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Abstract

We present the conception of a micro pressure source
for microfluidics applications. It consists in 3 main parts:
(i) a heating resistance built on a dielectric membrane, (ii)
an energetic material which decomposes generating a
high volume of biocompatible gas, (iii) an elastomer
membrane with high elastic properties. PDMS is chosen
as the membrane material for its elastic properties. A
bimetallic energetic material composed of Mn and Co is
chosen because of the high amount of biocompatible gas
liberated from its decomposition [1].

When the actuation is required, the energetic material
is heated beyond the ignition temperature to generate a
high concentration of gas; the gain in pressure produces
the deformation of the elastic membrane. Individual
models have been developed for each physical
phenomenon: (i) the heating of the resistance by an
electro-thermal model, (ii) the gas generation from the
decomposition of the energetic material based on an ideal
gas model and a mass transfert model and coupled with
the elastic membrane deformation with a mechanical
deformation model. This paper presents each individual
model under COMSOL Multiphysics that has been
correlated with experimental results. Then, the
implementation of all models into one global model allow
us to predict the actuator performance as a function of
input electrical signal.

1. Introduction

MEMS technologies in general and Microfluidics in
particular are one of the most developed technologies in
the last years. Further miniaturization and increase level
of systems complexity are the current trend in
Microsystems. In that context, new tools for the
conception steps are essential to optimize the performance
of the system, to save time and money during the
development phase.

With the increased complexity level, multiphysics
approaches taking into account the interactions between
different physical phenomena, are necessary for the
systems conception.

Some works have been recently reported on the multi-
physics modeling of micro actuators [2-7]. This
bibliography shows the difficulty in validating complete
3D models experimentally; often simplified models are
validated either by analytical models or experimentally.
Depending on the complexity of the structure or the
multiphysic coupling, simplified models often leading to
linearization of highly non-linear expressions are
preferred.

In Microfluidics, an important issue is the integration
of reliable, small and easy to use micro actuation parts for
pumping and valving of liquids. Over the past decade a
large variety of micro valves and pumps based on several
effects including piczoelectric [8], electrostatic [9] and
(thermo) pneumatic have been proposed [10, 11]. These
are often expensive and difficult in design and fabrication.
In addition, their deflection is too small to pump or
completely close a microfluidic channel necessary for a
good valve. An exception is based on pneumatic
actuation. However, these actuators are usually too large
to be fabricated in a dense array format and to be fully
integrated into the microfluidic lab-on-a chip [12]. An
emerging concept is to integrate pressure sources directly
in the microfluidic platform by integrating energetic
materials on a micro heater fabricated into the
microchannel [13]. When the actuation is required, the
energetic material is heated up and generates a high
volume of gas which therefore locally increases the
pressure. The micro/nanoactuator based on these
mechanisms can be fairly simply fabricated, low cost,
very compact (<lmm?), fast, biocompatible, integratable
with different technologies (silicon, glass, plastics),
adjustable and could be integrated on large scale.

The reliable integration in submillimeter scale, of, a
microheater, a solid energetic material and an elastic
membrane into a microchannel raises several modelling
and technological challenges. The first one is to clearly
understand the physics on which these actuators operate
through multiphysics models, building up individual
models for each physical phenomenon and then
integrating them into a full package, enabling to make
virtual prototyping. The second challenge is the
elaboration of energetic materials that keeps mechanical
actuation capabilities when it is deposited in a thin layer
(thickness <100pm). The third one is to set up the MEMS
technologies for the integration and interfacing of all
materials  (energetic, substrate, heater, polymeric
membrane and fluid) at submillimeter scale.

In this paper we focus on the modelling issues. The
first part of the paper is the presentation of individual
multiphysics model built up wusing COMSOL
Multiphysics. The numerical modelling issues will be
discussed and compared with experimentation. In a
second part, the integration of all individual models into a
general model will be presented and multiphysics
interfacing issues will be discussed.

2. Description of the microactuator



The proposed micro actuator made on silicon consists
of 3 main parts as illustrated in Figure 2:

- One heating platform: it is made of one thin
dielectric membrane (SiO,/SiN,) on which is deposited a
polysilicon resistor [14].

- One clastic membrane which encapsulates
energetic material: PDMS (PolyDiMéthylSiloxane) has
been chosen for the demonstrator for its easy prototyping.
[15]

- One energetic material [1]
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Figure 1. Micro actuator structure 3D view
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Figure 2. Micro actuator structure cut view characteristics

The micro heater and membrane structures are
shown in Figure 2 and Figure 3. The geometrical
parameters taken for the simulation are given in the Table
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Figure 3. Membrane (a) and heater geometrical (b)
characteristics.

Table 1. Micro actuator geometrical parameters.
Geometrical parameter Value (um)
500
166
92
55
72
250
30
100

~ |0 Qv | |3~

When the actuation is required, a current flows in the
polysilicon resistor heating up by the Joule effect the
polysilicon and by thermal conduction the energetic
material in contact with the heater. When the ignition
temperature of the energetic material is reached, a high
volume of air is released. Then, the pressure in the cavity
increases and deforms the elastic membrane.

3 models describe the microactuation:

- the electro-thermal model to simulate the heating
by Joule effect,

- the gas generation from the decomposition of the
energetic material, once the ignition temperature (250°C)
[1] is reached,

- a mechanical model to predict the membrane
deformation as a function of gas pressure.

3. Mathematical models

3.1 Electro thermal model

The electro-thermal model includes the well known
heat flow equation and the electric potential equation. The
link between the two equations is done by the Joule effect

0 =dav,[.
LElectric potential
-0(c0v,)=0 M
Heat flow
oT
p.CpE—D.(kDT):Q @)

3.2 Gas evolution model

The evolution of the enclosed gas in the cavity follows
the Fick’s law of diffusion for the concentration of
species (¢): [16]
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Where D is the diffusion coefficient and R the reaction
term. In this approach no convection is considered. The
pressure in the cavity could be directly related to the gas
concentration. Considering the gas as ideal we obtain:
P=cMT )
where M is the air molar mass.

3.3 Membrane deformation model

The classical mechanical model is based on the small
deformation approximation: the membrane deformation-
to-thickness ration is very small (w/e<<l) and the
membrane deformation-to-lateral dimension (w/2a<<1) is
low [17]. In our case, both assumption are not true
(w/e~3-5 and w/2a~0.2-0.4), therefore, the PDMS
membrane deformation is simulated using a large
deformation model.

The strain tensor is expressed as follow [17]:

. O0u;
£, _1/0u;  O4; 0wy Oup )
720 0x ; Ox;  Ox; Ox;
where u# represents the deformation in a given

direction, x is the spatial coordinate and the sub indices
i,j,k represent each component in x, y, z direction. The
non-linear term 0wy /0x; .Ou; /Ox; characterizes the
large deformation behavior.

The membrane stress can be calculated from the First
Piola-Kirchhoff stress p 18] as:
= ©
o0lu
where i is the displacement gradient and Whyp is a
strain energy function which characterizes the hyper
elastic properties of the PDMS.
The Neo-Hookean Model proposed by COMSOL
Multi-physics [19] considers the strain energy function as
follow:

Lof )1
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where ¢ and « are the shear and bulk modulus of
the PDMS, respectively. J,; is the elastic part of the total
volume change of the PDMS:

J J
Jg=——=—— ®)
Jun (1 *tEm )3

Here, J represents the ratio between the current
volume and the original volume and Jy, is the thermal
expansion expressed in terms of the thermal strain &, .

I, is the modified

2
11 =(Cpy +Cyy +C33 ), 3 where Cpp, Cyy and Cyy
arc the matrix components of the Cauchy-Green tensor

first strain  invariant

C=FTF, where F is the deformation gradient matrix
containing information about deformation and rotation.

4. Model implementation

The equations (1-4) and (5-8) have been solved
numerically using the Finite Element Method (FEM).
Several material properties are required to solve the
different mathematical equations presented in the section
2:

- The electrical conductivity (o), thermal
conductivity (k) and the volumic mass (o) of all the
structural materials and air: see Table 2.

- The Young modulus (%), the Poisson coefficient
(v) and the residual stress (o,,) of the PDMS.

- The air characteristics: volumic mass (p,;,) and
molar mass (M) depend on P, 7 and initial volume,
respectively.

Table 2. Properties of the materials used for the fabrication
of the micro actuator.

o k o Cp
Material (S/m) (W/m.K) (kg/m:’) (J/Kg.K)
Silicon Not used 100 2328 702
Si02 Not used 14 2270 1000
SiNx Not used 49 2270 1000
Polysilicon Gpoip(T) 100 2328 700
(Bore 5146.3
implanted) (23°C)
Gold 4.4x107 297 19300 128.7
Chromium 7.3%10° 93.7 7150 449
PDMS Not used 0.15 965 1200
Air Not used kairlD) | Pur(D) | CPar(D

4.1 Thermal properties of the gas produced by the
energetic material

As discused in section 4.1 (equation 9) the gas
liberated by the energetic material is composed of N,, O,
and H,O vapor, they are present in the air but not in the
same proportion. Nevertheless as a first approach in the
gas generation from the energetic material, we consider
the gas generated as air.

The Nusselt (Vu) number has been used to determine
the convection coefficient (%), given by:

t

h=Nu— 10

u 0 (10)

Nu = A(Gr.Pr)" (LJ (11)
2a

Where 4, n and m are constant depending on the value
of the product GrxPr. The Grashof (Gr) and Prandtl (Pr)
numbers of air contained in the micro cavity are written
as follows :

Gr = g~ﬁair (Tmax _T)l‘g,loair2
:uaz'r2
Where g is the gravity with a value of 9.8m/s* 8., .
Puir.  Uar are the air expansion coefficient, density,
dynamic viscosity respectively.
They are temperature dependant and the values can be
found at atmospheric pressure in the literature [16].

(12)



The air is contained in a square cavity. Its lateral
dimension is 2a and height is 7 (see Figure 2 and ). We
calculate the Grashof number for the highest conditions in
pressure and temperature in the cavity as function of time,
when the maximal electrical power studied is applied
(100mW). We obtained a peak of pressure of
P=466.7MPa and a temperature at the heating platform
(Tnay of 342°C, the Grashof number is equal to 606 and
the air Prandtl number is equal to 0.7 [16].

GrxPr = 4242 <<1700 that is the limit of the
conduction regime [16]. Therefore the air contained in the
cavity is in a purely conduction regime and convection
coefficient is set to O.

4.2 Gas diffusion

The diffusion coeffcient can be calculated as function
of the nature of the gas, the pressure and the temperature
in the cavity as: [16]

3
T/2

/ 1 + 1
1 VN \M, M (13)
p(VAA +VBA j L

J indicating the molecular volume of the constituents
A and B and M as the molecular weight, for the air /’=29.9
and A#=28.9. In our model the diffusion coefficitent can
not be considered constant as the temperature and the
pressure in the cavity changes in time and are not
homogeneus in space.

D =4357

4.3 Meshing optimization

The electro-thermal, membrane deformation and gas
generation models are implemented under COMSOL
Multiphysics. The optimized meshing for the simulation
is determined by performing an independent grid study to
minimize the modeling error. When the change in the
solution between subsequent stages of meshing
refinement is considered to be negligible, the lower, but
still sufficient, mesh resolution is kept. Figure 4 illustrates
the procedure for the heating platform: the polysilicon
microheater maximum temperature and time of
simulation is compared among different stages of
meshing refinement: the compromise between simulation
time and accuracy is reached for the rounded point and
gives the good optimal meshing.

For the heater platform, the optimized mesh consists
of 7707 tetrahedral and prism elements on one quarter of
the microheater structure. Figure 5 shows the meshing of
the heater platform separated in the substrate and the
dielectric membrane.
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Figure 4. Example of mesh optimization procedure for the
heating platform model
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Figure 5. Heating platform. Substrate (a) and dielectric
membrane (b) meshing

The optimized meshing for the PDMS membrane
contains 5104 tetrahedral elements (see Figure 6).

<

Figure 6. Meshing of the elastic membrane

The optimized meshing for the 2D axisymetric gas
generation model contains 12103 triangular elements (see
Figure 7).

5. Individual model implementation and
experimental validation



5.1 Heating platform

The results for the microheater simulation are
illustrated in Figure 8. Here the temperature of the heater
dielectric membrane is given at the steady state and for
the following conditions: Applied Voltage: 4V, electrical
power: 29.8mW,; convection coeffcient h=0.

From the simulation, the required power and the
resulting equivalent temperature distribution are obtained.

The graph of Figure 9 gives the heater maximal
temperature as a function of the electrical power with and
without taking into account the temperature effect on gy,
A comparison with Infrared (IR) thermal characterization,
made with a CEDIP JADE III MW camera, enables to
evaluate the modeling error. From this graph, below a
maximal temperature of 116°C the maximal error in the
measurement is 33%, above this temperature the maximal
error reduces to 16%. The difference between the model
and the measurements could be explained by the
uncertainty to evaluate the value of the emissivity
coefficient () of the different materials using the IR
measurement.

=]
=]
s

Figure 7. Meshing of the 2D axisymmetric model for the
gas generation including the electro-thermal model

5.2 Membrane deformation

The results for the elastic membrane deformation
simulation are illustrated in Figure 10. Here the
deformation (w) of the PDMS membrane with parameters
E=4MPa; v=0.48; 0,=0 is given at the steady state and for
the following conditions: Applied pressure: 0.01MPa;
boundary: clamped all around the membrane.

Figure 8. Example of temperature distribution for a
500pumx*500um dielectric membrane heating platform.
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Figure 9. Heater maximal temperature vs. electrical power

Figure 11 gives the theoretical and experimental
maximum membrane deformation as a function of the
pressure inside the cavity. The curves correspond to a
30pum thick PDMS membrane fabricated at LAAS and
having a Young Modulus of 4MPa measured by the
“Bulge test” [20] and nanoindentation [21]. The
comparison shows a difference in the non-linearity of the
curves, experimental curves are almost linear because of
the separation effect of the membrane from the substrate
as pressure increases.

Figure 10. Membrane deformation for a 500umx500pm
membrane being 30um thick.

5.3 The gas generation and its evolution

As a first approach in the implementation of the model
describing the gas generation, some simplifations were
made:

- A 2D axisymmetric model is implemented to
validate the concept before implementing a full 3D
model,
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Figure 11. Comparison between experimental and
simulated results for the deformation of a 500pmx500pm
membrane.

- As the geometry of the heating resistance is
different from the 3D model, a calibration of the 2D
model in terms of applied tension and obtained heating
temperature was made by modifying the electrical
conductivity of the heating material,

- The amount of energetic material deposited on the
heating platform is calculated from the profilometer
measurement (see section 4.2), the mean thickness of the
deposited material is 1.4um. We use this value to consider
an uniform desposit of the material,

- The gas liberated from the energetic material is
composed of more than one species (see section 4.2), in
this first approach the gas is considered as air, even if the
proportion of the individual species are not exacly the
same,

- The gas generation is considered to happen
instantly once the ignition temperature is reached, in that
way the simulation is made in two times: First; an
stationary simulation considering the energetic material
deposited over the heating platform. In this simulation the
temperature distribution is obtained for a given applied
voltage, in this case 6.3V. Then, the assessment of the
quantity of material that reaches the ignition temperature
is made as shown in Figure 12. This is taken as the initial
condition for the next step; Secondly, once the quantity of
the material that decomposes in gas is known, the
transient simulation of the gas evolution can be calculated
as a function of the electrical applied power. The
observation point where the transient measurements
where made is shown in Figure 12.

Observ/ation point

T >T. Ignition

Figure 12. Stationary electro-thermal simulation.
Evaluation of the energetic material with a temperature
higher than the ignition temperature. Observation point for
the transient simulation

Figure 13 shows the fast concentration evolution (2ms)
compared to the thermal evolution of the system, starting
from the initial air concentration (41.44mol/m’)
calculated at ambient temperature and atmospheric
pressure to the final concentration of the cavity (51.34

mol/m’).
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Figure 13. Gas concentration evolution on the observation
point near the PDMS membrane

Figure 14 shows the evolution of the temperature in the
cavity as the actuator is turned off, it takes 3.6s to reach
the stationary state at ambient temperature.
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Figure 14. Temperature evolution on the observation point
under the PDMS membrane

Figure 15 shows the evolution of the pressure in the
cavity as the actuator is turned off. After 1ms from the
decomposition of the gas, a high peak of pressure is
detected (see the zoom in Figure 15). The assessment of
the effect of this pressure peak on the global performance
of the system is under study. A first stationary state is
reached at 0.073MPa once the actuator is still on, then the
pressure follows the temperature evolution in the cavity,
reaching the final pressure 0.025MPa.
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Figure 15. Pressure evolution on the observation point
under the PDMS membrane

6. Global model assessment

The goal of the final system model is to predict the
amplitude of the actuation as a function of the input
signal, that is, the maximal deformation of the membrane
as a function of the electrical applied power
(War=T(I XVe)).

From the axisymmetric model, a pressure is obtained
as a function of the applied power, Figure 16 shows that
the minimal electrical power required to obtain the
actuation is 68.7mW. From this pressure data, we can
obtain the deformation of the hyperelastic membrane with
the 3D model (see section 5.2).

Figure 16 gives also the maximal deformation of the
elastic membrane as function of the electrical power.
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Figure 16. Global model assessment in stationary state.
Cavity pressure and maximal deformation of the elastic
membrane as a function of the applied electrical power

7. Conclusions

In this article we have presented a micro pressure
source based on the decomposition of an energetic
material to illustrate a multiphysics conception approach
based on the COMSOL Multiphysics software.

In this actuator, an electrical power of 86.3mW is
applied to the heating platform to obtain a membrane
maximal deformation of 100pum.

First an electro-thermal model of a heating platform
has been implemented and validated by IR measurements.

Simulations results on the micro balloon blowing
show a reasonable agreement with experimental data.
Still, some discrepancies are found in the non-linearity of
the curves. Possible modifications on the model should be
considered. At the same time, technical aspects, as the
adherence between the substrate and the elastic membrane
will be optimized in order to characterize the membrane
properties and increase the system’s performance.

A first approach of a model for the gas generation
from the decomposition of the energetic material is
presented, results show quite fast transient behavior in the
gas concentration dynamics inducing a fast peak in the
cavity pressure, a dynamic evaluation of the membrane
response to this peak must be considered, this will lead us
to a full multiphysics coupling with the membrane
deformation as a fluid-structure interaction.

The advantage in actuating with an energetic material
is exposed as the efficiency in the level of actuation
increases reducing the electrical power needs. The
reduced power consumption of this actuator makes it
quite appropiated for microfluidic portable applications or
applications where nowadays high integrated pressure
sources are required [22].

Next a global multiphysics model including the
interaction of the acturator with the actuated fluid in a
microchanel is envisaged.
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