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Abstract

Two compliance structures for the use in liquid-based microfluidic systems have been realized with the aid of silicon micromachining.
The basic principle is that these structures contain air bubbles that dampen the flow and pressure variations that may arise from a
micropump. The compliance structures were specifically designed to work with the no moving parts valve (NMPV) pump [Proc. ASME
Fluids Eng. Division, 1995, in press]. The structures were modeled and simulated. From the results of these simulations and the model,

design rules for the compliance are formulated.

Measurements on the compliance structures could only be performed for the steady state. These measurements were in very good
agreement with the model. Working with two sets of pumps showed that pumps without the compliance structure needed an external
compliance in order to get them to work, whereas the pumps with the on-chip compliance pumped right away. © 2002 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Since in microfluidics most pumps are membrane pumps,
the flow resulting from micropumps [1] will be pulsed in
some sort of way [2-7]. Problems arising from this pulsed
flow are summarized in [8]. For a micropump with check-
valves, the flow will look more or less like a rectified sine. A
pump with hydrodynamic valves (as the pump, no moving
parts valve pump, NMPV) produces a sinusoidal flow with
an offset, resulting in a net flow. The variations around this
net flow are easily five times as large as the net flow itself. If
there would be no compliance in the fluidic system, the flow
variations would have to be present throughout the whole
system, i.e. the whole column of fluid would have to be
displaced. This would require a very strong membrane
actuation and would very probably result in cavitation of
the pumpchamber. The incorporation of an additional com-
pliance directly before and after the micropump can solve
this problem. The flow variations are taken up by the
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compliance, whereas the net flow can go into the main
fluidical system. Up to now, a macrocompliance was used
to get the NMPV pump working (Fig. 1).

In this paper, we present a micromachined compliance,
which consists of an air bubble trapped in a side branch of
the main liquid transport channel.

2. Basic design

The actual compliance is formed with trapped air. The
basic idea is that the compressible air bubble will dampen
pressure pulses in the liquid stream. We designed two types
of air traps. Both designs are shown in Fig. 2. The first layout
is designed to trap air bubbles in the far ends of the numerous
narrow channels. The second layout consists of one large
chamber next to the main channel.

Both structures were filled partly due to the surface
tension which brings the fluid into the chamber or side-
channel. This causes the pressure of the air in the structure to
rise slightly. A pressure fluctuation in the main channel
causes fluid to flow in (and out) the side structure. The fact,
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Fig. 1. Photographs of completed devices: (A) the compliance structure in between the outlet valves of a NMPV pump; (B) a completed NMPV micropump

with integrated compliance structure.
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Fig. 2. The layout of the realized samples. The first layout consists of
parallel channels, the other of a single chamber with multiple inlets.

that due to the surface tension some fluid is stored in the
side-channel makes both positive and negative flow varia-
tions possible.

For large flows into the compliance, the compliance does
not act linearly. Since the air pressure will be raised due to
the incoming fluid, the effort that is needed to get fluid into
the compliance will increase.

3. Modeling

The static and dynamic behavior of the compliance
structures are modeled. From the full equation of motion,
a steady state solution is derived. After this, the dynamic
response of the system is calculated from the linearized
system. For the compliance structure with the large chamber,
a complete solution as for the little side-channel was not
found. This is due to the fact, that the shape of the meniscus
in the chamber cannot be predicted accurately.

For modeling, the behavior of the side-channel, the fluid
in the side-channel was considered as a mass (fluid in the
side-channel) attached to a spring (trapped air) and a damper
(fluid resistance of the filled part of the side-channel). The
surface tension at the air—water interface introduces an offset
for the mass-spring-damper system.

The model describes the position of the air—water surface
as function of all other parameters of the system (Fig. 3). The

force balance is as follows:

M3 = Ppyigwd + 2y,(w + d) cos o — payrwd — W2 d?Repi
(1)

where x is the position of the surface, M the mass of the fluid
in the side-channel, Py ;q and P,;, the pressure at the inlet of
the side-channel and the pressure of the trapped air, respec-
tively, w and d the width and depth of the side-channel, y
and o the surface tension and the contact angle of an air—
water—glass interface and Ry, the fluid resistance of the
filled part of the side-channel.

Mass, resistance and trapped air pressure, all depend on
the position of the surface. The incorporated mass is

where py, is the density of water.

The pressure of the trapped air depends on the frequency
of the volume variations. For slow variations, there will be
enough time to exchange heat between the gas and its
surroundings. Therefore, the isothermal approach is used
for slow variations (Eq. (3)). However, for variations with a
frequency in the order of magnitude of the operating fre-
quency of the NMPV pump (~3 kHz), the gas will not reach
an equilibrium state. For these fast variations, the process is
considered adiabatic (Eq. (4)). This was verified for a 10-pm
wide channel. After a sudden temperature change of the gas,

Load-channel

/ Side-channel

Fig. 3. The basic layout of the compliance structure.
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it takes approximately 200 ps to transport enough heat to (or
from) the gas to keep the temperature of the gas at ambient
temperature.

P = Py () (isothermal) 3)
x

Pyir = Po (—) (adiabatic) 4)
X

where Py is the initial pressure before compression, / the
length of the side-channel and y the specific heat ratio for the
trapped gas (y = 1.4 for air). Both expressions were used,
since the filling of the channel will be a slow process (there
is enough time to exchange heat with the surroundings), so
the isothermal law applies, whereas the actual flow varia-
tions will be fast variations (/3 kHz for the NMPV pump)
raising the need for the adiabatic equation. The final pres-
sure from the isothermal equation will be the initial pressure
for the adiabatic equation.

The fluid resistance of the filled part of the side-channel
varies with the length of this filled part, x. However, care
has to be taken which model is applied. If the channel width
is much smaller than its depth, then the channel can be
treated as a slit, but in case of depth and width being of the
same order of magnitude, the fluid resistance should be
considered as the resistance from a rectangular channel
[9,10]

3
Riia = i’;zsx (slit,d > w) )
128
Rpia = ﬂ (rectangular,d = O(w)) (6)
D¢y

This effective diameter is given by

4A 2wd
Dt = — = 7
= 5T ia @)

where A is the cross-sectional area of the channel, and P the
wetted perimeter of the channel.
For the steady state, Eq. (1) reduces to

0 = pauiawd + 2y,(w + d) cosa — Pywd 8)

where Pgyq 1S the average pressure in the fluid at the inlet of
the side-channel (pressure drop over the load-channel plus
atmospheric pressure). From Egs. (3) and (8), the initial
wick-in distance X (i.e. the distance the fluid enters the side-
channel is easily derived),

1P,
Piig + 2y,(w + d) /wd cos o

x=1 ©)]

The dynamic behavior of this system cannot be solved
analytically, unless the non-linearities are removed. The
result of linearization about the equilibrium point will be
a transfer function H(jw), which will only be valid for small

pressure variations

-5/ X(jow) 1

Hjo) P(jo) g 2jf(w/wy) — (?/wp) 1o
where k is the amplification factor, 5 the damping constant,
o the applied frequency and w, the natural frequency of the
system. Rewriting Eq. (1) into the above form and filling out
linearized equations for the mass, the air pressure and the
fluid resistance in the side-channel, the natural frequency wy
is found to be

- (1)

in which P,, is the atmospheric pressure.

Integration of Eq. (10), and multiplying by the side-
channels cross-sectional area (wd), Eq. (10) results in the
side-channels admittance. The admittance of the load-chan-
nel is given by

1
E_RJrja)I

Ql

Aload = (12)
where R is the steady flow resistance of the channel and 7 the
inertance of the fluid in the channel.

The admittance ratio of the side-channel and the load-
channel will now determine the magnitude of flow variations
in the load-channel due to the pressure variations at the inlet
of the load-channel. Fig. 4 shows how the damping of flow
variations can be derived from the admittances of the load-
channel and the side-channel. The higher corner frequency
results from the corner frequency of the side-channel. The
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Fig. 4. Construction principle of the damping of flow variations from the
admittances of the load- and side-channel.
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Fig. 5. Meaning of V|, and / for the chamber compliance structure.

lower corner frequency is at the point where the admit-
tance of both side- and load-channel are the same. For
the calculation of the behavior, the following parameters
were used for the dimensions of the side-channel and
load-channel: d x w x [ = 370 um x 10 um x 2000 um and
0.2 mmx0.2 mmx 100 mm. The mean flow was 5 ul/s. For
this system, the corner frequency of the side-channel is
2500 Hz. The corner frequency of the load-channel is
160 Hz.

Eq. (1) cannot be solved for the chamber compliance
structure (Fig. 2), since the shape of the meniscus that will be
formed in the chamber cannot be predicted accurately.
Therefore, the force of the surface tension dragging fluid
into the chamber cannot be predicted. Steady-state measure-
ments can be performed in which the pressure in the
chamber as well as the length of the meniscus along the
walls of the chamber can be measured. For these conditions,
a modified Eq. (8) still holds (see also Fig. 5):
Patm%ld = Ppuigld + 2y,(I + d) cos o (13)

1
where [ is the length of the meniscus (as seen from above), d
the depth of the chamber and V|, and V; the initial and real
volume of the air in the chamber.
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4. Simulation

The compliance system was simulated using the simula-
tion package Simulink [11]. The simulated system consis-
ted of a load-channel (d xw x[=0.2mm x 0.2 mmx
100 mm) with 40 side-channels (d x w x [ = 370 pmXx
10 um x 2000 um). The flow that was specified at the inlet
was a net flow of 5 pl/s with a superimposed sinusoidal flow
variation of 0.01 pl/s. These flow variations were kept this
much small to ensure that the system would be in its linear
region. The flow variations at the output were calculated for
different frequencies.

The results from these simulations are shown in Fig. 6.
These results closely match the frequency behavior as
predicted in Fig. 4.

5. Realization

Samples were prepared using deep reactive ion etching
(DRIE) to create the channels and chambers in silicon. The
channels were covered by anodic bonding of pyrex to the
silicon. Since the exact geometry and surface roughness of
the through holes for the fluidical connections are not critical
in any way, these through holes were created by drilling,
using a diamond drill. See Fig. 7 for the principle of the
fabrication process.

Two types of samples were realized. The first type con-
sists of a series of parallel side-channels, whereas the second
type is a chamber next to the main channel with 10 parallel
inlets into the chamber (see Fig. 2). The channels and
chamber are slightly sloped with respect to the main channel
in order to fit in between the in/outlet valves of the micro-
pump (see also Fig. 1). The chambers were 1460 pm wide
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Fig. 6. Frequency dependence of the flow variations in the load-channels respective to the imposed flow variations on the whole system.
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Fig. 7. The fabrication process of the samples.

Gluing to aluminum base plate

and 1780 pm long. The side-channels were 10 pm wide and
2000 pm long. There were 384 side-channels on one sample.
All etched structures were 373 pum deep.

6. Measurements

A measurement setup has been realized for the character-
ization of the compliance structure. The setup is schemati-
cally shown in Fig. 8. A video camera is used to monitor the
sample through a microscope. With this monitor, the posi-
tion of the meniscus is measured. The system is pressurized
with a syringe pump (1 ml B-D syringe on a KD-scientific
syringe pump). The pressure in the system is read through a
pressure sensor (Entran EPI-411, 3.5 bar range).

The position of the meniscus was read through the
microscope. From the so-acquired data, the total volume
of air and length of the meniscus can be calculated.

Due to the narrow but deep channel dimensions, the
channel did not allow visualization of the meniscus. There-
fore, it was not possible for us to obtain information on the

position of the meniscus in the small channels. The dimen-
sions of the compliance chamber elements, however, are
such that the meniscus can easily be seen. Due to the
multiple inlets into these chambers, the chambers first partly
filled with water pushed air out of the chamber (Fig. 9).
Static measurements on this compliance could, however,
still be performed. Starting with the reduced initial volume,
the static pressure in the system was gradually increased,
which caused the air to be compressed. The compression
ratio of the air (initial gas volume over actual gas volume)
and the corresponding fluid pressure (measured from the
pressure transducer), air pressure (calculated from the mea-
sured air volume) and the theoretical pressure due to the
surface tension (from the measured length of the meniscus)
are shown in Fig. 10. The accuracy of the measurements on
the air volume and the length of the meniscus were about
5%.

Also, measurements were performed on the comparison
of a pump with the compliance structure and the same pump
design without compliance structure. The results are
depicted in Fig. 11. The point where the lines stop indicate
the point at which the pumps started cavitating. Cavitation is
an indication of the fact that the fluid that is coupled to the
membrane is too slow to follow the movements of the
membrane. The compliance is used to decouple the fluid
in the system from the pump membrane. From the figure it is
clearly seen that the pump with the compliance structure can
reach higher membrane velocities and therefore higher flow

HSRERINER

Fig. 9. The way the sample filled, the initial volume V,, was smaller than
meant to be, / denotes the length of the meniscus in the chamber.

Fig. 8. Schematic of the measurement setup. A microscope is used for the detection of the position of the membrane, a motor driven syringe pump for filling
up the system and pressurizing it and a pressure sensor to monitor the actual pressure in the system.
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Fig. 10. The pressure in the fluid (x), results in compression of the air in the compliance chamber. The volume change of the air corresponds to a pressure
change of the air (<). The pressure in the air due to the surface tension is also indicated (O).
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Fig. 11. Measurement results for a pump with (- - -) and without compliance structure (- - -).

rates as the pump without the compliance. The decoupling
works well and therefore it can be concluded that the
compliance structure works.

7. Conclusions and future work

A compliance for microfluidical systems has been design-
ed to dampen flow variations resulting from the NMPV

pump. This micromachined compliance was used to replace
a macro-world compliance which was required for good
pump performance. Around the operating frequency of
3 kHz, a theoretical damping of the flow variations of
30 dB was established.

The proof of the working principle has been found in two
ways. First, static measurements have been performed on the
chamber compliance structure. It is seen, that a raise of the
pressure in the system results in the compliance taking in
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fluid. The amount of fluid that is absorbed by the compliance
matches theory perfectly. Second, two versions of the NMPV
pump have been compared. The first version had no com-
pliance structure, whereas the second had the designed com-
pliance connected to its in and outlet. From the comparison
it was seen, that the compliance structure enables the pump
to deliver almost four times as much fluid per unit time.

The current design of the chamber compliance with its
multiple inlets (originally designed for lower resistance) can
be improved by reducing the number of inlets to just one.
This will prevent the filling of (part of) the chamber with
fluid. Any amount of unwanted fluid in the chamber reduces
the volume of trapped air and with that the effective com-
pliance.
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