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Integrated Pressure Sensing Using Capacitive
Coriolis Mass Flow Sensors

Dennis Alveringh, Remco J. Wiegerink, and Joost C. Lotters

Abstract—The cross-sectional shape of microchannels is,
dependent on the fabrication method, never perfectly circular.
Consequently, the channels deform with the pressure, which is
a non-ideal effect in flow sensors, but may be used for pressure
sensing. Multiple suspended channels with different lengths were
modeled, fabricated, and characterized to verify the use and
the scalability of this effect for pressure sensing. Furthermore,
it is shown that the pressure dependence can be distinguished
from the Coriolis effect in microfabricated Coriolis mass flow
sensors, enabling the measurement of the pressure next to flow
and density with only the flow sensor itself. In addition, this allows
for further improvement in the accuracy of the flow measurement
by correcting for the small pressure dependence. [2016-0236]

Index Terms—Pressure sensing, Coriolis flow sensor, multi
parameter system, differential pressure flow sensing, microflu-
idics, surface channel technology.

I. INTRODUCTION

ENSING fluidic parameters has numerous applications in
Sindustry and healthcare [1]. The miniaturization of the
sensors using microfabrication has advantages for most appli-
cations, e.g. higher sensitivities and lower unit prices [1], [2].
Different fabrication methods are available in microtechnology
and different materials can be used as channel material. Further
more, integration of multiple sensors on one chip is possible
without increasing the costs or complexity and makes multi
parameter sensing possible, which enables the measurement
of e.g. the viscosity and density of the fluid [3], [4].

Disadvantages are also involved with microfabricated chan-
nels. Many fabrication methods for micro channels, made of
e.g. PDMS [5], SU-8 [6], silicon [7] or silicon nitride [8], [9]
are not circular as is illustrated in Figure 1. Non ideal effects
when using the channels are self-evident, like: dead volumes,
complicated flow patterns and pressure dependent deformation
of the structures. The non-circularly shapes as described in the
references are often inherent to the fabrication process and
not easily solved without radical changes to the fabrication
method.
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Fig. 1. Artist’s impression of multiple non-circularly shaped micro channels,
with (a) PDMS or SU-8 channels bonded on silicon [5], [6], (b) etched
channels in silicon bonded on silicon [7], (¢c) channels of silicon nitride on
or in silicon [8]-[10] and (d) close-up of the cross-section of a (suspended)
surface channel.

The surface channel technology, comprehensively described
in [10], has the same non-ideal effect. A cross-section of the
channel is illustrated in Figure 1d. These channels are used in
several fluid sensors, e.g. thermal flow sensors [11], Coriolis
mass flow sensors [12] and pressure sensors [8], [13]. In latter
sensors, the non-circularly shape plays, due to its pressure
dependence, a crucial role in the transduction principle. The
channel deforms due to pressure, which can be detected by
e.g. change in displacement or resonance frequency.

In this article, we describe how the non-circular surface
channels can be used to measure pressure and how pressure
sensing can be implemented in a Coriolis mass flow sensor
without changing the sensor design. This enables the Coriolis
mass flow sensor to measure pressure as well as mass flow and
density. The article is organized as follows. First, in Section II,
we will explain the pressure sensing mechanism. Next, in
Section III, we will show how this mechanism can be used in
existing micro Coriolis mass flow sensors. In Section IV, we
will discuss the fabrication process that was used to fabricate
test devices. Measurement results are presented in Section V,
followed by a discussion and conclusion.

II. PRESSURE SENSING

The non-circularly shaped channel pressure sensor is based
on the asymmetry of the stiffness between the upper and
lower part of the suspended channel as presented in [13]. The
pressure in the channel causes a force on the walls. The forces
cancel eachother around the channel, except for the tip, where
the pressure results in a net longitudinal force. The asymmetry
causes the channel to bend upwards, this can be detected by
a change in capacitance as is illustrated in Figure 2.
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Fig. 2. The asymmetry of the channel’s cross-section (Figure 1d) causes a
variation in stiffness along z-direction, forcing it to deform under pressure.
The electrodes at the tip enable capacitive readout.

Fig. 3. Cross-section of the channel and its equivalent I-beam model with
the definition of the dimensions.

A. Analytical Model

The mechanics are analyzed using a more accurate model
than described in [13]. Modeling of the tube in Figure 2 is
done by applying two simplifications.

o Only half (one part of the pair) of the U-shaped tube is
modeled as a straight tube, since the full pair has twice
the stiffness but also twice the force at the tip, which
results in the same displacement.

o The complicated channel section is divided in three parts:
the ceiling, the tube walls and the floor. The three parts
are simplified to an asymmetric I-beam, as is illustrated
in Figure 3.

The asymmetric I-beam will be analyzed by first defining the
geometry, including the absolute centers and the neutral axes.
Then, a net moment will be derived from the longitudinal
force on the asymmetric I-beam. Finally, the second moments
of area will be derived and used in combination with the net
moment to find the displacement at the tip.

The three solid surfaces, A1, Ay and Az, have the following
area:

A; = W;H;, (1)

with W; and H; the width and height of surface area i
respectively. These surfaces have absolute centers zc ;:

H;
Ze) = H3 +Hy + =) (2)
H;
zep = Hz + > ) (3)

H
2e3 = (73) )

TABLE I
DIMENSIONS AND CONSTANTS FOR THE MODEL

W, 60 pm
W, 2-0.5pm
W, 9pm
H, 37 pm
Hj 0.5pm
Zg 3.5pm
Ly 1000pm ... 2500 pm
Ap 1400 um?
E 295 GPa

The neutral axis z, is defined as the axis through the
I-beam where the stresses and strains are zero. Therefore, it
passes through the centroid. The z-coordinate z, can be found
by the above defined absolute centers and the surface areas of
the parts [14]:

Ze 1AL + Ze2A2 + 20 3A3

Zy = . 5
! A+ A+ A; ®

The channel deforms as a result of the moment M caused
by the net force F due to the pressure P and the distance zny,
between the neutral axis z, and the point on which the force
acts (in the centroid of surface Af, approximated by z.»):

M(P) = F(P)zm = P Arzm = P Ar (zn — 2c2), 6)

with Af the surface area on which the pressure acts.
From the Huygens-Steiner theorem [14], the second
moments of area /; can be derived for the three parts.

1
L = Ele? +Al(z) — Zn)za (7
1
L= szHg + Ax(zn — 12)7, ®)
_ b 3 2
Iz = 12W3H3 + A3(zn — 23)". )

The sum

1= Li=h+h+I (10)

is the moment of inertia of the I-beam. A derivative of
the beam theory of Euler-Bernoulli states that moment M,
the Young’s modulus E, the moment of inertia / and the
displacement Az(x) are related:

d2A
M(P) = —E1 AT (11)
dx?
or, rewritten to find the displacement at the tip:
Lo r M(P) M(P)L3
Az(P) =/ / —— dxdx = ————, (12)
0 El 2E1

with Lo the length of the I-beam.

The dimensions and constants can be found in Table I.
Inner surface area Af is derived from a microscope image
of a section of the channel, the Young’s modulus E for silicon
rich nitride is taken from literature [15].
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Fig. 4. Illustration of the finite element simulation with boundary conditions
of the non-circularly shaped channel of 1000 um. The color represents the
displacement.
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Fig. 5. Illustration of the finite element simulation with boundary conditions

of the T-beam approximation with a length of of 1000 pm. The color represents
the displacement.

B. Finite Element Models

The mechanics of the structure are also simulated using
COMSOL Multiphysics 4.4 with the ‘solid mechanics’
physics. A non-circularly shaped channel is drawn using the
dimensions in Table I. A custom material with the specified
Young’s modulus is used to model the silicon rich silicon
nitride. To reduce simulation time and memory usage, only
half of the structure is simulated using a ‘mirror’ boundary.
A force, corresponding to a pressure of 1 bar at the surface, is
applied at the end of the channel. The length of the channel is
parameterized and swept from 600 um to 3000 um. Figure 4
shows an illustration of the 3D-structure with the boundary
conditions.

To verify the T-beam approximation of the analytical model,
a similar finite element simulation is done. In this simulation,
a T-beam with the dimensions from Table I is drawn with the
same material and same boundary conditions, but, since this
structure needs less mesh elements, the mirror condition was
not needed. Figure 5 shows an illustration of the structure with
the boundary conditions.

The analytical model and both finite element models are
combined with a capacitance model and are compared with
measurement results below.

1V_
terminal

oV
ground

Fig. 6.  Illustration of the finite element simulations of the electrostatic
behavior of the electrodes. A summary of the boundary conditions, geometry
and an impression of the result is shown. The resulting capacitances for
different gaps Az(P) are plotted in Figure 7.
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Fig. 7. Simulation results of the capacitance as a result of displacement,
used as model Cyodel (Az(P)).

C. Capacitance Model

The readout capacitor consists of two electrodes: one is
attached to the tip of the structure and the other one is
fixed. The capacitance is therefore a function of the displace-
ment Az(P), and thus also a function of pressure.

The electrodes of the capacitor are comb-shaped and are
simulated with COMSOL Multiphysics 4.4. With physics
‘electrostatics’, the capacitances for multiple electrode gaps,
varying from —30pum to 30 um, are simulated (Figure 6).

The simulation results are shown in Figure 7. The results are
interpolated and form the capacitive model Cogel(Az(P)).

D. Model Comparison

An initial displacement zo will be there due to internal stress
from the fabrication process. This displacement is added as
offset to the three mechanical models. From the mechanical
models and the capacitance model, the capacitances for a
pressure of 1bar for the three models are calculated as a
function of the length of the channel and are plotted in
Figure 8.

The T-beam model is a reasonable approximation, since the
results of both finite element simulations and the analytical
model are very similar.

III. INTEGRATION WITH A CORIOLIS MASS FLOW SENSOR

As described above, out of plane bending of U-shaped
non-circularly shaped channels can be read out statically to
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Fig. 8. Analytical result and finite element simulations of the scalability of

the non-circularly shaped channel pressure sensors.
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Fig. 9. Movement of a Coriolis mass flow sensor, with (a) the twist mode
due to actuation, (b) the swing mode due to the Coriolis force and (c) the
static offset due to the pressure.

t

obtain pressure information. However, actuating the suspended
tubes makes flow and density measurement possible while the
displacement can still be determined.

A. Coriolis Mass Flow Sensing

The structure of a Coriolis mass flow sensor [12], see
Figure 9a, is very similar to the structure described above:
a suspended channel with two capacitive readout structures.
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—
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Fig. 10. The output signals of the Coriolis mass flow sensor: the phase shift
is dependent on the mass flow, the frequency is dependent on the density and
the ratio between the harmonics is dependent on the pressure.

By using a metal track on top of the channel with an
alternating current in a magnetic field, the channel can be
actuated at its resonance frqeuency in twist mode. When a
fluid flows through the channel, Coriolis forces are induced
that cause the channel to vibrate in swing mode (Figure 9b).
The ratio between the two modes can be measured using
two capacitive readout structures which produce the signals
Ci(t, P) and C;(¢t, P) as illustrated in Figure 10. The phase
shift ¢ is related to this ratio, and thus, to mass flow [16]:

Aswing

13)

¢ o arctan ( ) o arctan(®),

twist

with Agwing the amplitude of the swing mode, Agwist the
amplitude of the twist mode and @ the mass flow.

B. Resonator Based Density Sensing

The resonance frequency of the channel in twist mode
(Figure 9a) is dependent on the moment of inertia of the tube
with fluid inside and therefore also on the density of the fluid.

k 1
X >
Ichannet + Ifiuid A/ Pfluid

with wg the resonance frequency, k the torsional stiffness of the
channel window, Ichannel the moment of inertia of the channel
window, Ifuig the moment of inertia of the fluid inside the
channel window and pgyiq the density of the fluid. Hence, the
resonance frequency of Ci(¢, P) and C»(t, P) is a measure
for the density of the fluid [10].

wo = (14)

C. Pressure Sensing

Since this structure is similar to the non-circularly shaped
channel pressure sensor, it can be used for pressure sensing
by measuring the offset (Figure 9¢) of Ci(¢, P) and C(¢, P).

When one side of the readout structures is considered, the
following equation describes the capacitance Cy2(¢, P) of the
moving comb.

Ci2(t, P) = Codel(z112(t, P)), (15)
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Fig. 11. The normalized amplitudes of the first two harmonics of the Coriolis
mass flow sensor as a result of the displacement. Calculated from the analytical
model.

where Cmodel(z1)2(¢, P)) is the capacitance as a function of
position as plotted in Figure 7, and the position zi2(¢, P) is
given by:

z1p(t, P) = Az(P) + zo + Bssin (a)t + %) R

(16)
with B a constant factor dependent on the Lorentz actua-
tion and actuation current and zop a static displacement due
to residual stress in the channel material. The capacitance
increases with decreasing distance and decreases with increas-
ing distance. A maximum in capacitance is reached when the
combs cross eachother. This causes the introduction of higher
harmonics in the signal, illustrated in Figure 10 and described
in [10]. A larger offset Az(P), as a result of a higher pressure,
leads to smaller higher harmonics. The amplitudes of the first
two harmonics are found by discretization of the time-domain
signal Ci;2(¢, P) and apply a fast Fourier transform (FFT).
Figure 11 shows the magnitudes of the first two harmonics
for multiple absolute displacements Az(P) + zp.

The Coriolis mass flow sensor has two combs for phase
detection. Both provide a set of harmonics which are depen-
dent on the pressure. The pressure at both comb positions
are different when there is a flow, since the channel between
the combs has a pressure drop. This effect may be used as a
AP flow sensor, like has been done in [17].

IV. FABRICATION

The fabrication is based on the surface channel technology
presented in [10]. Approximately 1 um of silicon rich silicon
nitride is deposited on a silicon-on-insulator wafer by low
pressure chemical vapor deposition (Figure 12b). Then, the
inlets and outlets are etched in the handle layer (400 pm) using
deep reactive ion etching (Figure 12c).

A slit pattern is etched in the silicon rich silicon nitride
layer on top of the wafer (Figure 12d). Using isotropic plasma
etching with SFg, channel molds (diameter of 40um) are
formed under the slit pattern (Figure 12e). With wet etching
using 50 % HF, the oxide layer between the channels and
the inlets is etched (Figure 12f). A second deposition step
of silicon rich silicon nitride is performed to form the channel
walls and seal the slit pattern (Figure 12g).

(d)

O silicon oxide 0 gold

B silicon nitride

| silicon

Fig. 12.  Fabrication using surface channel technology in a silicon-on-
insulator wafer (a), with (b) silicon nitride deposition, (c) backside inlet
etching, (d) slits etching in the silicon nitride, (e) channel mold etching,
(f) buried oxide layer etching, (g) silicon nitride deposition, (h) Cr/Au
sputtering and (i) etching, (j), (k) and (1) release etching.

For the electrodes, 15nm of Cr and 200nm of Au are
sputtered on the wafer (Figure 12h). The patterns are made
with reactive ion beam etching (Figure 12i).

Isotropic plasma etching with SFg was used to etch around
the channels (Figure 12j). A vapor phase HF etch released the
channels from the silicon of the handle layer (Figure 12k) and
another SF¢ plasma etch is used to provide more room for
movement (Figure 121).

V. CHARACTERIZATION

Two experiments are conducted:

o a static (without AC-actuation and flow) characterization
of the pressure sensing mechanisms to validate the model
and compare sensitivities (Figure 13) and

o a dynamic (with AC-actuation and flow) characterization
to validate the possibility of simultaneous pressure and
flow sensing and investigate crosstalk (Figure 14).

The static experiment is done with all sensors in Figure 15:
the tubes with a length of 1000 pm, 1750 pm, 2500 um. The
dynamic measurements are done with the micro Coriolis mass
flow sensor.

A. Static Experiment

Three sensors are characterized by applying a gauge pres-
sure with nitrogen between Obar and 1bar using a pressure
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Fig. 13.

Measurement setup for static characterization. A N pressure is applied at the sensor using a pressure controller. The capacitive readout of the

sensor is done using a carrier frequency fed to the capacitive readout structure of the sensor. A charge amplifier converted the capacitance to a voltage, which

is demodulated using a lock-in amplifier.
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Fig. 14. Measurement setup for dynamic characterization. A Ny flow is controlled at the inlet of the sensor and a pressure is controlled at the outlet of the
sensor. A pressure sensor measures also the pressure at the inlet. The sensor is actuated using an actuation controller at its resonance frequency. The capacitive
sensing is done similar to the static measurement. But in this situation, custom built electronics were used to do the demodulation and lock-in amplifiers
(on the actuation frequency) were used to measure the magnitudes, phases and frequencies of the two readout signals corresponding to the capacitance values.

Fig. 15. Scanning electron microscopy image collage of the three different
non-circularly shaped channel pressure sensors used in the experiments.

controller (Bronkhorst EL-PRESS). The electrical readout is
done using a charge amplifier to convert the capacitance to a
voltage. A sine wave (~ 1 x 10% Hz, 1 V) is fed to the combs.
A lock-in amplifier (Stanford Research Systems SR830) is

used to lock in on the frequency and reduce environmental
noise. A schematic diagram of the setup, including the elec-
tronic readout, is shown in Figure 13.

The measurement results are shown in Figure 16. Longer
tubes result in higher sensitivities: 0.2fFbar~' for the
1000um tube, 0.4fFbar~! for the 2500um tube and
1 fFbar~! for the 2500 um tube. The calculated results from
the analytical model are also plotted and correspond very well
to the measurements.

B. Dynamic Experiment

The measurement setup for the dynamic experiment is
printed in Figure 14. The gauge pressure at the outlet of the
sensor is controlled between 0 bar and 1 bar in steps of 0.2 bar
using a pressure controller and a valve. For each pressure step,
the mass flow is varied from Omgh~! to 35mgh~! using
a flow controller (Bronkhorst EL-FLOW) at the inlet of the
sensor. A reference pressure sensor is also in line with the
flow at the inlet of the sensor.
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Fig. 16.  Capacitive measurement results for gauge pressures from 0bar

to 1bar for the different structures with lengths of 1000 um, 1750 um and
2500 um. The results of the analytical model are also plotted.
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(measured by the inline pressure sensor) for the Coriolis mass flow sensor.
The different colors represent the different pressure setpoints of the pressure
controller.

The device under test is actuated by an actuation con-
troller with feedback, which drives the sensor structure always
exactly at the resonance frequency [10]. The capacitive mea-
surement is done using a custom built circuit consisting of a
charge amplifier and an analog lock-in amplifier (mixer/filter
combination). Two commercially available lock-in amplifiers
(Stanford Research Systems SR830) are used to lock-in on
the actuation frequency and provide the amplitudes, phases
and frequencies to a computer. For every unique flow and
pressure combination, the amplitudes, phases and frequencies
of both the first and second harmonic are obtained.

For increasing pressure, the first harmonic gains in ampli-
tude while the second harmonic loses amplitude (Figure 17),
as is predicted by the model. The pressure in the device under
test is both dependent on the controlled pressure at the outlet
and the controlled flow at the inlet, clearly visible in the results
as increasing groups of points with the same color.
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Fig. 18. Flow measurement for gauge pressures from O bar to 1 bar (measured
by the pressure controller) for the Coriolis mass flow sensor.
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Fig. 19. Frequency measurement for gauge pressures from Obar to 1.4 bar

(measured by the inline pressure sensor) for the Coriolis mass flow sensor.

The phase shift as a result of the flow is also measured
and is shown in Figure 18. The resulted phase shift is also
dependent on pressure.

Only nitrogen is used for the measurements, so no large
differences in frequency as a result of the density are measured
(Figure 19). A slightly increasing frequency as a function of
pressure is observed. This may be caused by an increase in
stiffness as a result of the displacement of the channel.

In Figure 20, the difference of the second harmonics
between the two combs as a function of the flow is shown.
This difference is proportional to the pressure drop between
the two combs and is a measure for the flow, similar to how
AP flow sensor operate.

The flow measurements of Figure 18 are corrected for
the pressure dependence, using the information from the
pressure measurement of Figure 17. The results are presented
in Figure 21 and show how the proposed pressure sensing
mechanism can significantly improve the reliability of the flow
measurements.

VI. DISCUSSION

The pressure sensing mechanism is completely integrated
with the Coriolis mass flow sensor, hence, the design freedom
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Fig. 21. Flow measurement based on the results of Figure 18 with pressure
correction using the results of Figure 17. Corrected for offset.

is very limited. Therefore, the sensitivity is much lower
than other capacitive pressure sensors in recently published
articles [18], [19]. An improvement in performance can be
achieved by including more capacitive readout structures
around other positions at the tube, increasing the capacitance
and enabling more accurate detection of the vibration modes.

We have not yet investigated the dependence of the pressure
sensing mechanism on temperature. Temperature will also
influence the residual stress and initial bending of the channel.
Therefore, for accurate measurements temperature calibration
will be necessary.

Both phenomena should be investigated in future work and
both effects may be reduced by measuring differentially with
a reference sensor which is actuated without flow. Also better
results may be obtained when smart algorithms for sensor
fusion are implemented.

VII. CONCLUSION

Micro channels that are fabricated using surface channel
technology show a strong deformation caused by pressure.

This non-ideal effect can be used for the integration of pressure
sensors on a single-chip with a flow sensor. Three sensors with
lengths of 1000 um, 1750 um and 2500 um show sensitivites
of 0.2fFbar~!, 0.4fFbar~! and 1fFbar! respectively, and
show good correspondence with the analytical model.

The same mechanism also influences the frequency spec-
trum of the capacitive output signals of a microfabricated
Coriolis mass flow sensor, enabling the sensor to measure
pressure in addition to mass flow and density without the
need for any modifications to the sensor. Measurement of the
pressure in a micro Coriolis flow sensor can also be used to
compensate for pressure dependence of the sensor.
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