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Abstract

The micromechanical equivalent of a differential pressure flow-sensor, well known in macro mechanics, is discussed. Two separate
pressure sensors are used for the device, enabling to measure both, pressure as well as volume flow-rate. An integrated sensor with
capacitive read-out as well as a hybrid, piezo-resistive variant is made. The fabrication processes are described, using silicon and glass
processing techniques. Based on the sensor layout, equations are derived to describe the sensor behavior both statically as well as
dynamically. With the derived equations, the working range of the sensor and the thermal and time stability is estimated. The computed
results of the stationary behavior are verified with the measured data. A good similarity in linearity of the pressure/flow relation is found.
The computed hydraulic resistance, however, differs from the measured value for water with 21%. This difference can be explained by
the high sengitivity of the resistance to the resistor channel cross-section parameter in combination with the difference between the
rounded etched shape and the rectangular approximation. From fluid dynamics simulations, a working range bandwidth of about 1 kHz is
expected. Therma influences on the sensor signal due to viscosity changes are in the order of 2% flow signal variation per Kelvin. From
these results, it can be concluded that the sensor can be used as a low cost, low power consuming flow and pressure-sensing device, for
clean fluids without particles and without the tendency to coat the channel walls. If a high accuracy is wanted, an accurate temperature
sensing or controlling system is needed. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction Design formulas, the static and dynamic behavior and the
resulting advantages and drawbacks are discussed.

In the area of integrated fluid analysis systems such as
w-TAS (micro tota analysis system), liquid or gas flows
need to be measured and controlled [1-3]. The flows can
be dosed by using, for instance, regulated micro pumps
and active valves [4-6]. To adapt the flow delivery to
changing impedances and to know exactly the parameters,
at which it is delivered, sensors are needed. The parameter
of interest for feeding the chemical detection system is
mass flow. Pressure is the complementary parameter,
needed to compute the applied hydraulic power. In this
paper is discussed the pressure/flow-sensor, which can
sense both parameters and therefore deliver all relevant
information for flow and pressure delivery in a w-TAS.
The pressure is measured with capacitive or piezo-resistive
pressure sensors, whereas the flow rate is computed from
the pressure drop over awell defined, hydraulic resistance.

2. The flow sensing principle

The flow sensing principle of the pressure/flow-sensor
is to measure the pressure drop over a hydraulic resistor.
Deriving the flow-rate out of this differential pressure
signa is well known. There are two ways to obtain a
relation. A conversion of kinetic energy (speed) to poten-
tial energy (pressure) can be accomplished by leading the
flow through a converging/diverging nozzle such that the
speed is increased locally. Measuring the dynamic and
static pressure and using the relation between pressure and
velocity according to Bernoulli gives the fluid speed [7].
This principle is used in venturi type macro flow-sensors
and is only applicable when no substantial energy losses
due to friction are expected. For micro channels with
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Capacitive pressure sensors
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Fig. 1. Schematic view of the lay-out of the integrated capacitive pres-
sure,/flow-sensor, fabricated with bulk micromachining techniques.

the pressure loss over a hydraulic resistance [8]. This
means that the sensor is passive and a small amount of
hydraulic energy is extracted from the fluid flow and
transformed into a pressure drop signal. The principle is
similar to the well-known use of an electrical shunt resistor
to convert current into a measurable voltage drop.

3. Fabrication

The functional layout of the sensor is drawn in Fig. 1.
To guarantee that the static pressure instead of the dy-
namic pressure is measured, the fluid velocity in the
resistor must be much higher than at the points where
pressure is measured. Therefore, two chambers, one at the
entrance and one at the exit, are needed. The space re-
quired for the pressure sensor membranes can be used for
this.

For the micro pressure/flow-sensor, we made two pro-
totypes, one hybrid design, consisting of two piezo-resis-
tive sensor dies, glued on top of a 10X 5% 0.9 mm
glass—silicon substrate, embedding the resistor channel and
afully, 10 X 5 X 1.4 mm integrated design with capacitive
pressure sensors. Fig. 2 shows a schematic view of the
hybrid variant. With an-isotropic KOH etching, holes were
made through (100) oriented silicon. After the resistor
channels are isotropically etched in the glass wafer with
HF, using chromium as a mask layer, holes are created
through the wafer, using a powder blasting process. With
the use of the anodic bonding process, the glass wafer is

Piezo-resistive pressure sensors
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Fig. 2. Lay-out of the hybrid variant of the pressure/flow-sensor, using
piezo-resistive pressure-sensors.

i

Fig. 3. Mounted hybrid pressure/flow-sensor with electrical connectors
and tubing.

mounted on the silicon wafer. A stamping method is used
to pattern glue accurately on the pressure-sensor dies
(~ 100 wm precision), after which the dies are mounted
on top of the glass—silicon sandwich. Finaly, the dies are
mounted on a ‘system board’ and electrical and fluidic
connections are made (Fig. 3).

Since the sensor principle is passive and needs no
actuation power, a low power version is designed by
replacing the piezo-resistive pressure sensors by capacitive
transducers. For this, a fully integrated design has been
made. Figs. 1 and 4 show the cross-sections. The sensor is
built in a glass—silicon—glass sandwich structure. In the
bottom glass wafer, the hydraulic resistors are etched,
again using isotropic HF etching in combination with a
chromium mask (Fig. 5, sequence C). After this, holes
through the glass are created.

The top wafer holds the upper, fixed electrodes for
reading-out the membrane deformations as a function of
the applied pressure. By depositing the electrodes in a
cavity, the initiadl gap between the electrodes is defined.
The process steps used for this are drawn in Fig. 5,

[ SO I

Fig. 4. SEM picture of the cross-section of the integrated capacitive
pressure/flow-sensor.
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Fig. 5. Process sequence of the integrated capacitive pressure/flow-sensor: (A) top electrode with combined etch /shadow mask, (B) membrane + lower

electrode fabrication, and (C) hydraulic resistor processing.

sequence A. The first step (A1) consists of patterning a
chromium mask layer by means of a wet chromium etch-
ing technique. After the glass is etched in HF such that the
cavities have reached the required depth (A2), chromium
and platinum are deposited (A3). Since the resist—chro-
mium mask is under etched during the HF step, the mask
is used as a shadow mask as well, such that the edges of
the top electrode are well defined inside of the cavity.
With this combined etch and shadow mask, the electrode
material is only deposited at the bottom such that short-cir-
cuiting of the electrical connections is avoided. After
stripping the resist /chromium layers in HNO;, the glass
wafer with the top electrodes is finished.

The silicon wafer contains the membranes and comple-
mentary electrodes for the pressure sensors. First, the
membranes are etched anisotropically in a KOH solution,

using silicon nitride as mask and defining the membrane
thickness by a stop in time (steps B1-2). After this, the
silicon nitride at the membrane side is removed at areas
that need to be bonded and the lower electrodes are
patterned with a lift-off technique.

For bonding the two glass wafers with the silicon wafer,
the anodic bonding method is used. Because the distance
between the upper and lower electrodes is rather small, the
electrostatic forces on the membranes during the bonding
process could damage the sensor. Therefore, all upper and
lower electrodes are connected to the same potential, re-
sulting in a potential drop between the glass and silicon
only. Dicing of the sensors is done such that the connec-
tions to the upper and lower electrodes become accessible.
For this, a V-groove is etched in the silicon and the top
and bottom glass wafers are partly diced at a shifted
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Fig. 6. Dicing method to free the entrance to the electrodes: (A) Top-view of half of the sensor (one pressure sensor only), (C) Combination of saw-lines
and v-grooves. After breaking, the upper electrode becomes accessible as shown in the photos (B).
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Table 1

Dimensional parameters and units used for the membrane theory and capacitance calculation

Membrane theory Parameter or Units Capacitance Parameter or Units
constant constant

Pressure p N/m? Capacitance c ¢2/Nm

Deflection w m Dielectric constant of vacuum £ c?/Nm?

Center deflection W m Relative dielectric constant & -

Thickness h m Area s m?

Radius a m Gap distance d m

Length 2a m Gap distance (unloaded) d, m

Radius coordinate. r m Inner electrode radius et m

Angular coordinate 0 rad Outer electrode radius o m

x—y coordinates X,y m Outer x-coordinate electrode X¢ m

Modulus of elasticity E N/m? Outer y-coordinate electrode Ye m

Poisson’s constant v - Electrode area S m?

Pre-stress oy N,/m?

position. After breaking, the bond pads become accessible,
as shown in Fig. 6.

4. Modeling of the stationary sensor behavior
4.1. Pressure-sensor membranes

Varying the resistors and/or the dimensions of the
sensor membranes makes it possible to adapt the sensor for
a specific flow and pressure range. To predict the effects
of the different design parameters, we derived simple
design formulas for the fluid mechanical and structural
mechanical behavior. Only the fully integrated capacitive
pressure/flow-sensor will be discussed, since commer-
cidly available pressure sensor dies were used for the
piezo-resistive variant.

The used parameters are summarized in Table 1. The
capacitance/pressure relation of the sensors is defined by,
among others, the stiffness of the membranes. For small
deflections the dimensionless linear pressure/deflection
membrane formula (1) can be used [9,10]:

Q=KW (1)
The parameter definitions are given in Table 2. Q is a
dimensionless load parameter, K, the bending stiffness

and W, the center deflection of the membrane relative to
the membrane thickness. Relation (1) fits well for deflec-

tions W,, smaller than about 0.5. For values of W, larger
than 0.5, the in-plane stresses become important resulting
in a non-linear load deflection relation. A simple approxi-
mation for these situations with additional pre-stress is
given by:

Q = K, Wo + KW', (2)

In this relation, K is the pre-stress term whereas K,
represents the net stiffness constant when in-plane stresses
become important. For circular and square membranes, the
definitions of the stiffness constants differ. Analytical and
numerical results have been presented in literature [9,10].

To compute the electric and hydraulic capacitance of
the pressure sensor, the deflection shape of the membrane
is needed. For round membranes, the spherical relation is
given by:

W=W,(1—R?)”. (3)

For sguare membranes, the deflection as well as the
clamped edges are described by the spherical relation:

W= Wo(1—X2) (1~ Y?)" (4)
4.2. Electric pressure-sensor capacitance
The electric capacitance of the pressure sensor varies

when pressure is applied on the membranes due to the
changing gap geometry between the upper and lower

Table 2

Definition of the introduced dimensionless membrane and capacitance parameters

Membrane theory Parameter Elements Capacitance Parameter Elements
Load Q pa’*/Enh* Specific capacitance C ch/ea?
Deflection W w/h Gap distance (unloaded) Do dy/h
Center deflection W wy/h Inner electrode radius R re/a
Radius coordinate R r/a Outer electrode radius Ry r.2/a
Angular coordinates 0 0 Outer electrode x coordinate Xe X./a
x-y coordinates XY X/a, y/a Outer electrode y coordinate Y. ye/a
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electrode. This pressure/capacitance relation can be ap-
proximated by the surface integral given in Eg. (5).

£0& 1
c= fSc r ds= aoa,fscads (5)
With d the gap distance between the upper and lower
electrodes as a function of the position and the electrode
area. Subgtitution of the shape function of a round mem-
brane results in the dimensionless deflection / capacity rela
tion (6), where the circular electrode ranges from R= R
to Ry,.

R 2w
A e
R=R1”0=0| Dy —Wy(1— R?)

W, ) Wy )
atanh \/Djo (R, —1) [ —atanh \/DjO(RCl -1)

\/WoDo

dRdé

(6)

The center deflection, W,, can be replaced by one of the
Eg. (1) or Eg. (2), depending on the existence of large
deformations and pre-stresses. For the square membranes,
no analytical solutions exist so that the integrals must be
computed numerically.

4.3. The hydraulic resistance

A pressure drop, related to the flow-rate, is obtained by
energy dissipation in the resistance channel between the
two pressure sensors. In our design, this is simply imple-
mented by a narrowing of the channel cross-section. The
pressure drop over a channel with an effective diameter,
dy, is given by Eq. (7) [11,12]. The used parameters are
described in Table 3.

2
P Vet
I 7
In our applications, we assumed a rectangular shape of the

resistor cross-section. The correction factor for this geome-
try [12] results in:

Ap:l(p;?)(kdgp)l. (8)

This equation shows the flow dependent and geometry
dependent relation of the pressure drop. With the definition
of the Reynolds number according to Eq. (9), and substi-
tuting this in the flow dependent part, Eq. (10) is obtained.

Ap=f

vy d
e=Peff eff (9)
m
1 et Kgn$
Ap=— — | 10
P 8(“’%)( S) (10)

It is shown that the flow-sensor will measure the volume
flow and is sensitive to viscosity changes. These aspects
will be discussed further on in this article.

Table 3
Used parameters and their units for the fluid computations
Description Dimensional Units
parameter
Displaced volume v ms
Volume flow-rate ¢ més !
Kinematic viscosity v m? s 1
Mass density p kgm~3
Wetted perimeter 1% m
Pressure drop Ap Nm~2
Thermal expansion coefficient ar K-t
Dynamic viscosity w Nsm~2
Channel width a m
Channel depth b m
Hydraulic capacitance Chya N-tmd®
Effective diameter (o o m
Hydraulic diameter d, m
Hydraulic power consumption E w
Friction factor f -
Resonance frequency frya Hz
Hydraulic transfer function Gryd -
Temperature—viscosity constant k, -
Volume expansion coefficient k, K-t
Laminar friction constant Kan -
Minor loss coefficient Km -
Specific heat capacity Ky Jkg 1K1
Channel length | m
Hydraulic inertance Liya Ns? m~5
Quality factor Qhyd -
Reynolds number Re -
Hydraulic resistance Riyd Nsm~3
Cross-section area S m?
Time t s
Temperature T K
Effective velocity Vigs ms?!

The HF etched channels in our sensor were relatively
long and wide compared to the depth. In afirst approxima
tion we neglected the entrance and exit effects as well as
the rounded corners, created during the isotropic etching
process. The channel cross-section was assumed to be
square. For this situation, the resistance can be described
by Eq. (11). The parameters a and b are the side lengths of
the cross-section. The friction constant can be obtained
empirically and is found in literature [12]. Findly, the
volume flow-rate can be extracted from the pressure drop
with use of Eq. (12).

p [ kin(a+b)’
Roa = 52|~ abs ()
Ap
b=—-— (12)
Rhyd

In this case, the measured pressure signal is linearly related
to the flow-rate. The entrance and exit effects however
cause so-called minor losses, which introduce a nonlinear
behavior as is described by Eq. (13).

1
Apminor= Epuesz km (13)
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For the situation of the resistance channel, the minor loss
coefficient, k,,, can be as high as 0.5. The relative influ-
ence of the minor losses compared to the constant channel
resistance is expressed in Eq. (14). This nonlinearity ratio
represents the validity of neglecting the minor losses.
Apmmor _ ZSGEEL (14)
A pmajor v kczjh (a + b)2|
For flow-rates on the order of afew microliters per second,
a kinematic viscosity of about 10°® m? s™!, an equa
width and depth of the channel and a channel length of a
few millimeters, the ratio will be less than 1%. Increasing
the channel length can further reduce the non-linear effect
of the minor losses. In Fig. 7, the measured and calculated
pressure drop are shown as a function of the flow-rate in
case water is used. As expected, the nonlinearity is very
small and not noticeable. The difference between the mea-
sured and computed resistance is substantial (21%). The
reason for this might be found in the cross-section geome-
try and roughness of the resistor channel. We assumed a
smooth, rectangular geometry whereas pictures of the
channel show a rounded trapezium shape. These rounded
corners reduce the net effective cross-section area, which
means an increase in resistance. Since the cross-section
parameter influences the resistance to the power four as
was shown in Eq. (11), this substantial difference between
the measurements and computed resistance can easily be
obtained: a 21% resistance difference is caused by a net
dimension difference of 4.8%

If only major losses are taken into account, the hy-
draulic energy dissipation per unit time (power) is:

Ehyd = Apmajor¢ = Rhyd ¢2

This loss of hydraulic energy is converted to thermal
energy and thus will rise the fluid temperature. Under the
assumption that the heat is only transferred uniformly to

(15)

the fluid without losses to the channel walls, this tempera-
ture rise is given by:

_ d)Rhyd

AT
pKr

(16)
For a sensor design, used in combination with ethanol,
resulting in a hydraulic resistance of 1.7 X 102 Ns/m°,
with a density of 787 kg/m?, heat capacity of 2.44 x 10°
J/kg K and used to measure flows of 1 nl1/s, the dissi-
pated energy is 1.70 pW. Since this dissipated energy will
heat up the liquid only 8.9 X 10~* K, the effect is negligi-
ble. It shows that the pressure/flow-sensor can be de-
signed to consume besides electrical power, little hydraulic
power as well.

5. Modeling of the dynamic sensor behavior

When the sensor is operated in a system with fast
fluctuating fluid speeds, it isimportant to know the dynam-
ics. An example of such application would be to sense the
flow-rate produced by a membrane pump. The dynamic
behavior of the sensor is important to predict the time
dependent signal from the delivered flow and pressure.
Due to the dynamic impedance of the sensor, a frequency
dependent amplitude change and phase shift of the pres-
sure signal, described by the transfer function, can occur.
Transfer functions are based on the assumption of har-
monic flows. In practice it is difficult to obtain this
situation, but if a linear system is assumed, other, non-
harmonic flows can be modeled by using Fourier series. A
good indication about the dynamic behavior in the fre-
guency domain can be obtained, which is used to estimate
the working range of the sensor. Besides the computed
hydraulic resistance of the channel, the sensor consists of

Measured and computed pressure-drop over the sensor
for water as function of the flow-rate
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Fig. 7. Measured pressure-drop /flow-rate relation of the sensor. The non-linear entrance and exit effects are negligible.
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pressure / flow-sensor
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Fig. 8. Electric analogy of the pressure/flow-sensor, simulated with a
PSPICE model: the resistance, capacitance and inertance of the sensor.
The sensor is fed by a pressure source and loaded by a resistance
impedance.

hydraulic capacities and inertance [13] also. In Fig. 8, a
schematic of the electronic analogy is drawn.

The pressure sensors form the hydraulic capacities of
the sensor. Due to the membrane deflection under a pres-
sure load, liquid can be accumulated. In genera, the
hydraulic capacity C,, 4 is described by:

dp
dt
Since the flow rate is defined as the amount of transported

volume per time, the capacitance is defined as the volume
change per unit pressure variation:

av
Chyd = d_p .

d) = Chyd ( 17)

(18)

The volume under a square membrane is given by integrat-
ing the dimensionless deflection formula (4).
6 Q

1 1 Q 2 2 25
V= —(1-X))(1- Y dXdY= — —
f_lf_l Kb( ) ( ) 225 K,

(19)

The capacity for the small deflections of a square mem-
brane will be:

e =20 a1 028ae 1— 12 20
T 005 ERS K, e (=77 (20)

It is assumed that both pressure sensors are identical such
that the capacities at both sides of the resistance channel
are identical.

Inertance of the sensor is caused by the acceleration of
liquid mass in the sensor. Because the fluid velocity under
the sensor membranes is assumed to be much smaller than
the velocity in the hydraulic resistor, the kinetic energy is
regarded to be concentrated in the resistor. Therefore, only
the inertance in the resistor channel is taken into account.
The hydraulic inertance, L, 4, is defined by equation:

dé

According to Newton's second law, the force per area
needed to accelerate a plug of liquid with length | and
Cross-section area S eguals:
pl do
S dt
Hence the inertance of the filled channel with rectangular
geometry (width X depth = a X b) is defined by:

(22)

pl  pl
TS T b
The lumped element analogy of the electric circuit indi-
cates that a second order system is to be expected. This
electric equivaent circuit is shown in Fig. 8. The complex
transfer function of a LRC circuit is expressed in Eq. (24).
It shows that only the capacitance of the downstream
pressure sensor is of importance.

1

1+ j@RuyaChya = @*LiyaChya

(23)

G hyd ( 24)

For this second-order system, resonance is to be expected
for the LC combination at a frequency f, , that satisfies
Eq. (25) with a quality factor Q,, 4 expressed by Eq. (26).

1

frya = -—F——
Y 2771/Lhydchyd

1 Liya
Qua= 51/ == (26)
v Rhyd C:hyd

The prototypes of the capacitive pressure/flow-sensor
consist of square silicon membranes of about 25 pum
thickness and a length and width of 1500 pm. The hy-
draulic capacity of these membranes will be around 1.7 X
107" m®/N. For the channels, three different widths are
chosen: 200, 340 and 570 wm. The length is 2900 wm and
the depth 21 wm. For the 340 pm wide channel, the
resistance for ethanol becomes 1.7 X 10*2 Ns/m° with an
inertance of 3/2x 108 Ns?/m®. With these values, the
resonance frequency is 2.2 kHz with quality factor 2.56.
When the channel width is varied, the resistance and
inertance will be affected. Figs. 9 and 10 show the com-
puted amplitude and phase angle, respectively, of the
transfer curves for the three different channel sizes.

From the equations, derived for the dynamic transfer of
the sensor, it can be concluded that the current sensor
design can be used dynamically with a fluid frequency up
to about 1 kHz. If a higher dynamic range is wanted, the
resonance frequency must be increased. If we look at Eq.
(25), this is possible by reducing the hydraulic capacity or
the inertance. The first parameter depends on the pressure
sensor design. A reduction of the hydraulic capacity means
that a more iff membrane must be used which has
consequences for the electric behavior: smaller gap sizes
are needed between the upper and lower electrodes to gain

(25)
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Transferfunction of the pressure / flow sensor for different channel widths
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Fig. 9. Computed amplitude of the hydraulic transfer of the fabricated pressure/flow-sensor as function of the driving frequency.
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Fig. 10. Computed phase angle of the hydraulic transfer of the fabricated pressure/flow-sensor as function of the driving frequency.
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sensitivity of the pressure sensors, and reducing the iner-
tance can be the subject of optimization. A boundary
condition in this is the length of the channel, which needs
to be long enough to reduce the nonlinear effects of the
entrance and exit resistance.

6. Accuracy and stability

Temperature changes can have strong influences on the
stability of the sensor. The main influence of temperature
variations on the sensor signal is due to a change of
density and viscosity as temperature varies. For liquids, the
absolute viscosity decreases with increasing temperature.
This temperature dependent viscosity change [12] can be
approximated for many liquids with the relation:

w(T) exp[kM(ﬁ B 1)

M293k

Temperature viscosity constants, k,, vary for different
liquids. For ethanol for example this value is 5.72. At
around 293 K, the relative change in viscosity will be
about 2% /K. This influence of temperature on the viscos-
ity will affect the sensor signal with the same amount
because the viscosity is linearly related to the pressure
drop as was shown by Eqg. (11). This influence has conse-
guences for the stability of the sensor. For high accuracy,
the temperature of the liquid must be known or be con-
trolled. For the first prototypes, no high precision was
aimed at and thus no temperature regulation or sensing
system was implemented. It can be concluded that for an
uncompensated sensor, the sensor signal will give an un-
derestimation of the ethanol volume flow rate of about
2% /K increase.

If we want to know the mass flow, the sensor volume
flow signal must be multiplied with the mass density of the
fluid. This density will vary with temperature according to
[12]:

p(T) 1
prosk  L+K (T—293)

(27)

(28)

Specific values for the volume expansion coefficient, k ,
are around 110 X 107 /K for ethanol, so that the change in
mass density will be about 0.1% /K. If temperature rises,
the density will decrease. The temperature induced density
variation of ethanol will thus cause an underestimation of
the mass flow rate of 0.1%/K temperature increase.
Besides the change in fluid properties, the geometry
changes of the sensor also affect the hydraulic resistance.
Since the resistance is inversely related to the channel
cross-section with the fourth power, small variations in
channel size will affect the resistance substantially and
thus give deviations in measured pressure drops. The

influence of the channel geometry can be expressed by the
first derivative of the resistance to the geometry parameter.
For simplicity, the situation of a circular channel is taken
such that the resistance is inversely related to the fourth
power of the diameter. The relative resistance change will
thus be defined by:

1 dRyy 4

- —— (29)
Reyg dd, d,

The linear thermal expansion coefficient «; of the used
glass (Hoya SD-2) is 3.2 X 10~ % K1, This means that the
relative resistance change will be:

1 dRhyd(T) _ 1 ‘9Rhyd dddhyd
Riyd dT Riya 90pyg dT

= —4daq (30)

Substituting «, gives a resistance change of only 1.28 X
1073%. Hence the resistance change due to temperature
induced geometry variations is negligible compared to the
viscosity and density changes of the fluid. Other mecha
nisms such as pollution of the sensor, causing coverage of
the channel walls can give rise to serious malfunctioning.
Also, clogging-up of the channel when particles are in-
volved is disastrous.

7. Conclusions and discussion

A combination of a pressure and flow-sensor, based
upon the principle of measuring the pressure drop over a
hydraulic resistor, was discussed. The interesting aspect of
this pressure/flow-sensor is that the principle is rather
simple. It is comparable to measuring currents in an elec-
trical circuit by sensing the voltage drop (= pressure drop)
over a fixed resistance.

A few points make the sensor very suitable for micro
fluid handling systems: Unlike many thermal mass flow-
sensors [3], the electrical contacts of the pressure/flow-
sensor are fully galvanic insulated from the fluid. There
are no heater and sensor elements in electrical contact with
the medium due to which a voltage drop may occur
between the fluid and ground. For medicine dosing or
some chemical analysis applications, this can be an impor-
tant requirement. It also facilitates integration with other
components, which lack galvanic insulation.

A second feature is the fact that no energy injection in
the liquid is used. Only a little energy (uW) is extracted
from the fluid stream due to friction. This means that
heating up of the fluid is negligible which is an important
issue for temperature sensitive materials or chemical reac-
tions. The fact that there is only a little power consumed
from the flow to obtain a pressure drop means that no
additional electrical energy is needed to generate an actua-
tor signal. These signals, like the heat transfer to the fluid
in a thermal flow-sensor, usualy consist of much energy.
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Using a combination of capacitive pressure sensors further
reduces the power consumption, which makes the sensor
very suitable in low power applications.

The robustness of the sensor is rather high since there
are no fragile bridges in the sensor, like the structures
needed in many thermal flow-sensors. Membranes are the
weakest structures used. They however are designed to
withstand the maximum expected pressures and are no
obstacle in the flow path. A fina positive feature of the
sensor is the reduction of the electronics needed for read-
out. The electronics needed to read-out the pressure is also
needed to measure the flow. So the same kind of electron-
ics can be used or an additional multiplexer to read-out the
second pressure Sensor.

Besides these strong points, there are some weak points
to consider. The mentioned positive aspect of a passive
sensor also has a drawback. If the sensor is used in a
system with for example micropumps to deliver flow at a
certain pressure, these pumps must compensate the energy
loss in the sensor due to friction. A good hydraulic resis-
tance design, combined with sensitive pressure sensors can
minimize this drawback.

With the principle of differential pressure flow sensing,
the volume flow-rate instead of mass flow-rate is mea
sured. For chemica analysis however, knowledge of mass
flow is needed. Therefore, the mass density must be
known in order to compute the mass flow. Another param-
eter that must be known to be able to derive the volume
flow out of the pressure difference, is the viscosity. Chang-
ing the concentrations of the medium might affect both
density as well as viscosity. These effects must be known
in order to derive good volume flow values. Temperature
changes of the fluid give rise to substantia fluctuations in
viscosity. For ethanol at room temperature, this is 2%
pressure change per Kelvin. Consequently fluid tempera-
ture measurements must be measured and /or controlled to
reach a high flow measurement precision. On the longer
term, the hydraulic resistance can change due to pollution.
Therefore, like many thermal mass flow-sensors, the func-
tionality is hampered when the walls get coated. Particles
also form a severe threat because they can clog the resis-
tance channel.

For the micromachined sensor design, presented in this
paper, formulas are derived to predict the static as well as
dynamic behavior. Because of the presence of hydraulic
resistance, inertance and capacitance, the device will act as
a damped second order system with a resonance frequency
in the range of a few kHz when ethanol is used as a fluid
medium. Optimizing the hydraulic pressure sensor capaci-
tance and channel geometry can increase this range.

These sensor aspects lead to the conclusion that the
pressure/flow-sensor is simple and low power consuming
dynamic fluid sensing device, capable of measuring both
parameters, describing the hydraulic domain: pressure and
flow-rate. If no temperature compensation is applied, the
application area will be low precision flow rate measure-

ments. When temperature is known or controlled, high
precision is possible.
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