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Abstract od for an improved investigation of the design al-

The concept of a partial automated design optifernatives. o _ .

mization and the improvement of a micropump as ©One property of an intelligent microsystem is

a first application is described. Starting with a the existence of various physical domains such as
values are modified with evolutionary algorithms Microcalorics and microoptics. Several simula-
until the simulation results which describe the tOrs exist to investigate the behaviour of the mi-
behaviour of the system satisfy the defined goalsCrosystem but in most cases it is possible to
As the quality of the optimization depends consider onI_y one physm_al_domam of_ t_he systgm.
strongly on the quality of the simulation model we FOr most microsystems it is not sufficient to in-
give an outlook on a concept for improving the vestigate and _to simulate each domain separatly
simulation model or components of this model by because the different phenomenas depend strong-

using FEM-simulation results. ly on each other. Thus for the investigation of the
behaviour of a total microsystem it is necessary
1. Introduction either to couple different simulators or to build a

The industrial application of microsystems re- model containing the description of all phenome-

quires short development times as well as reliabld!@S in @ common description language so that the

designs comparable to the state of the art in mioverall system can be simulated with one simula-

croelectronics. To achieve this goal CAD based!©'- We focus on the latter alternative.
design techniques and simulation are necessary AN Often applied method is the description of

but not sufficient as outlined below. During the (e physical effects in analogy to the electronics.

design process the engineer is faced with an exd NiS type of model is a network model and can be

tremely large search space of possible design sgimulated with a circuit simulator. Analytical

lutions and parameterizations. Although a greaustudies are necessary to build the model and often

percentage of the design directions can be disit is unavoidable to make simplifications as for

missed based on the available knowledge and th§X@mPple to neglect the friction or to make the as-

experience gained from previous designs in mosfUMPption that the fluid do not possess a tempera-
cases the remaining search space will be far todré gradient. Depending on the complexity of the

large to be systematically investigated. UsuallySYStem component and its mathematical descrip-

the search process is a trial-and-error process arftP" the devices of the network can be formulated

the result depends on the skill of the engineer buPreferably as usual electronic deVinS like resis-
also on luck. This is an unsatisfactory situation {OrS: €apacitors or sources or as HDt-Rodels.

and a systematic exploration of the search space
will be aspired. Our concept shows a search meth- 1. HDL-A is a trademark of ANACAD EES Ltd.
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With the hardware description language HDL-A be built. This model has to enclose the most im-
both simple devices and more complex compo-portant properties of the system and it is necessary
nents can be described. For the description othat the model is valid over the total search space
components with known nonlinear behaviour theof possible designs. During an optimization proc-
HDL-A-language is very comfortable. This lan- ess many simulations with various design param-
guage permits to build a model with differential eters have to be done. Therefore the time required
equations or implicit equations in a simple way. for one simulation run should be short enough. On
The advantage of such models is that they are relthe other hand the optimization results depend
atively fast but the disadvantage is that the accustrongly on the accuracy of the model. These two
racy of the simulation results often leaves to berequirements contradict each other. A model
desired. Another simulation method is based orwhich needs short simulation times can not be too
the Finite Element Method (FEM). The FEM- complex and so it is likely to be not accurate
model is more exactly because of the discretizaenough. To get a model which meets these re-
tion of the space, but the simulations are very timequirements macromodels of the system compo-
consuming and in many cases the system possesents will be built. In case of a structural model
such a complexity that it is not practicable to build the model will be improved by making an adapta-
a FEM-model of the entire system. To overcometion with respect to the results of FEM simula-
these limitations only system components are intions. In case of a macromodel consisting of
vestigated with this method. Another property of mathematical equations only the FEM simulation
FEM-models is that they are non parametrizableresults will be used to estimate the coefficients of
Thus it is necessary to build a new model if athe used functions. This method is an alternative
model parameter like a geometrical or a materialif the structure or an approximate mathematical
parameter should be modified. description of the system component is unknown.
These macromodels of the different components
are combined to get an overall simulation model
2. A simulation and optimization tool environ-  of the entire microsystem on which the design op-
ment timization is based. The resulting model is of suf-
We developed a concept for the partial auto-ficient accuracy, it is parameterizable and the
mated design optimization of microsystems by duration of one simulation run is short enough for
using the advantages of several simulation meththe optimization process. For example in our en-
ods: OurSIMulation andOptimizationTool En-  vironment the duration is about one minute.
vironment SIMOT consists at present of four  The engineer is faced with an extremely large
tools: GAMA (Genetic Algorithm for Model Ad- search space of possible designs and thus the en-
aptation), GADO (Genetic Algorithm for Design gineer is not able to investigate the search space
Optimization), ANSY$ (FEM simulator) and systematically because during the conventional
ELDO?® (circuit simulator). The simulation tools design process the engineer performs some simu-
ANSYS and ELDO are standard tools, the optimi- lations with different design parameters and after
zation tools GAMA and GADO are based on that he evaluates the simulated design. The
adaptive search technigues and both are deveknowledge of the engineer, previous experiments
oped at our institute. with similar (micro)systems and luck are the
For the investigation of the behaviour of a mi- foundations for his search (Fig. 1a).
crosystem a macromodel of the total system has to

2. ANSYS is a registered trademark of SAS IP
3. ELDO is a trademark of ANACAD EES Ltd.



mizations the evaluation functions may be subject

E» _ :g of readjustments. Therefore the design process is
>°E’.’ S'I\T“;atlor : é_ an iterative process and the engineer controls the
m . O e . . - . .
5> o direction of the optimization.
restriction . o .
— 3. Design optimization of the micropump
Evaluation: e 3.1. The micropump
priorities, - o
quality gomw _ Before an optimization run can be done the en-
gineer has to build a macromodel of the system, to

Figure 1a. Conventional Design Process define the goals for the optimization and to spec-

For a more systematic investigation of the totalify the limits of the design parameters. These lim-
search space it is necessary to make numerougs and the accuracy of the parameters determine
simulations. The engineer cannot start all requiredthe magnitude of the search space. The descrip-
simulations by hand. For such an extensive searction of our first application will illustrate this:
he depends on technical support. The idea of our At the IMT (Institute for Microstructure Tech-
concept is to substitute the human by an automatrology), another institute of our research centre, a
ed explorer (Fig. 1b). The task of the explorer isthermo-pneumatic-driven micropump was devel-
oped [4]. Figure 2 shows a unit of four pumps and
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Figure 1b. Design Optimization with GADO

. . . . . Typical properties of a micropump:
to implement an ‘intelligent' search focusing on

flow rate (air) 200 pl/min
promising areas of the search space, avoiding frequency 20 Hz
suboptima and adapting itself to the search land- max. outlet pressure 100 hPa
scape. The explorer is based on the evolutionary geometry §10x1 mn?
algorithm GLEAM (Genetic Learning Algo-
rithms and Methods) [1], which integrates tradi-  Figure 2. Modul of four micropumps

tional adaptive search techniques like Genetictheir electrical contacts. These micropumps have
Algorithms [2] and Evolution Strategies [3]. The two working states. One is the heating phase: The
task of the engineer is now on a higher level tharheating coil which is located on the membrane

before. He develops the basic designs and modelgarms up the gas in the closed actor chamber. The
and fixes the goals of the optimization by defining expansion of this gas is the reason of the elastic
the functions for the evaluation of the designs. Fordeformation of the pump membrane. The gas in

every property of the simulated system he defineshe channel will then be pressed through the outlet

a class and its weight, so he graduates the differvalve. The inlet and the outlet valves are passive
ent properties. Based on the results of prior opti-



valves and they direct the fluid flow. They consist haviour. Because of the existance of this model
of a valve seat and a membrane with an orificewe used it for our first optimization runs. Such
The valves open when the pressure at their inlehetwork models are rough models but on the other
increases the pressure at the outlet. Otherwise thigand they satisfy the requirements for an optimi-
valve membrane will be pressed on the seat. Durzation: the models are parametrizable and the
ing the second phase, the cooling phase, the inlesimulation is considerable fast.

valve opens because of the decrease of the pres- ) ) o

sure in the actor chamber and gas streams into the:3- First design optimization runs

micropump. A schematic view of the micropump  To define the goals for the optimization of the

is shown in Figure 3. micropump design we have to answer the follow-
_ ing question: How important are the different
3.2. The model of the micropump properties? For us the most important properties

The first macromodel, we used for our opimi- are a high flow rate by holding a low temperature
zation run, was written for the circuit simulator of the pump. As optimization parameters which
PSPICE: It includes the description of the thermalare modified during the optimization process we
and of the pneumatic behaviour in analogy to theselect the five parameters of the power supply: the
electronics. Therefore the thermal resistance andanagnitude of the heating impulse, the rise time,
the fluidic resistance will be compared with an the fall time, the width of the pulse and the period
electric resistance and the temperature flow andFig.4).
the volume flow are comparable with the current.  After fixing the limits of the optimization pa-
The main devices of this first macromodel are re-rameters we started our first optimization runs.
sistors, capacitors and sources. The voltage at th€he genetic engine GADO and the simulator
network nodes represents the temperature in th&LDO are linked via pipes to achieve a fast com-
thermal domain and the pressure in the fluidic do-munication between them. The genetic engine de-
main and the current through the network devicedivers a parameter set to the simulator and after
represents the heat flow rate respectively the volthe completion of one simulation run the values of
ume flow rate. The behaviour of the passivethe fluid flow rate, the pressure over the valves,
valves, the gas in the actor chamber (air) and théhe maximum of the temperature, the electrical
gas in the pump chamber (at present air) and theower consumed and the efficiency are calculated
behaviour of the membranes are nonlinear and asut of the results and returned to GADO. After-
mentioned above their description in PSPICE iswards the genetic engine computes a quality value
long winded. This model contains controlled dependent on the userdefined goals being used to
sources with tables to describe the nonlinear begenerate a new parameter set with an evolutionary

membrane
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Figure 3. Schematic view of the micropump



pumps. The optimization results showed that they
magnitudd | | strongly depend on the quality of the used model.
In our case the micropump model was not accu-
rate enough because it consists of some compo-
nents for which we had to do many assumptions
to build a model. So it is necessary to build im-
ﬁse b, width Tl the  periog proved mode!s of these components. The next
< chapter describes a method we used to get a mod-
Figure 4. Power supply of the micropump el with higher quality. Therefore we adapt a net-
algorithm. The process continues until a termina-work model to FEM-simulation results which
tion criterion is reached.. Starting with an initial mean we improve the existing network model.
population of pump designs these become betteAnother method is to build a mathematical mac-
from generation to generation and the result of theomodel out of the FEM-simulation results, but

optimization is a set of pump designs with an im-such a ‘black box‘-model possess no structural in-
proved quality. These first optimization runs have formation.

delivered the results shown in Fig. 5.

v

4. Building of a high qualified macromodel

4.1. The concept of the model adaptation
The idea of the concept of the model adaptation
/\> is to improve a network model with the help of the
results of FEM simulations. Thus we need both, a

Figure 5a. Original Figure 5b. Improved network model as well as FEM-simulation results
po'\ll'vﬁ:asgprt)il)rlnization of fﬁ:i;;ippr:yof the micron- " measurement results. Firstly it is necessary to
ump is apvery complex problen? so it is not sufgi- build a network model with an approximate struc-

. : ) L ture to the real system or system component. Sec-
cient to find the solution with trial-and-error. ondly we need FEM-simulation results. As
Although our first optimization example consid- mentioned above EEM-models are con.1plex
ers only five control parameters of the power SUp'tFne-consuming and very accurate models. Thé
ply the Sgamh space ha_s already a r.“"?‘gn't“d.e 0complexity of these models derives out of the dis-
about 162 As first experiments show it is multi- cretization of the space and in many cases this

modal and due to its restrictions dlsc_ontlnuous.m(,ike it more practicable to investigate only some
Furthermore other parameters are of interest for

the optimization too, especially the geometrical system components. The creation of the behav-
P » €SP y 9 . iour reference values with FEM requires a lot of
parameters. If these parameters are taken into a

count the complexity grows very rapidly. This %’omputing power. But this has to be done only
recommends the utilisation of GLEAM rather once and the resulting improved simulation mod-

than simpler techniques like local hill climbing S OF & Microsystem component can be reused for
5] P 9 9 investigations of further systems containing this

: o component.
For our first optimization runs we selected the P
parameters of the power supply as optimizationg.2. The passive microvalve
parameters. The reasons were the existing macro-

model was;l parar:netrl_za_ble in these f'Veb paran;e“near behaviour is the passive valve. Physical ef-
ters as well as the existing pumps can be used t9, ¢ ot gifferent domains like fluidics, mechanics

check the optimization results by measurements, g calorics influence each other and the geome-

Therefore it is not necessary to produce NeWy of the valve is too complex to be described

-
time time

One component of the micropump with a non-



cal behaviour of a membrane without an orifice if

a pressure difference (pFpg) over the valve ex-
-~ = ists. It is assumed that the behaviour of a mem-
— U u brane with an orifice is approximately the same.
I | Another equation describes the flow through the
resulting gap. Therefore we assume that the flow
Figure 6a. Opened valve Figure 6b. Closed valve is laminar, incompressible, stationary and one-di-
with exact mathematical equations (Fig. 6). mensional.

The passive valves are of a rotational symmetry The behaviour of a circular membrane was in-
with the exception of the inlet and the outlet chan-vestigated by J. W. Beams [6]. He stated an equa-
nel. A circular valve seat and a circular membranetion for the bulged film dependent on the adjacent
with an orifice are the main valve components. If difference of the pressure
the pressure at the valve outlet is smaller than that ) Dms E hD
at the inlet the valve opens and the fluid can flow P=3 4 1= v a2 i

through an opened annular gap. This gap depends \yhere h is the thickness of the film, a the radi-
on the form of the e_Iastlc deformation of the 5 p the height of the center of the bulged film, E
membrane. When the inlet pressure decreases Uigye Young'‘s Modulusy the Young's ratio and;

der the outlet pressure the membrane will bethe tension. His theory assumes that the bulged
pressed on the valve seat and the valve is in closegy, js a hemispherical cap.

position. The flow through the valve also depends \yjith the calculated height D the flow rate
on the temperature of the fluid and the compo-through the annular gap can be determined. Be-
nents. Another effect which should be considered:gyse of the hemispherical form of the membrane
is the dynamic behaviour. If pressure differencegp, average of the distance between the membrane
over the valve changes immediately the valvegng the seat will be estimated.With the calculated
does not open at the same time. The membrangsgistance of the gap [7] the flow through the
first has to overcome the adhesive forces of the,gjve can be estimated from the quotient of the

seat. pressure difference p and the resistance R. The
fluidic resistors of the valve chambers and the ca-
pacitors can also be calculated out of the geomet-
: , : rical and material parameters. The advanced
be done fqr creating our first analytlcal_ network model is a network model which includes a HDL-

model which was built for a SPICE simulator. o mqadel. This model integrates all geometrical

The space of the valve was divided into severabnq material parameters explicitly and so it is par-
areas and for each area the volume flow is deymetrizaple. It contains both HDL-A and SPICE

scribed. One disadvantage of this model is that th%yntax. With the HDL-A language the model may
flow rate through the membrane would be de-j ¢ de differential and non-differential, as well

scribed by a controlled current source in form of ;¢ explicit and implicit mathematical relation-

a table. Advanced models possess HDL-A-mod-ghins ‘Areas of application of the HDL-A package
els instead of the tables of the controlled sourcesy,jude electrical. mechanical. structural. ther-

The mentioned models are founded on the same o1 fluid and other systems [8].

equations, so both models possess the same as- great advantage of the new model is that it is
sumptions and simplifications but the network g4qy 't understand and to handle because one can
model with the HDL-A-model causes better sim- identify the mathematical equations which de-

ulator behaviour. _ , _ scribe the behaviour of the system component.
The following equation describes the mechani-

4.3. The network model of the microvalve
As already stated some simplifications had to



4.4. Model adaptation of the microvalve ance. The advantage of our concept is that we use
model a parameterizable model. Functional dependen-

We have done several investigations of thecies of design parameters are included in the mod-
valve with the FEM-simulators ANSYS and €l explicitty and the unknown disturbances are
FLOTRAN. The results were only considered taken into consideration as correcting factors.To
qualitatively because for the quantitative consid-€very device a correction factor is attached. These
eration some material parameters have to be ddactors are the adaptation parameters which will
termined more exactly. These first results showPe modified during the adaptation process
that the usage of a constant Young‘s Modulus isGAMA (Fig. 7).
justified and that the flow is laminar and incom- ~ The genetic engine GAMA delivers such a set
pressible. For the stationary case some FEM-simOf adaptation parameters to the simulator. With
ulations were done with various geometrica| the help of SimPilot several simulations for every
parameters for different pressures. The simulatio-EM-investigated geometry were done. The sim-
results are among others the maximum tension otllation results will be compared with its reference
the membrane, the maximum deflection and thevalues and the relative error is calculated. For all
volume flow rate through the valve. These resultserrors the variance is also a good and helpfull pa-
are used for the improvement of the existing net-fameter to qualify the model. For further design
work model. To improve the network model we Optimizations it is necessary to have a model
use an adaptation method which is similar to anwhich is valid over the total search space. This is
off-line parameter estimation [9] which is usually given if the average relative error is small and the
used for the calculation of unknown model pa_variance is insignificant. For the further design
rameter values. The standard off-line parametePptimization we need a parametrizable model
estimation method is based on the variation of unwhich allows the variation of the geometrical pa-
known parameter values of an analog simulationfameters of the system.
model until the desired coincidence of the model 5 First adaptation results
behaviour with a behaviour reference, e.g. a set o?' ' P

measured values of a real system, is obtained.  First adaptation runs presents the following re-
sults: We got improved models with a reduced de-

viation of their simulation results from the
FEM results corresponding reference values. That means that
we got macromodels of the microvalves with a
lower error over the total parameter space.
properties The improvement of the network models de-

network modsd

comparison
and post-
processing

ELDO
simulator

R pend on the structure of these models and on the
SimPilot: - . . .

multi simulation manager used mathematical equations. The adaptation re-

sults show if a modification of the structure or of

adaptation SAVA the mathematical equations is necessary or if the

parameters genetic engine parameter space is too large to use only one mode

mutation, selection structure. Then the total parameter space should

crossover be partitioned and it is better to use a special struc-

ture for every section of the parameter space. One

cause for such a measure can be that the usec
Using this procedure the FEM simulation re- Structure is not a sufficient approximate descrip-

sults will be used to determine the values of thetion of the real behaviour. Another cause is that

devices for example the value of the fluid resist-for different sections of the parameter space vari-

Figure 7. Scheme of the model adaptation process
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sumptions which had to be done for building the

network model. The complexity and the coupling

of physical effects of different domains are the

causes for the difficult model building. We im-

proved the network model with the adaptation

method. For further design optimization runs im-

proved microvalve models help to get optimiza-

tion results with higher quality.
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