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ABSTRACT
We use a nonlinear finite element (FE) method model to compare,
optimize and determine the limits for useful geometries of microfluidic
valves in elastomer polydimethylsiloxane (PDMS). Simulations have
been performed with the aim of finding the optimal shape, size and
location of pressurization that minimizes the pressure required to operate
the valve. One important constraint governing the design parameters is
that the stresses should be within elastic limits, so that the component
remains safe from any type of structural failure. To obtain reliable results,
non-linear stress analysis was performed using the Mooney-Rivin 9
parameter approximation which is based on the Hyper Elastic Material
Model. A 20 noded brick element was used for the development of FE
model. Mesh sensitivity analysis was also performed to assess the quality
of the results. The simulations were performed with commercially
available FE modeling software, developed by ANSYS Inc. to determine
the effect of varying different geometric parameters on the performance
of micro-fluidic valves.

The aim of this work is to determine the geometry of the channel cross-
section that would result in the largest deflection for the least applied
pressure, i.e. to minimize the pressure needed to operate the valve.

1. INTRODUCTION

The field of micro-fluidics lies at the interface between engineering, chemistry, and
biology. This field has seen rapid growth as numerous applications have evolved in
biology, chemistry, diagnostics and analysis for the control of picoliter volumes on chips.
A common application is the development of lab-on-a-chip systems that could be used to
explore single cell and single molecule biophysics, miniaturize chemical assays, reduce
the quantities of reagent and enable massively-parallel, high-throughput biochemical
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analyses. The engineering challenges include optimizing the mixing, reaction, separation,
pre-concentration, and detection of chemical species at the micro-scale [1].

Elastomers have evolved as some of the most suitable materials from which such lab on
a chip systems can be constructed, as their low modulus of elasticity permits the miniaturization
of valves. The microfluidic valve is a key component in many lab on chip systems, and
valves of various designs have been fabricated. However, it is worth noting that the design
of these valves has so far evolved mostly by experimentation. We believe that state of the art
engineering design software can be reliably used to better understand, and optimize
elastomer structures. Due to nonlinear behavior and complex geometries within practical
microvalve structures, we could not find reliable macro-models or reduced order models for
predicting the behavior of such structures.

Since it is extremely hard to find local stresses and strains in PDMS elastomer
embedded structures, simulation-based design helps us to determine the mechanical design
parameters, such as the region of operation and points of stresses which help in reliable
designs.

Unger et al. [3] have discussed the fabrication of a micro-fluidic valve in a micro-fluidic
chip constructed from Silicone RTV 615. Similarly, Kartalov et al. [5] have produced a
(linear) model of micro-fluidic valves fabricated from elastomers. Lotters et al [6] have
investigated the mechanical properties of the elastic polymer (PDMS) for its application in
micro-fluidic chips. The optimization of these systems is complicated by the fact that the
mechanical behavior of PDMS is non-linear [4], which must be taken into account when
using Finite Element Analysis (FEA) techniques [2]. Other complexities of modeling
clastomers are unusually large deformations (which introduces constraints on meshing) and
nonlinear geometry.

This work is related to the optimization of the valve geometry within a microfluidic chip
fabricated from an elastomer (PDMS). Finite element simulations have been performed with
the aim of finding the optimal shape, size, and location of pressure application that
minimizes the external pressure required to operate the valve. One important constraint is
that stresses should be within elastic limits, so that the PDMS elastomer remains safe from
any type of structural failure.

2. OPERATION OF VALVE

The PDMS valve is intended to be used for controlling of fluid flow within a sub-millimeter
wide channel of dimension. Any controlling device, such as electromagnetic solenoids,
pneumatic devices, mechanical actuators, or phase can be used. Moreover, it is not necessary
that the valve should be closed completely in order to stop the flow fully, since, at this small
scale, capillary effects are important. It is assumed that a reduction in the cross-sectional area
of channel of 90% would be sufficient to stop the flow of fluid [7]. This also helps to avoid
contact which occurs between valve surfaces. Contact has additional complexity for
simulation since it introduces a severe non-linearity. Figure 1 shows the schematic diagram
of typical micro-fluidic valve model geometry.

In Figure 1 we show a typical cross-sectional view of an open valve, with a semi-circular
fluid channel. To close this valve, pressure is applied normal to the fluid flow direction and
also normal to the surface of the channel. This deforms the channel and thereby constricts
the flow. Appropriate deformation of the channel will stop the flow completely.

All layers of simulated valves are out of bulk material of same type. While building valves
using separate layers with multi-layer soft lithography is also common [3], the valves
simulated here can be produced by using molds produced by wax printers or other means.
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Figure 1 Schematic diagram of micro-fluidic valve.

Structures without layers avoid problems of delamination and alignment. Using injection
molds also seems more promising in a production setting.

3. FINITE ELEMENT ANALYSIS
3.1. HYPER ELASTIC MATERIAL MODEL
The elastomeric polymer PDMS was selected for the fabrication of micro-fluidic channel due
to its inertness to chemical reactions and its elastic behavior [7]. A typical Stress-strain
behavior of PDMS is shown in figure 2. Also shown in figure 2 is the Non-Linear-Hyper-
Elastic material model with 9th order Mooney-Rivlin approximation [9, 11, 12, 13], which
was used to approximate the behavior of the PDMS in our FE model [5].

A 9™ order approximation is accurate but requires considerable computational capabilities
[9]. As the model developed was not very large in terms of number of nodes considering a
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Figure 2 PDMS stress vs strain behavior and mooney-rivin 9 parameters
approximation.

higher order model was possible. In an actual fluidic chip, the valves are separated by
appropriately large distances which allow this work to be directly applied to complex chips.

3.2. LIMITATION IN HYPER ELASTIC MATERIAL MODELLING

Most material models in commercially available finite element analysis codes allow the analyst
to describe only a subset of the structural properties of elastomers [2]. These limitations are
thoroughly discussed in the literature [2, 9]. Based on the limitations involved in finite element
hyper elastic material modeling it was assumed that dimensions considered are of pre-strained
model. This does not affect experimental use. One can close the valve once or apply higher than
valve closure pressure to enable pre-strained region for subsequent use.

3.3. FINITE ELEMENT MESH
In finite element analysis too fine a mesh is inefficient, whilst too course a mesh may give
unreliable results. Solid 20 node 186 element was used for building finite element mesh. It
was selected based on the recommendation in ANSYS technical manuals [9, 10].The mesh
for the every model built was refined in order to identify the optimum mesh; the results of
one of the mesh developed are shown in figure 3 and indicate that that optimized FE Model
has 3645 elements.

In this analysis element skewness and elements shape after distortion were manually
observed. Keeping in view the results FE mesh pattern was adjusted accordingly. One of the
FE Mesh Pattern of valve model is shown in figure 4.
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Figure 5 Loads and applied boundary conditions.

Due to the symmetric nature of problem half part of model was simulated. Symmetry
boundary conditions were applied on y-z planer side of the model to save time and
computational resources.

3.4. BOUNDARY CONDITIONS

Commercially available FEM software ANSYS v11.0 [8, 9, 10] has been used. The model
consists of a block of material, with the channel in the centre as shown in figure 5. The cross-
sectional area of the valve was kept as constant and equal to 5000 um? for each shape analyzed.

Figure 3 describes the loads and boundary conditions which were simulated. A constant
pressure was applied over the top surface of the block of material, whilst the bottom surface was
constrained to have zero displacement. Pressure due to fluid moving through the channel
is applied as surface tension in the inner wall of the channel, it was computed using Laplace
relation as suggested in Zhongbing Huang et al [14]. Four different cross-sectional shapes
were considered. Table 1 summarizes the different cross-sectional shapes which were modeled,;
the results obtained under the application of constant pressure of 10 KPa.

Due to the unsymmetrical nature of semi-circular channel (not symmetrical against
horizontal plane) pressure load was applied in 2 different configurations. Table 1, shows the
displacement of each cross-sectional shape with application of constant pressure. Semi-
Circular Channel (B) shape results in maximum deformation caused by applying the same
normal pressure, to each of the valve shapes; as can be seen the semi-circular channel (B)
appears to give the most favorable results. However, it can also be seen that this shape also
results in one of the highest local stresses, which could cause problems. Thus, the valve based
on the semi-circular channel was selected for further optimization. The geometric parameters
which can be varied for the semi-circular valve (shown in detail in figure 6) include:

e ‘w’ = width of channel
e ‘h’ = height of channel
o ‘t’ = thickness of PDMS membrane between channel and pressure load

Of the above parameters the effect of varying the thickness of membrane between the load
and channel ‘t’, and height of channel ‘h’ were studied in detail. In all cases the cross-
sectional area was kept constant, and ‘L1’ and ‘L2’ were fixed. The minimum possible
thickness [2, 4] that can be manufactured is 10 pm, so,’t’ was varied from 10 to 30 um. If ‘h’
is made too small, the flow will be restricted even when the valve is open; hence, ‘h’ was
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Table 1 Different cross-sectional shapes and results

FEM Results under the

Shape Cross-Sectional Shape action of equal load

Box-Shape Maximum Displacement = o
Channel Maximum Stress = 3

(Standard)

Eye-Shape Maximum Displacement = 0.900.
Channel Maximum Stress = 0.803

Semi- Maximum Displacement = 1.18a
Circular Maximum Stress =1.48[3
Channel

(A)*

Semi- Maximum Displacement = 1.320
Circular Maximum Stress = 2.123
Channel

B)*

Circular Maximum Displacement = 0.71a.
Channel Maximum Stress = 0.713

o, =ratio of ‘h’ after loading and before loading for Box Shape Channel
B = ‘Von Mises Stress’ due to loading for Box Shape Channel

always larger than 40 um [1]. As cross-sectional area of channel kept as constant throughout
so values of ‘h’ and ‘w’ are numerically dependent. Table 2 shows the different
configurations which were simulated.

4. RESULTS AND DISCUSSION
Contour plots of displacement and stress for each of the configurations in table 2 are given
in table 3, for the pressure loading until valve closes or pressure load reaches to 10 KPa.

The pressure required to close the valve also varied between configurations. Figure 8
shows the pressure required to close the valve, again as a function of ‘h’ and ‘t’.

Figure 7 clearly shows that that the valve with minimum thickness and minimum height
requires the least applied pressure to close. This is as expected. Also marked on figure 7 is a
region where the valve does not close even if the magnitude of the applied pressure reaches
10 KPa. (i.e. the malfunction region).

One important result from the simulation is the maximum local stress, since a high stress
could result in mechanical failure. Figure 8§ shows the maximum stress in each of the



194 Optimization of elstomeric micro-fluidic valve dimensions using non-linear finite
element methods

Side view

e | R
e o o o e

PDMS Chip|

Channel
—

—_———— - —

1
|
IR
|
1

Pressurization L2
area

Figure 6 4 Views of selected channel configuration.

Table 2 Multiple configurations for ‘h’ and ‘t’ parameters

h =40.78 um
Area of Channel h=56.42pum h=48.49 ym h =43.96 um w =176.6 um
= 5000 wm? w=1128 um w=141.7 um w=161.3 um (Fluid Flow Limit)
t=30 pm 1 2 3 4
t=20 pm 5 6 7 8
t=15pum 9 10 11 12
t=10 pm 13 14 15 16

(Manufacturing Limit)
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Table 3 Von-Mises stress & displacement contours of 16 configurations

Config.

Von-Mises Stress Contour Plot (KPa)

Displacement Contour Plot (mm)

‘
MAR 17 2008 STEP=1 MAR 17 2008
_::.__
‘
2 N— AN — AN
117102 35613 71.109 106.605 142.101 006535 013273 019909 026546
‘ ‘
: ‘
4 o souron AN o soarn
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Table 3 (continued)

Config.

Von-Mises Stress Contour Plot (KPa)

element methods

Displacement Contour Plot (mm)

: :
: :

6 o s AN N
SMN = 256692 DMX. - 034784

7 T T
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Table 3 (continued)

Config. Von-Mises Stress Contour Plot (KPa)  Displacement Contour Plot (mm)

‘ ‘
9 o souon AN oo soumon
e e
‘ ‘
10 o souon AN
[ eee—— |
11 * *
w0
190528 26.58 52.97 79.36 009667 19334 29001 038668
‘ ‘
[ WS T — |
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Table 3 (continued)

Config. Von-Mises Stress Contour Plot (KPa) Displacement Contour Plot (mm)

‘ ‘
‘ ‘
14 AN oo oo AN
15 ‘ <
, ‘
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Pressure Required for closing of the valve
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Figure 7 Contour plot of pressure (KPa) requirement variation with thickness (t)
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Figure 8 Contour plot of maximum von-mises stress (KPa) variation with
thickness (t) and height (h) parameters.

simulations, as a function of h and t. It is to be noted that we are not considering diffusion
across PDMS. This assumption is particularly good if we use liquid to apply pressure.

As shown in figure 8, the maximum stress occurs when the thickness is at minimum and
height of channel is at a maximum (i.e. configuration 13 in table 2). The configuration which
gave the minimum stress had the lowest value of h and the lowest value of t (configuration 16
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in table 2). However, it should be noted that at low values of h, the thickness, t, has only a
weak influence on the maximum local stress.

5. CONCLUSION

Micro fluidic valve is modeled and analyzed using finite element methods. Optimization
resulted in a configuration that is most suitable as per its operation as valve in microfluidic
chip. It was also found out that optimized configuration is on the verge of fluid dynamic and
manufacturing constraints. Moreover trend to performance of each dimensional parameter is
known (Figure 7 and Figure 8), based on which optimization can be achieved for other
application of microfludic valves.
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