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Abstract. The dynamic behavior of microfluid devices like miniaturized diaphragm 
pumps, microvalves and flow channels will be discussed. Special jnterest is 
directed to the dynamics of microminiaturized diaphragm pumps.' A formalism will 
be given, which allows the evaluation of the interaction between these pumps and 
the connected fluid system. The results of the simulation will be  compared with 
transient pressure measurements on pneumatically and electrostatically actuated 
diaphragm pumps on the millisecond time scale. It will be outlined how the dynamic 
behavior of more complex fluid systems can be described. Hence the hydraulic 
simulation of chemical analysis systems, consisting of several micropumps, flow 
channels, sensing and mixing elements becomes possible in the future. 

1.  Introduction 

In the development of micromachined physical, chemical 
and biological sensors worldwide advances have been made 
during the last few years [l]. In connection with this 
many fluidic components like miniaturized flow channels, 
active and passive check valves as well as miniaturized fluid 
pumps have been presented [2,3]. With a combination of 
these elements, a lot of applications in chemical process 
control, medical drug delivery systems, environment 
control or industrial equipment are becoming possible. A 
first application was that miniaturized diaphragm pumps 
were integrated with flow sensors [4,5]. This lead to 
an internal feedback system which allowed precise fluid 
control in the p h i n  range, with smallest dead volumes and 
fast response times. Two micropumps and an ISFET-based 
sensor have been stacked together for the measurement 
of ion concentrations 161 and more complex systems will 
follow. 

Until now little has been known about the dynamic 
interaction in micro fluid systems, consisting of pumps,' 
valves, flow channels, elastic chambers and flow sensing 
elements. In the following paper the hydraulic part of these 
systems will be discussed. The procedure in the simulation 
of macroscopic hydraulic systems and networks can be 
adopted in many cases. In order to calculate the dynamics 
of a fluid system, the static and dynamic properties of the 
different components have to be specified. This covers the 
static flow characteristic, the static volume deformation, as 
well as the inertia effects of the single devices. 

The behavior of most microminiaturized devices like 
flow channels, elastic chambers and passive check valves 
is very similar to their macroscopic equivalent. Other 
components like microminiaturized diaphragm pumps 
behave differently in the microscopic world. The different 
elements will be discussed below. 
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2. Flow channels 

In a miniaturized fluid system, different function elements 
have to be. connected with flow channels. In the case 
of laminar flow in a circular pipe, the volume flow 
characteristic @ ( p )  is given by the law of Hagen-Poiseuille 

where R and L are radius and channel length, 7 and p , 

are dynamic viscosity and hydrostatic pressure difference 
respectively. Often the cross sections of fluid channels in 
microminiaturized fluid systems are not circular. Then it is 
necessary to evaluate the flow characteristic from Navier- 
Stokes equation [7]. But also measurements can be carried 
out for the determination of the flow characteristic of fluid 
channels [8,9]. 

In order to ,decide, whether the fluid flow through 
a miniaturized channel is. laminar or turbulent, it is a 
common practise to calculate the Reynolds number Re and 
to compare the result with a transitional number of IOOC- 
2500. The Reynolds number can be calculated as 

RP 
7 

Re = - 
where U is the average flow velocity in the flow channel 
and p is the density of the fluid. The Reynolds numbers are 
usually considerably smaller than the transitional number 
for channels in microminiaturized fluid systems. Therefore 
the microscopic flow through the channels can be assumed 
as laminar and the pressure dependence of the flow 
characteristic is linear. In this case equation (1) can be 
written as: 

I W P )  = -P 
PB 

B can be seen as a fluid resistance [IO]. 

(3) 
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The inertia of the fluid in flow channels also has to 
be regarded. In order to change an established volume 
flow through a fluid channel a pressure difference pinert is 
needed. The pressure difference and the time dependent 
change in volume flow are connected via the equation (4) 

Pillen = P a  -. 

The fluid inductivity a characterizes the ability of saving 
kinetic energy. Considering Newton’s equation for inert 
and incompressible fluids in any tubes with a constant cross 
section An and length L ,  the fluid inductivity of a channel 
can be calculated as [ IO]  

(4) 
d@ 
d t  

(5) 
L 

a=-. 
A0 

As the hydrostatic pressures in miniaturized fluid systems 
are quite low, the volume deformation of fluid channels 
as well as the compressibility of the fluid can usually be 
neglected. So the basic properties of fluid channels in 
miniaturized fluid systems are given by the fluid resistance 
p and the fluid inductivity a. 

3. Elastic components 

In macroscopic hydraulic systems elastic components often 
are used as damping elements in order to smooth the 
pulsation in volume flow of reciprocating pumps. The 
same can be achieved in the microscopic world. If we 
consider incompressible fluids, the elastic components have 
to be characterised only by their pressure dependent volume 
deformation, which usually is called the fluid capacitance 
c [IO]. 

(6) 
d V  c = p-.  

In microfluids often a square membrane is used as 
capacitance. In this case, the fluid capacitance can be 
calculated as [ l l l :  

d P  

(7) 

The parameters d and h denote width and thickness of 
the membrane, E and v are the Youngs modulus and the 
Poisson’s ratio. It should be noted that the fluid capacitance 
becomes pressure dependent, if the deflection of the 
diaphragm is about the size of the thickness h. Usually 
the flow resistance p as well as the fluid inductivity a of 
elastic components are much smaller than the corresponding 
values of the connected fluid channels and so they can be 
neglected. 

4. Microvalves 

Passive check valves are important components of 
miniaturized fluid systems. They are used for example 
to direct the flow from inlet to outlet in miniaturized 
diaphragm pumps. Normally, passive check valves consist 
of two parts: a flexible diaphragm (or a flexible flap) 

dV 6pd6(1 - U*) 
d P  rr4h3E 

c = p - =  
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Figure 1. Cross section through different types of 
microminiaturized check valves [14]. 

and a sealing area (figure I ) .  If the hydrostatic pressure 
difference operates in forward direction (figure Z), the 
valve diaphragm opens, and fluid flow occurs. In real 
applications, microvalves can be leaky due to particles on 
the valve seat. Two characteristic functions are necessary in 
order to describe the valve operation: the flow characteristic 
and the volume displacement characteristic. 

The flow characteristic of a microvalve is the result of 
two effects. First, the pressure dependent deformation of 
the diaphragm leads to a pressure dependent gap. If the 
shape of the gap is known, the microscopic flow through 
the gap can be calculated. From the theoretical point of 
view this can be done either by finite-element analysis or 
by approximate formulae. From the experimental point of 
view, the flow characteristic of microvalves can be recorded 
by measurements. Typical flow characteristic curves W p )  
of passive check valves, made by micromachining of 
silicon, are depicted in figure 3(a). In many cases a very 
non-linear behaviour can be seen in forward direction. So 
it is impossible to define a constant fluid resistance p .  

The volume displacement characteristic V,,,,,(p) of 
passive check valves and thereby also the fluid capacitance 
of microvalves differs very much between forward and 
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Figure 2. Forward and reverse operation of a passive 
check valve. 

reverse direction. Not even the fluid capacitance in  forward 
direction alone is constant (figure 3(b)). 

For calculations following later on, it is important to 
know that the volume flow D ( p )  through the valve and the 
transient change (dVw,,vt/dt) in the volume displacement of 
the valve have to he added in order to get the volume flow 
in the fluid channel: 

(8) dVhw 
@channel = @vdve + -. 

As will be shown below. the inertial (inductivity) of the 
fluid in flow channels is important if hydrostatic pressure 
changes occur on the time scale of several milliseconds. 
Compared to this, the inertia (inductivity) of the movable 
valve parts can he neglected, because the resonance 
frequencies of these parts usually are in the range of IO kHz. 
So inertia effects of microvalves only can be expected if 
hydrostatic pressure changes occur on the time scale of 
100 ps. Therefore in a typical operation mode of micro 
fluid systems, the inertia of the microvalves is negligible 
(quasistatic behavior) compared to the inertia of  the fluid. 
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dt 
Figure 3. Flow characteristic and volume deformation of 
different types of microvalves [14]. The thickness of the 
valve diaphragm between type 1 and 2 varies by a factor of 
1.7. 

5. Miniaturized d i a p h r a g m  pumps 

Miniaturized diaphragm pumps are widely used as active 
components in  microfluid systems. At first sight, the pumps 
resemble very much their macroscopic equivalents. They 
consist of an actuated pump diaphragm and two passive 
check valves. However, there is a large difference in 
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dynamic behavior between macroscopic and microscopic 
devices. The volume flow of the macroscopic reciprocating 
pump is given by the externally forced volume stroke VH 
of a piston (or a diaphragm) and the operation frequency 
f: 

Q =  fV,. (9) 
Considering macroscopic pumps, a coupling between the 
volume stroke of the piston and the other fluid parameters 
(for example the hydrostatic pressure difference between 
inlet and outlet side of the pump) can be neglected. But 
in the case of miniaturized diaphragm pumps, only the 
driving forces acting on the driving diaphragm and not the 
volume stroke of the driving diaphragm can be controlled 
by the operator. The volume stroke depends on the 
hydrostatic pressures at the inlet and outlet side of the 
pump, the operation frequency and the properties of the 
passive check valves. Microminiaturized diaphragm pumps 
therefore have to he handled as complex sub-systems in 
fluid networks. 

For the development of a thermopneumatically actuated 
miniaturized diaphragm pump, a bond graph theory has 
been used to calculate the dynamic behavior [12]. The 
theoretical model of this pump describes the interaction 
between the fluid resistances and the fluid capacitances 
of the valves, the capacitance of the driving diaphragm 
and the thermopneumatic actuation system. We developed 
an analytical model for the description of miniaturized 
diaphragm pumps driven by different actuation mechanisms 
[13]. In the following we present this model, starting with 
the most basic description of a miniaturized diaphragm 
pump. 

5.1. Basic model 

The different components of miniaturized diaphragm 
pumps, usually two passive check valves and an actuated Vm(P. A )  = Cm(p - A )  = C ~ ( P  - pa) (13) 
pump diaphragm. are depicted in figure 4. The dynamics 
of this model can be evaluated by the use of the continuity where C ,  is the fluid capacitance of the driving diaphragm 
equation (IO) ,  which combines the mass flow into the and ( p  - pa) is the resulting pressure acting on it. 
pump chamber with the transient change in Pump chamber The actuation characteristic V,(p, A )  and a typical 
content: time dependence of the actuation parameter A(t) are 

( IO)  depicted in figure 5.  The corresponding functions for 
an electrostatically actuated diaphragm pump are given 
in figure 6. I~ this caSe the actuation characterist,c 
shows a strong non-linear behavior. In area I this results 
from the contact between the driving diaphragm and the 
counterelectrode (see figure 6(a)). In area I1 the non- 
linear dependence between the attractive electrostatic forces 
and the local distance between the driving diaphragm and 
the counterelectrode results in the non-linear actuation 
characteristic [13]. 

The time dependence of the actuation parameter A(r) is 
assumed to be fixed by the external operator (see figure 5(c) 
and 6(c)) and it is supposed that there is no feedback from 
the dynamics of the pump. I~ the case of electrostatic 
actuation, normally a square wave with variable frequency 
is used (figure 6(c)). 

The insertion of the equations (11) and (12) in (IO) 
results in the basic differential equation (14) for the 
evaluation of the time dependent pressure p inside the pump 
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~i~~~~ 4, Schematic view of a microminiaturjzed 
diaphragm pump. 

Vo, VV and VOV are the total Pump chamber volume, as 
well as the volume displacement of inlet and outlet valve 
respectively (see figure 4). The most important part of 
the equation (12) is given by the actuation characteristic 
Vm(p, A)  of the pump. Vm(p ,  A )  describes the coupling 
between the volume displacement of the driving diaphragm 
and the resulting pressure p inside the pump chamber 
at a specified actuation condition A(r) .  In the case of 
an electrostatically or piezoelectrically actuated diaphragm 
pump, A(r )  corresponds with the electrical supply voltage 
U ( t ) .  If on the other hand a pneumatically actuated 
diaphragm pump has to be calculated, A( t )  corresponds 
with the pneumatic actuation pressure p,(t).  

The actuation characteristic Vm(p, A )  has to be calcu- 
lated for the particular actuation mechanism, considering 
a static equilibrium between all forces acting on the di- 
aphragm (quasistatic model). For pneumatic actuation this 
simply results in 

d m  
- f j d S  = dt 

If the inertia of the check valves can be neglected, the time 
dependent mass flow density j into the pump chamber is 
given by the static flow characteristic miv and @W of the 
two passive check valves. 

- $ j d S  = P(Qiv(Pw) - Qw(Pw))  ( I 1 )  

The static volume flow through the valves depends 
on the hydrostatic pressure differences at the inlet (pi, = 
pi - p) and outlet (pw = p - P Z )  valve. On the other 
hand, the time dependent change in mass inside the Pump 
chamber can be calculated from the time dependent VOlume 
change of the elastic components. In the case Of an 
incompressible fluid this results in: 

dm d - = P,(Vo(p)+Vm(P, A)-V"(Pi")+V,"(P,")-V~s(P))  dt 
(12) 
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Figure 5. Schematic view (a), actuation characteristic (b) 
and transient actuation parameter (c) of a pneumatically 
driven actuation unit. 

Figure 6. Schematic view (a), actuation characteristic (b) 
and transient actuation parameter (c) of an electrostatically 
driven actuation unit. 

chamber : 
integration of (14) after some steps of  calculation leads to: 

V Y E M ( ~ I ,  ~ 2 )  = V ~ ( P I .  A = A " )  - V m ( ~ 2 .  A =o) 
& d A  

i I i > l A - d p  d p  dp d p  

(14) 
9 - %(PI") - % ( P O " )  - ; lA lpx 

- 
-lv"(Pl - P2)l - IVO"(Pl - P2)l 

dt % &+&+&-& '  

- b ( P I )  ~ VPb4P2)I - IVO(P1) - V"(PZ)( (15) 
Most often the How resistances and Huid capacitances 
of microvalves are not constant and i n  some cases the 
actuation characteristic curve V,,,(p, A )  is a strongly non- 
linear function (see figure 6(b)). Therefore, solving 
of equation (14) usually i s  only possible by numerical 
methods. 

In equation (14) the fluid inductivity of How channels 
has been neglected. Rut some important features of  
miniaturized diaphragm pumps, l ike the back pressure 
dependent pump yield (Vyieid). can be understood. In case with Ap = p~ ~ p, > 0. I t  can be seen that the 
of low pump frequencies and by neglecting valve leakage, fluid capacitance of the driving diaphragm leads tu a 
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A0 is the amplitude of the actuation parameter A ( t ) .  If 
the fluid capacitances of the driving diaphragm (C,,,), the 
enclosed gas volume (Ces) and the elastic deformation of 
the pump chamber housing (CO) are constant, equation (15) 
results in: 

Vyie~d(AP) = Vyield(AP = 0) - (IC:=O1 + 1Cga.l 

+(Co()Ap - (v ,v(-Af) l  - IVOV(-AP)I (16) 
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now additionally independent variables together with the 
pump chamber pressure p. This results in: 

decreasing pump yield with higher back pressure Ap. For 
the optimization of pump performance also the volume 
displacement of the microvalves has to be taken into 
account. It should be noticed that only the volume 
displacement in the reverse direction of the valves has an 
influence on the pump yield at low pump frequencies (if 
valve leakage can be neglected). Thereby the mechanism is 
equal to the degradation of the pump yield with an enclosed 
gas bubble (Cga) or an elastic pump housing (CO). The 
volume displacement in forward direction does not affect 
the back pressure dependent pump yield at low frequencies. 

So in order to find the best type of microvalve for 
high pump rates and low back pressure dependence, we 
have to look for a compromise between low fluid resistance 
in forward direction, small volume deformation in reverse 
direction, as well as a good mechanic stability towards 
shock waves. As can be seen in figure 3, in some cases 
this is difficult to realize by the use' of diaphragm valves. 

As the volume stroke of the d ic ing  diaphragm 
is becoming smaller with the outer dimensions of the 
pump, these effects are getting more and more important, 
especially for further miniaturization. The until now 
smallest type of miniaturized diaphragm pump has been 
an electrostatically driven device with the outer dimensions 
of 7 x 7 x 2 mm3 1151. A maximum hydrostatic pressure 
of 310 hPa (3100 mm HzO) and maximum pump rates'of 
350 pl/min have been reached and reproduced at a supply 
voltage of 200 V. The total input power is less than 1 mW 
[14]. Thereby the measured back pressure dependent pump 
yield is a good verification of equation (15) [14]. 

5.2. Extended model 

An improved simulation of the pump dynamics is possible, 
if the flow resistance p and the fluid inductivity 01 of 
the connected inletloutlet fluid channels (index ilo) are 
taken into account (figure 7). In this case the hydrostatic 
pressures p1Ip0 on inletloutlet side of the pump become 
time dependent. 

~ 

~ 

PO = PZ + PBOQO + P f f O Z  (17) 

The insertion of (8) in (17) results in the basic 
differential equations for the dynamics of the fluid in the 
inletloutlet channel connected with the pump. 

But also the basic equation for the dynamics of the 
pump chamber has to be recalculated. With the additionally 
system components. the degrees of freedom increases and 
the time dependent hydrostatic pressure differences (piv  7 
pi - p/pov = p - PO) over the passive check valves are 

% I p  Q i " ( p i , , ) - Q ~ " ( p ~ ~ , ) + ~ p i " - ~ ~ ~ "  d V .  & ,  pov-  ;,A 

p =  
-Bp E m  )i -2$+$ 

(20) 
For the evaluation of the dynamics of a miniaturized 

diaphragm pump in the extended model, a system of 3 
coupled non-linear differential equations (18)-(20) has to 
be solved. In genera! this can be done only by numerical 
computation. An analytical solution is possible in one 
special case, if the volume displacement of the valves can 
be neglected and all characteristic curves are linear. This 
will be done later (Channel Design Fields). 

To demonstrate the effect of the flow channels 
connected with the pump, simulations using the basic 
and the extended model were compared in figure 8. 
To simplify the detailed description of the different 
pump components used in the following simulations, 
all characteristic functions (Qiv(piv), Qov(pOv), Vv(piv), 
Vov(pov), V,(p, A)) have been assumed to be linear. 
Therefore all components can be described by their fluid 
resistances and fluid capacitances. 

The flow resistances of the valves were assumed 
as p,5'iv,ov = 0.1 min.hPdp1 (5 min.hPdW1) in 
forward (backward) direction, their fluid capacitances as 
p-'CivlOv = 0.15 nl/hPa (0.01 nl/hPa). The fluid 
capacitance of the driving diaphragm has been calculated 
with p-'C,,, = 0.6 nl/hPa. The transient behavior of 
the actuation parameter A (see equation (13)) has been 
assumed as a square wave with a frequency of 20 Hz and an 
amplitude A0 of -200 hPa. The fluid channels, simulated 
only in the framework of the extended model, have been 
calculated with a length of 100 mm and a radius of 0.3 mm 
(circular cross section). For the fluid data, the viscosity 
and the density of water were used ( q  = 0.001 Pas ,  
p = 1 g/cm3). 

In figure 8(a) the transient pump chamber pressure p 
during the supply mode and the pump mode is depicted. A 
square wave form for the transient behavior of the actuation 
parameter has been assumed and, therefore, the pressure 
changes instantly at the beginning of the supply mode and 
the pump mode. In figure 8(b) the volume displacement of 
the inlet valve can be seen. In contrast to the basic model, 
the displacement of the inlet valve, simulated within the 
framework of the extended model, cannot change instantly. 
The reason is that the movement of the valve is coupled 
with the ineaia (inductivity) of that fluidin the inlet tubing. 
An acceleration time of about 2 ms is needed in order to 
reach the maximum displacement. 

The coupling between the inertia of the fluid mass in 
the flow channels and the fluid capacitances of the valves 
and the driving diaphragm leads to a weak oscillation of all 
quantities depicted in figure @a)-(d). The acceleration time 
for the valve movement and the oscillations of all quantities 
are typical effects for the influence of flow channels on the 
dynamics of miniaturized diaphragm pumps. It should be 
mentioned that there is a drastic difference in the results 
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Figure 7. Schematic view of a micropump connected with a peripheral fluid system. 

Figure 8. Comparison of transient quantities, simulated 
with the basic and the extended model (p, = p2 = 0 hPa). 

between the basic and the extended model. if longer fluid 
channels are used. This will be demonstrated later, when 
measurements will he compared with simulations. 

6. Pressure smoothing elements (PSES) 

For many applications, the oscillation of pressure and flow 
in fluid channels has to he suppressed. Analogous to the 
procedure with macroscopic pumps, the oscillations can be 
avoided by the use of elastic elements. These elements 
have to he in contact with the oscillating fluid in the 
inletloutlet pipe and are leading to a smoothing of pressure 
and flow signals. In the macroscopic world an enclosed 
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gas volume is used as an elastic element very often. For 
microfluid systems, a deflectable diaphragm with a large 
fluid capacitance is more appropriate than a gas volume. 

For this reason, we integrated 'pressure smoothing 
elements' into the model. According to figure 9, the 
PSES were characterized by their volume displacements 
Vip(pip) and Vo,(pop) (or their Huid capacitances C,p,op). 
For the calculations, the PSES can be placed anywhere at 
the inlet or outlet tubing. But for an optimum function, 
the distance between pump and PSES should be as small as 
possible. Using PSEs, the number of differential equations 
increases. Two new equations of second order are necessary 
to describe the new independent pressure variables at the 
smoothing elements ( P , ~  and pop). The procedure for 
the evaluation of the two new equations is very equal to 
equation (17) i n  the case of the extended model and results 
in the basic differential equations (21)-(25). They describe 
the dynamics of a miniaturized diaphragm pump connected 
with a peripheral fluid system via two pressure smoothing 
elements: 

(2 + $ ) P . =  ai" ~ Q0" + -p," d V,, 

dynamics of pump chamber: 

dPiv 

+!%pov>!.!??l dpov a A  p A (21) 

- P ( 2  + BiP""-)Pi" dpi, - PBiPQi, (22) 

( dpov dvov)Pov d P O V  - P B ~ , Q ~ ,  (23)  

dynamics of inlet Huid channel: 

dK, .. d 2 K  . ?  
Pffip-Piv = Pip - Piv - P - PaiP-P;, 

dpi, dP?" 

dynamics of outlet Ruid channel: 

dV,, .. d2Vov . 2  
Pffo, - Pov = -pop - Pov + P - -Paop 2 Po, 

dP0,  dP"" 

--P ffop- +bop-  
dQOv 

dynamics of inlet fluid channel between pump and PSE: 

( 3 dKP .. ai 
dpip a i p  

Pfft-PP,, = --(/I + Pi") + I + - P,p 
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Figure 9. Schematic view of a micropump connected with the peripheral fluid system via PSES 
in order to smooth the flow pulsation in fluid channels. 

d2KP . z  d K  . 
+PBi-Pip - P -Bip - Pj)-PIv 

d p i  (:p dpiv 
dVip 

+B-Pip + P Bi - -Bip Qi" -P I  (24) 
dpip ( 3  

dynamics of outlet fluid channel between pump and PSE: 

pan-pop = - - (p  - Po") + (1 + :)pop dVop .. a n  

dPop a o P  

d2%, . 2  
+ P B o y P , ,  + P -Pop - b* 

dPop 

+Bo-pop + P -B"p - B o  QO" - P2. 

UOP dp,, 

(25) 

(a. > d v o v ~ ~ ~  
- 

dPop dvop ' ep ) 
Simulations with and without PSES are depicted in 

figure 10. For these experiments an electrostatically 
actuated diaphragm pump with a supply voltage of 150 V 
and an operation frequency of 100 Hz was used (see 
figure 6). The characteristic curves of the microvalves are 
depicted in figure 3 (flap valves). The total length and 
the radius of the flow channels were set to 100 mm and 
0.3 mm respectively at the inleVoutlet side of the pump. In 
the case of simulations with PSEs, elastic elements with a 
fluid capacitance of p-lC,p/op = 10 nl/hPa were placed at 
a distance of 5 mm to the valves. 

The time dependent pump chamber pressure, p. the 
pressures pjjo in the flow channels and the transient flow 
rates mila in the channels were simulated in the extended 
model without PSES and are depicted on the left side of 
figure IO. These transient trajectories can be compared with 
the equivalent curves, achieved by simulations including 
PSES, on the right side of figure 10. The first I O  operation 
cycles (supply mode and pump mode) were plotted in order 
to illustrate the starting characteristics when switching on 
the supply voltage. 

It can be seen that pressure amplitudes in flow channels 
can be smoothed from some hundreds of hPa without 
PSES to less than + I O  hPa by the use of PSES. Very 
important is the smoothing of the transient flow rates. The 
high frequency flow oscillation with amplitudes between 
-4000 pllmin and +IO000 w h i n  can be smoothed to 

Figure 11. A miniaturized diaphragm pump, handled as a 
black box in the fluid system. 

nearly continuous flow of about 400 p h i n .  Furthermore, 
it can be seen that after some cycles of operation (50 ms) 
the flow signal in the tubing gets periodical and starting 
effects disappear. It should be mentioned that flow channels 
with elastic walls (for example silicon tubes) lead to 
similar effects. In this case the theoretical description 
is nevertheless much more complicated than demonstrated 
with PSEs. The reason is that the fluid capacitance of these 
tubes is distributed to the whole channel length. 

From figure. 10 it is quite obvious that it is possible 
to decouple the dynamic interaction between miniaturized 
diaphragm pumps and the surrounding fluid system by the 
use of elastic elements. This is of large importance for the 
simulation of more complex fluid systems, consisting of 
several micropumps, flow channels and other elements. By 
neglecting the small oscillations in fluid flow and pressure 
behind the PSEs, it is possible to describe the pump yield 
of a miniaturized diaphragm pump with a static function: 

Qst = Qbt(f. An. P I .  PZ) (26) 

It depends on the operation parameters (f, An) as well 
as on the system pressures (P I .  p2) and is not explicitly 
time dependent. By use of this function, the pump in a 
fluid network can be handled as a black box. The input 
parameters for the black box are the two system pressures 
pI and p2 at the nodes to the fluid network and the output 
parameter is the flow rate as, (figure 1 I ) .  
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Figure 10. Transient simulation: influence of PSES on pressure and 
volume flow in fluid channels (frequency 100 Hz, supply voltage 150 V, 
tubing length 100 mm, radius 0.3 mm). 

7. Microfluid networks 

In the previous sections, the static and dynamic behavior of 
some basic fluid elements of microfluid systems have been 
discussed. The next step is to contribute these elements to 
functional microfluid networks. In the macroscopic world, 
there are many simulation tools available to calculate the 
behavior of networks. A software tool called DSH (digital 
simulation of hydraulic systems) has been developed at 
the RWTH University of Aachen, Germany [17]. From 
the fluid power center of the University Bath, UK, a tool 
called  BATH^^ is available [IS]. With these tools, the 
layout of hydraulic systems can be created, using a graphic 
interface. The fluid system can include a lot of channels,.. 
valves, resmctions, branchings, macroscopic pumps and 
other hydraulic elements. The elements are described by 
characteristic functions which can be loaded from a library. 

As dynamics of miniaturized diaphragm pumps differ 
very much from macroscopic pumps, micropumps have not 
been available as library elements'until now. However, 
the calculation of characteristic functions Qst of different 
types of miniaturized diaphragm pumps can be performed~ 
with special tools (for example PUSI. discussed in the 
next section) and so micropumps can be added to the 
libraries. So a sophisticated optimization of the pump 
performance can be achieved by use of these dedicated 

200 

tools. Performance simulation of the whole fluid system 
(for example a complex chemical analysis system) can 
be calculated with conventional tools, known from the 
macroscopic world and using miniaturized diaphragm 
pumps as black box elements. 

8. Simulation tool PUSI 

Miniaturized diaphragm pumps will be very important 
sub-systems of microfluid networks in the future. The 
performance simulation of these pumps is quite difficult, 
because there is a strong interaction between the pump 
dynamics, and the peripheral fluid system as has been 
shown before. Furthermore, the characteristics of the 
pump elements, the volume displacement characteristic 
and the flow characteristic of the valves, as well as- 
in some cases-the actuation characteristic V , ( p ,  A) are 
strongly non-linear. Thus the simulation of the miniaturized 
diaphragm pumps is not possible or at least quite difficult 
by standard hydraulic tools from the macroscopic world. 

For this reason, ~ we developed a numerical simulation 
tool Pus!. which runs on a PC-system under Microsoft 
Windows. By the use of PUSI, the numerical evaluation 
of the pump dynamics in the extended model (including 
PSES) is possible. Special numerical and physical problems 
combined with highly non-linear characteristic functions 
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Figure 12. Experimental setup for transient pressure 
measurements. 

and singularities have been taken into account. A 
large set of library functions is available in order to 
characterize the different components of diaphragm pumps. 
Additions to the libraly are possible in an easy way 
by fitting theoretical or experimental data with user 
defined functions. Effects from. varying experimental 
parameters (actuation frequency, pressure PI. p2, . . .) 
and design parameters (different actuatipn mechanisms, 
flow characteristic and volume deformation of microvalves 
in forward and reverse direction, fluid capacitances of 
pump chamber housing and PSEs) can be calculated in the 
framework of the different models introduced before (basic, 
extended, extended including PSES). Simulations can be 
done, either by calculating only one or more operation 
cycles at a fixed parameter set (leading to the transient 
behavior of the specified layout of the pump), or by varying 
one to two experimental parameters (leading for example to 
the characteristic function @&, p ~ ) ) ,  A special graphic 
part of  the program allows a comfortable comparison of 
simulations with experimental results. 

9. Comparison between measurements and 
simulations 

In order to test the validity of  the theoretical model, 
transient pressure measurements were carried out. The 
experimental setup is given in figure 12. Electrostatic 
or pneumatic actuation units. as well as a miniaturized 
pressure sensor were fitted in a perspex housing [14,15]. 
For pressure measurements, the deflection of a 800 p m  
wide and 0.4 p m  thick silicon carbide .diaphragm was 
detected by an optical measurement system with a time 
resolution of 0.4 ms. In order to study the effect of different 
flow characteristics, the micro valves were substituted by a 
variable flow resistance. 

The transient pressure signals in the case of electrostatic? 
actuation are compared with simulations in the framework 
of the extended model in figure 13. At a high 
fluid resistance of the variable flow restriction (,@ = 
1.25 hPa.min/pl), there is no influence of the peripheral 
fluid system (figure 13(a) and (b)). The signals during 
supply mode and pump mode are not symmetrical which 
is typical of electrostatic actuation. In addition, a shoulder 
in the transient signal of the supply mode (figure 13(b)) 
is a characteristic feature of  an electrostatically actuated 
diaphragm pump in some special parameter constellations. 
At low fluid resistance of the variable flow restriction (pp = 
0.05 min.hPdp1) the signals are dominated by oscillations 
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Figure 13. Transient measurements and simulations using 
an electrostatically driven actuation unit (tube radius: 
0.4 mm). 

of the fluid in the tube (figure 13(c) and (d)). The small 
deviations between measurements and simulations are due 
to the inertia of the fluid inside the pump chamber. This 
effect was not simulated in the extended theoretical model 
and is only important because the pump chamber volume 
is quite large in the special housing for this experiment. 
By reducing the tubing length from 600 mm to 100 mm, 
the effects from the peripheral fluid system become less 
important (figure 13(e), see also figure 8). 

The transient signals in the case of pneumatic actuation 
are depicted in figure 14. They demonstrate that the 
inertia of fluid has to he taken into account, whenever the 
pneumatic time constants for turning odoff  the actuation 
forces are of the same order as the time constants combined 
with the inductivity of the fluid channels. In figure 14 the 
driving diaphragm was actuated by a pneumatic pressure 
with an amplitude of 200 hPa, generated by an external 
pneumatic system. The time constants for pneumatic 
actuation in the supplylpump mode were 3.518.0 ms. At 
a high fluid resistance of the flow restriction ( p p  = 
0.625 min.hPdpI) there is no influence of the peripheral 
system (figure 14(a)). In contrast, at a low fluid resistance 
( p p  = 0.033 min.hPdpl), oscillations of the pressure signal 
can be seen. The inertia effects are more important for short 
time constants. This can be seen by comparing the transient 
signals of supply mode (3.5 ms) and pump mode (8 ms) 
(figure 14(b)). 
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Figure 14. Transient measurements using a pneumatically 
driven actuation unit (tube radius: 0.4 mm; tube length: 
600 mm). 

There were two reasons why we substituted the 
passive check valves in the experimental setup by simple 
flow restrictions: First, the basic interaction between 
the dynamics of the pump diaphragm and the peripheral 
fluid system could be demonstrated in dependence on 
different flow resistances of microvalves within one simple 
experimental setup. Second, we wanted to use a constant, 
pressure independent flow resistance, in order to compare 
the results with an analytical solution of the extended 
model of the pump dynamics, which is only possible if all 
functions are linear. This will be demonstrated in the next 
section and leads to a channel design field, from which it is 
easy to see, whether the dynamics of a special configuration 
is influenced by the peripheral fluid system or not. 

Finally it should be mentioned that also transient 
measurements in miniaturized diaphragm pumps with two 
passive check valves were canied out. Three pressure 
sensors were used in order to detect the pump chamber 
pressure p as wel! as the pressures pi and po outside 
the pump chamber. These experiments also show good 
agreement compared with simulations [161. 

10. Channel design fields 

The dynamics of the experimental setup, depicted in 
figure 12, can be calculated analytically for linear 
characteristic functions (constant fluid capacitance of 
driving diaphragm (see figure 5(b), constant fluid resistance 
of the microvalves, no fluid capacitances of microvalves). 
These demands were fulfilled by the measurements 
depicted in figure 14, which have been recorded using 

202 

a pneumatically driven actuation unit. In this example, 
the actuation parameter A equals the pneumatic actuation 
pressure pa@), which is depicted in figure 5(c) (A($) = 
Aoexp(--t/r,) = Pao exp(-r/ra). 

In the following, p1 = p~ = 0 hPa as well as p ( t  = 
0) = 0 hPa (atmospheric pressure) were assumed. Solving 
the differential equation system under these conditions in 
the extended model, the transient pressure drop piv over 
the flow restriction d u h g  the supply mode of the pump 
equals: 

with the abbreviation A = l/ra and the frequencies SI and 
s2, defined as: 

For physical reasons, the coefficients C,, Piv, ai, pi 
and r, are positive in any case. Thus the real parts of SI 

and SI ire negative and there is always a damping of the 
pressure. If s, and s~ have a complex part, the transient 
pressure p ( r )  and piV(?) have an oscillating characteristic. 
This is synonymous with: 

The discussion of the relation leads to a criterion: If the 
relation 

is valid, then no oscillating solutions occur independent of 
channel length L.  Otherwise there are two critical lengths 
L- and L+ > 0. 

If the length L of the channel is between L- and L+, 
then the pressures p ( t )  and piv(?) are oscillating. In this 
case there is a strong interaction between the dynamics of 
the micropump and the inductance of the fluid channels. 
Considering a diagram channel length L versus the fluid 
conductance l / (p&)  of the restriction, the curves L+ 
and L- define an area, where this interaction occurs. 
In figure 15 this area is depicted for a constant fluid 
capacitance (p-'Cm = 0.5 nl/hPa) of the driving diaphragm 
and a constant cross section An. This field can be compared 
with the transient pressure measurements at different tubing 
lengths L and different fluid resistances piv of the flow 
restriction. The measurements completely agree with the 
prediction of the design field. 

The characteristic lengths L+ and L- evaluated for 
three different channel radii (R = 100 pm,  R = 200 pm, 
R = 400 pm)  are depicted in figure 16. There are three 
areas where different quantities dominate the dynamics of 
the pump. In the case of small fluid conductance of the 
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flow restriction (high fluid resistance) this fluid resistance 
dominates the dynamics of the pump. Only for very long 
tube length L the fluid resistance of the tube has the biggest 
influence on the dynamics of the pump. The third area is 
the oscillating area, where the fluid inductance of the tube 
dominate the dynamics of the pump. It occurs only at large 
fluid conductance of the flow restriction. 

It should be mentioned that the critical length L+ 
depends strongly on the channel radius R. A reduction of 
the radius R from 400 p m  to 100 p m  leads to a decrease 
of the critical length L+ from 100000 mm,to 50 mm. That 
means that using a channel radius of 400 pm, the fluid 
resistance of the tube can be neglected completely. But if 
the tube radius is fixed to 100 pm, an influence of the fluid 
resistance of the flow channel on the dynamics of the pump 
is possible at a large tube length. 

Another graphic representation of equation (27) is 
depicted in figure 17. The critical length L+ and L- are 
shown versus the channel radius R. The fluid conductance 
l / (p&)  of the flow restriction' is varied as a parameter. 
From this type of diagram it can be seen, whether there is an 
influence from the peripheral fluid system on a micropump 
writh a given fluid conductance of the microvalves. It should 
be noticed that usually the operation modes of miniaturized 
diaphragm pumps are in the oscillating area and so the 
interaction of the system periphery and the micropumps 
cannot be neglected. 

11. Conclusions 

In this paper we investigated the properties and the dynamic 
behavior of different components in microfluid systems 
(flow channels, microvalves, elastic elements, diaphragm 
pumps). As has been shown, miniaturized diaphragm 
pumps are important but complex subsystems of microfluid 
networks. There is a strong feedback effect caused by 
the inductivity of flow channels of the fluid system to the 
dynamics of the pump. 

If miniaturized diaphragm pumps are combined with 
elastic elements (PSES) the strong interaction between 
the pumps and the fluid systems can be decoupled and 
the micropumps can be considered as black boxes. A 
sophisticated optimization of these pump elements can 
be achieved, using special numerical tools like Pus!. 
For the performance simulation of complex fluid systems 
with variable geometry and including several micropumps, 
conventional hydraulic simulation tools, known from the , 
macroscopic world, can be used. 
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