang et al. [6], we confirm that the α 

parameter is the same as in the Davis formula for all the 

geometries, except for inverted triangles. Therefore, the α 

parameter seems to represent the orientation of the post 

edge that is encountered by the particles flow. The β 

parameter is a characteristic of each pillar shape with a 

decrease in β when the slope of the post edge increases. 

 

 

4 EXPERIMENTAL RESULTS 
 

Experimental validation was performed on circular and 

triangular pillars with G=20µm and N=50. Figure 5 shows 

the trajectory of rigid spherical polystyrene beads with 

fluorescent labelling (Thermo Fisher Scientific, G0300, 

G0500 and CDG1000). When recording the images 

(Olympus XM10 CCD camera), the exposure time was set 

large enough so that the particle trajectory appears as a 

continuous white line. Figure 5 confirms that Dc is larger 

for circular pillars than triangular pillars for identical inter-

pillars gap and slant angle. Indeed, 5µm-beads have a 

zigzag trajectory when flowing in the circles array but they 

display a displacement mode in the triangles array. It is 

demonstrated here that Dc is comprised between 5µm and 

10µm with circles, while it is comprised between 3µm and 

5µm with triangles.  

 

 

Figure 5: Trajectory of different sized polystyrene particles 

in DLD arrays with identical geometric parameters except 

the pillar shape (circles or triangles). The orientation of the 

pillars is given by the arrows. 

5 CONCLUSION 
 

In this work, a finite element model coupled to a particle 

trajectory model has been implemented using the COMSOL 

numerical program. The approach enables to study the 

influence of pillars shape and orientation on the separation 

diameter in DLD arrays. The results for circular pillars are 

in agreement with results from the literature. For non-

circular pillars, it has been demonstrated that the orientation 

of the pillar edge influences the critical diameter. The Davis 

model was adapted to match our numerical results. While 

Wei et al. [5] proposed a single geometrical parameter for 

each pillar shape, independently of the orientation of the 

pillar, we have considered both the shape and the 

orientation of the posts at the same time. In order to be even 

closer to experimental results, two additional factors should 

be taken into account: the streamline anisotropy linked to 

strongly assymmetric pillars [8] and the boundary 

conditions at the channel walls.  
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