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ABSTRACT
We report on novel resistive pressure sensors, in-

tegrated on-chip at the inlet- and outlet-channels of a
micro Coriolis mass flow sensor. The pressure sensors
can be used to measure the pressure drop over the Cori-
olis sensor which can be used to compensate pressure-
dependent behaviour that might occur and it can be used
to calculate the dynamic viscosity of the fluid inside the
channels.
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INTRODUCTION
We report on novel resistive pressure sensors, inte-

grated on one chip with a micro Coriolis mass flow sen-
sor. The two pressure sensors are placed on the inlet-
and outlet-channels of the Coriolis mass flow sensor,
which not only allows the measurement of the in- and
outlet pressure, but also the pressure drop over the flow
sensor. By using the quantities measured by the Cori-
olis sensor (mass flow and density) together with the
pressure drop, the dynamic viscosity can be measured
in real-time as is shown schematically in Figure 1. The
pressure measurement can also be used to compensate
pressure-dependent behaviour of the Coriolis sensor.
The pressure sensor consists of a Wheatstone bridge of
metal tracks meandering over a channel. As a result, the
design of the fluidic path of the Coriolis sensor [1] and
the fabrication process [2] do not have to be adjusted to
add the pressure sensors to the flow sensor.

In the past, many microfluidic sensors have been
made using their own unique fabrication process, e.g.
Coriolis flow sensors [3, 4] and pressure sensors [5, 6].
However, since these fabrication processes are unique,
combining these sensors on the same chip is hard to
achieve. In [7], we integrated a capacitive pressure sen-
sor with a micro Coriolis mass flow sensor. However,
this pressure sensor suffered from low sensitivity and
large drift. Due to crosstalk between the different ca-

inlet

outlet

resistive
pressure sensor

Coriolis
mass flow sensor

resistive
pressure sensor

inlet
pressure

mass
flow

outlet
pressure

density

kinematic viscosity

dynamic viscosity

Figure 1: Overview of the integrated multiparameter
measurement system. The output of the pressure sensors and
the Coriolis sensor can be used to determine the viscosity of
the fluid.

pacitive read-outs, these pressure sensors and the Cori-
olis sensor could not be read out simultaneously. The
resistive pressure sensors presented here consist of a
Wheatstone bridge which is actuated and read out us-
ing a lock-in amplifier. As a result, the sensitivity is
higher, the drift lower and it can be operated together
with the Coriolis sensor.

THEORY

The design of the pressure sensors is shown
schematically in Figure 2 and an SEM image is shown
in Figure 3.[8] The resistive pressure sensors consist
of a channel with the four resistors of the Wheatstone
bridge on top. Each resistor consists of 123 strain
gauges placed perpendicular to the direction of the
channel and the (unstrained) sections that connect these
together. When a pressure is applied inside the chan-
nel, the flat top will deform. Two of the resistors are
placed in the center of the channel, where the flat top
of the channel will elongate the strain gauges due to the
deformation of the top and will thus increase in resis-
tance. The two other resistors are placed at the edge of
the channel, close to where it is anchored in the silicon
bulk. The deformation will cause a compression of the
strain gauge and will thus decrease the resistance. The
input voltage of the Wheatstone bridge is applied by the
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Figure 2: Illustration of the design of the resistive pressure
sensor. The flat part at the top of the channel will deform
due to an applied pressure. The thin-film resistors on top
will then elongate or compress due to this deformation.

function generator in a Stanford Research SR830 lock-
in amplifier and the output voltage is measured by the
same lock-in amplifier. The output voltage is equal to:

Vout = Vin

(
R2

R1 +R2
− R4

R3 +R4

)
(1)

All resistances are designed to be equal when no pres-
sure is applied and the resistances can be rewritten as:

R1 = R4 = R0 −∆R1,4,

R2 = R3 = R0 + ∆R2,3

(2)

When substituting equation (2) into equation (1) and
assuming the change in resistance is much smaller than
the initial value the output voltage can be calculated us-
ing:

Vout = Vin
∆R2,3 + ∆R1,4

2R0
(3)

HereR0 contains both the initial resistance of the strain

Figure 3: SEM image of the fabricated resistive pressure
sensor. To reduce the pressure drop over the in- and outlet
channels, three parallel channels are used. A single
pressure sensor is placed on all three, measuring the
average pressure inside the three channels.

gauges as the resistance of the parts connecting them.
To estimate ∆R2,3 and ∆R1,4, the deformation has
been simulated using Comsol Multiphysics. Since the
deformation in the length-direction of the channel will
be constant, a 2D simulation of the cross-section of the
channel will suffice to simulate the deformation of one
strain gauge. Separate simulations were performed for
the elongating and compressing resistors using a pres-
sure range of 1 to 10 bar. The resulting change in
length is shown in Figure 4. The deformation of the
two different strain gauges is not equal, indicating that
∆R2,3 6= ∆R1,4. The deformation is in the order of a
few nm on strain gauges of 40 µm, indicating a change
in resistance less than 0.1 % of the unstrained value.
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Figure 4: Simulated change in strain gauge length for the
elongating and compressing resistors. The initial length of
each is 40 µm.

EXPERIMENTAL

To characterize the sensors, gauge pressures have
been applied in the range of 0 to 1 bar in steps of
0.1 bar. The results of these measurements are shown
in Figure 5. The amplitude of the applied voltage Vin

is 100 mV at a frequency of 1.5 kHz. The results show
a linear response with a sensitivity of 4 µV bar−1 with-
out any noticeable hysteresis. Tests show that the burst
pressure is higher than 10 bar. The pressure drop is
measured together with the mass flow for water and
isopropyl alcohol (IPA) in a flow-range of 0 g h−1 to
12 g h−1 with a pressure at the inlet of 3 and 4 bar.
The results of these measuremnets are shown in Fig-
ure 6. Future work will include design optimization for
the pressure sensor and characterization of the different
parameters that can be measured using multiple fluids.

The 3rd Conference on MicroFluidic Handling Systems, 4–6 October 2017, Enschede, The Netherlands
17



0

0.5

1

1.5

2

2.5

3

3.5

4

0 0.2 0.4 0.6 0.8 1

Vo
lta

ge
(µ

V
)

Pressure (bar)

Inc. meas.
Dec. meas.

linear fit

Figure 5: Characterization of the pressure sensor with a
pressure applied by a pressure controller in the range of
0 bar to 1 bar. There was no fluid flow during the
measurement.
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Figure 6: Measurement of the pressure drop over the sensor
at varying flow rates of both water and IPA. The
measurements are done using an input pressure of 3 and
4 bar.

APPLICATIONS

Compensation
The fabrication process allows to make free hang-

ing channels with a very thin channel wall. This makes
a sensor made using these channels very sensitive to
properties of the fluid inside the channel. For the pres-
sure sensor, the deformation of the channel due to pres-
sure results in an accurate pressure measurement. How-
ever, in the Coriolis mass flow sensor, this deformation
changes the stiffness of the channel and will thus re-
sult in a pressure dependent resonance frequency of the
sensor. Since flow introduces a pressure drop over the
length of the vibrating channel, this too adds a pressure
dependence. This can be seen in Figures 7 and 8 where
the resonance frequency is measured during a flow mea-
surement using IPA and during static measurements us-
ing mixtures of water and IPA. When assuming that
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Figure 7: Measured resonance frequency of the Coriolis
mass flow sensor for different flow and input pressure. The
used fluid is IPA.
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Figure 8: Measured resonance frequency of the Coriolis
mass flow sensor for different mixtures of water and IPA at
different input pressures. The black lines indicate the
calculated frequency using equation (4).

the stiffness of the channel is linearly proportional to
the pressure, the resonance frequency can be calculated
using:

ω0 =

√
k0 + α · P

mchannel + ρ · Vchannel
, (4)

where ω0 is the resonance frequency, k0 is the spring
constant of the channel without an applied pressure, α is
a calibrated value indicating the pressure dependence of
the stiffness, P is the pressure in the channel, mchannel

is the mass of the channel, ρ the density of the liquid and
Vchannel the volume of the liquid inside the channel.
Using the results in Figure 8 for pure water and pure
IPA, α and k0 can be calibrated. The resulting modelled
resonance frequencies are indicated using black lines.

Viscosity
The pressure drop over a channel, the mass flow

through that channel and the density of the fluid in that
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Figure 9: The kinematic viscosity of mixtures of water and
IPA. Measurements from [9] are shown as reference values.

channel can be used to find the dynamic viscosity of liq-
uids. To do this, the Hagen-Poiseuille equation has to
be rewritten to:

µ =
π∆PρD4

h

128LΦm
, (5)

where µ is the dynamic viscosity of the fluid, ∆P is the
pressure drop over the channel, ρ is the density, Dh is
the hydraulic diameter of the channel, L is the length of
the channel and Φm is the mass flow.

The Coriolis flow sensor can already be used to
measure the density and mass flow, so combined with
the pressure sensors, the dynamic viscosity can be de-
termined. Figure 9 shows the results for different mix-
tures of water and IPA. A calibration using pure water
was used to calculate the viscosity using the output of
the different sensors. Since the temperature of the fluid
in the channel could not be measured during the mea-
surements and the viscosity is heavily dependent on the
temperature, the calibration is done at 17 and 21 degrees
Celsius. The figure also shows the measured viscosity
of the mixtures according to [9].

CONCLUSION
We report on resistive pressure sensors, integrated

with a micro Coriolis mass flow sensor. The pres-
sure sensor has a linear response with a sensitivity of
4 µV bar−1 in the range of 0 to 1 barg. The inte-
grated pressure sensors have been used to compensate
the pressure-dependence of the stiffness of the free-
hanging channel in the micro Coriolis mass flow sensor,
improving its accuracy. By using the measurements of
the pressure sensors and the micro Coriolis mass flow
sensor, the viscosities of several mixtures of water and
IPA have been determined.

REFERENCES

[1] W. Sparreboom, et al., “Compact mass flow meter
based on a micro Coriolis flow sensor”, Microma-
chines, 4(1), pp.22-33, 2013

[2] J. Groenesteijn et al., “A versatile technology plat-
form for microfluidic handling systems, partÂăI:
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