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µ-Coriolis Mass Flow Sensor With Differential
Capacitive Readout

Thomas V. P. Schut , Remco J. Wiegerink, and Joost C. Lötters

Abstract—In this paper we present a µ-Coriolis mass flow
sensor with differential capacitive readout, which can reduce
the effect of common mode vibrations caused by exter-
nal disturbances. The device consists of two silicon nitride
micro-channel loops mechanically connected through two
membranes. The sensor is actuated using Lorentz forces,
inducing rotation of the sensor’s micro-channels. Coriolis
forces of opposite sign are subsequently generated in the
two channel loops. Thus, any common mode vibration can be
distinguished from vibration induced by mass flow through
the channels. Capacitive readout structures surround the
sensor to detect these vibrations. A piezo-electric resonator
is placed in close proximity to the sensor to generate artificial
external disturbance. Flow measurements are executed to compare the differential readout method to a single ended
readout with and without external disturbances. The flow sensitivity is unaffected. However, the mean deviation of the
output signal is 60-70% lower when using the differential readout compared to single ended readout when external
disturbances are induced. The effect of external disturbances on the zero flow stability is reduced by approximately 64%
by using the differential readout. Full elimination of the effect is not possible due to non-linearity of the readout capacitors.
Reducing non-linearity of the readout could further improve performance, e.g. by implementing (piezo-resistive) strain
gauges on top of the micro-channel.

Index Terms— Capacitive, Coriolis, differential, flow, readout, resonator, sensor.

I. INTRODUCTION

A CORIOLIS mass flow sensor measures true mass flow,
independent of fluid properties such as density and

viscosity. This feature has made them of great importance in
the field of mass flow measurement [1], [2]. In the area of
micro-machined flow sensors, thermal sensors are still widely
used for their high resolution [3], [4]. The first micro-machined
Coriolis flow sensors [5], [6] showed great promise, but their
resolution was orders of magnitude lower than their thermal
counterparts. Haneveld et al. presented a highly sensitive
µ-Coriolis mass flow sensor [7], making the first step
towards reaching the resolution of thermal flow sensors.
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Improvements have been made upon this sensor, which
resulted in a more sensitive µ-Coriolis flow sensor presented
by Groenesteijn et al. [8]. It had a zero-flow stability 40 times
better than state of the art at that time. Alveringh et al. showed
that the resolution of the sensor in [8] can still be improved by
a factor of 50 before reaching the fundamental limit associated
with random thermal motion of the vibrating channel [9]. This
can be done in several ways, e.g. by improving the sensitivity
of the capacitive readout [8], [10] or increasing the signal-
to-noise ratio in the electronics [11]. However, noise is not
the only factor in the performance of the sensor. External
disturbances can cause unwanted vibrations of the sensor,
resulting in a change in the output signal. This cannot be
distinguished from a signal change due to flow and thus
causes an unpredictable offset in the measured flow rate.
In this paper, a novel design and detection method for a
µ-Coriolis flow sensor is presented based on a differential
capacitive readout. Differential capacitive sensing is widely
applied in the field of micro-machined sensors [12]–[15].
One of the main advantages of such a readout method
is that it can greatly reduce sensitivity to other vibration
modes/directions in inertial sensors [16]. This advantage will
be exploited in this paper and applied to a µ-Coriolis flow
sensor to reduce the effect of common mode vibrational
disturbances.
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Fig. 1. Operation principle of a µ-Coriolis mass flow sensor. Vibrations are detected by two comb capacitors, indicated in red and green. The ratio
between the two modal vibration amplitudes is a measure for the flow rate.

Fig. 2. Operating principle of a µ-Coriolis flow sensor with differential readout. The effect of common mode vibrations due to external disturbances
can now be eliminated/reduced by using 2 readout capacitors on each side of the channel loop.

II. METHODS
A. Operating Principle

Fig. 1 shows the basic structure of a µ-Coriolis mass flow
sensor. The sensor consists of a suspended micro-channel
following a rectangular loop. The channel is fixed at the
in-/outlet channel sections, as depicted in the figure. The
channel loop is brought into resonance by Lorentz forces.
These are generated by a magnetic field B and an alter-
nating current i flowing through a metal track on top of
the micro-channel. This actuates the sensor in the actuation
mode (Fig. 1a). When a fluid flows through the micro-channel
with a mass flow rate φm, Coriolis forces are induced in the
channel section as indicated in Fig. 1b. This causes additional
vibration in the Coriolis/detection mode. These vibrations are
detected and distinguished by a capacitive readout consisting
of two comb-shaped structures (C1 and C2 in Figure 1). More
detailed analyses are presented in [1], [5], [6], [17]. External
disturbances can cause vibration of the sensor chip resulting
in upwards and downwards movement of the suspended chan-
nel. These vibrations will be most present at the detection
mode resonance frequency. Coriolis forces are induced at
the actuation mode resonance frequency. This means that in

principle, disturbance vibrations and Coriolis vibrations can
be distinguished from each other. However, the capacitive
readout is non-linear for large deflections. This non-linearity
is typically not an issue, since Coriolis deflections are in
the order of 10–100 nm. When external disturbances cause
deflections in the order of microns, non-linearity will start
to have its effect. For these large deflections, the readout
capacitance can be approximated by a 3rd order polynomial
function of the deflection. Since the deflection is a sum of
signals at the actuation and disturbance resonance frequen-
cies, C1(t) and C2(t) will contain terms at the actuation
resonance frequency with their magnitude depending on the
amplitude of the disturbance signal. As a result, there will
be an unpredictable offset in the measured flow caused by
these disturbance vibrations. This can be avoided by using a
differential readout method, based on a double channel loop
device with additional capacitive readout structures. Fig. 2
shows the operating principle of a µ-Coriolis flow sensor
with differential capacitive detection. Similarly as in Fig. 1,
the sensor is brought into resonance in the actuation mode.
A mass flow now follows a flow path through two mechan-
ically connected channel loops. Coriolis forces are generated
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Fig. 3. Schematic representation of the differential capacitive detection scheme. For clarity, only signals at the actuation mode resonance frequency
are viewed. Signals at other frequencies can be filtered out. Actuation mode vibration causes two opposite phase capacitance signals for each
set of comb capacitors. As a result of Coriolis vibrations due to mass flow, each set of comb capacitors shows two in-phase capacitance signals.
However, the capacitance signals are out of phase with respect to the opposite pair of capacitors. When viewing the total capacitance change due
to actuation and Coriolis vibrations, this results in two phase differences ϕa and ϕb. These are a measure for the flow rate. External disturbances
will cause vibrations at the common mode resonance frequency. This results in capacitance variations at the actuation mode resonance frequency
through non-linearity of the readout capacitors. These cause an additional phase shift in ϕa and ϕb. When combining the capacitance signals, one
can obtain a resulting phase difference ϕab with a reduced dependence on external disturbances. The effect of external disturbances cannot be
completely eliminated due to non-linearity of the readout capacitors.

in each of the channel loops in opposite direction, causing a
differential Coriolis/detection vibration mode. By using a set
of comb capacitors on each side of the device, common mode
terms in the capacitance signals can now be cancelled out.
Due to non-linearity of the readout capacitances, the influence
of common mode disturbance signals is not the same on each
side of the sensor. This means that the effect of disturbance
signals will be reduced but not eliminated.

Fig. 3 shows how the capacitive readout operates and can
reduce the effect of common mode disturbances. Actuation
vibration detected by 4 capacitors C1, C2, C3 and C4 gives
two signals of opposite phase for each capacitor pair (C1(t)
& C2(t) and C3(t) & C4(t)). Coriolis vibration due to a mass
flow through the channel causes in-phase signals for each set
of capacitors. However, C1(t) & C2(t) are 180◦ out of phase
with C3(t) & C4(t). Viewing operation with flow, the total
capacitance change due to actuation and Coriolis vibration
gives two phase differences ϕa and ϕb dependent on the mass
flow through the channel of the sensor.

As aforementioned, common mode vibrations due to exter-
nal disturbances cause additional capacitance variations at
the actuation resonance frequency. This causes a shift in the
phase shifts ϕa and ϕb in opposite direction. For a single
channel loop device with just two readout comb capacitors,
this change in phase shift would be impossible to distinguish
from a change in flow. This is the case for previously presented
devices [6]–[8], [10]. However, by using 4 readout capacitors,
one can obtain a phase difference ϕab (see Fig. 3) depen-
dent on the mass flow rate and less dependent on external
disturbances.

B. Design
Fig. 4 shows a schematic representation of the µ-Coriolis

flow sensor with differential readout. Two identical suspended
rectangular channel loops are mechanically connected through
four membranes. This ensures that they act together as a
single mechanical resonator. The channels of the device are
surface channels made of silicon-rich silicon-nitride (SiRN),
their cross-section is shown in the figure. The fabrication
process is discussed in section II-C. Metal tracks on top of
the channel are used for actuation and readout of the sensor.
A set of comb-shaped capacitive readout structures reside on
two sides of the sensor for detecting actuation and Coriolis
vibrations. The flow path is indicated in the figure, such that
Coriolis forces will be opposite in each channel loop.

The sensor design has been implemented in Comsol
Multiphysics to view the different modes of resonance. The
fluid inside the channel is nitrogen gas. Fig. 5 shows the simu-
lated resonance shapes of the modes of interest. The actuation
mode has a simulated resonance frequency of 2.62 kHz. The
detection/Coriolis and Common modes have resonance fre-
quencies very close in value of 1.69 and 1.63 kHz respectively.

C. Device & Fabrication
The fabrication process of the sensor is based on the Surface

Channel Technology (SCT) proposed in [18], [19]. A sim-
plified schematic representation of the fabrication process is
displayed in Fig. 6. First, a layer of low-stress silicon-rich
silicon nitride (SiRN, Thickness: 500nm) is deposited on a
Silicon wafer by Low-Pressure Chemical Vapour Deposition
(LPCVD), see Fig. 6a. On top of this, a layer of silicon dioxide
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Fig. 4. Schematic representation of a µ-Coriolis mass flow sensor with differential readout. Two mechanically connected rectangular channel
loops act as a single mechanical resonator. Comb capacitor structures for readout reside on two sides of the sensor to detect and distinguish
actuation/Coriolis vibrations. The channels of the sensor are Surface Channels [18], [19] made of silicon-rich silicon-nitride (SiRN). Metal tracks on
top of the channels are used for actuation/readout of the sensor. The in-/outlet channels are indicated with black arrows.

Fig. 5. Resonance mode shapes of the µ-Coriolis flow sensor simulated in COMSOL Multiphysics. The two mechanically connected channel loops
move together as one mechanical resonator. The common and detection mode frequencies are close together due to the symmetrical design.

Fig. 6. Fabrication process for Surface Channel Technology. (a): Silicon wafer with 500nm SiRN and 500nm SiO2. (b): Patterning of slit openings.
(c): Forming of the surface channel and removal of SiO2 hard mask. (d): Closing of the channel. (e): Patterning of metal and release of the channel.
Figure adapted from [20].

(SiO2) is deposited (LPCVD, Thickness: 500nm), serving as
a hard mask. Slits of 5 × 2 µm are etched through both
layers by plasma etching, see Fig. 6b. Then the layer of SiO2
is removed and a channel is formed by semi-isotropically
etching silicon through the slits, see Fig. 6c. This is done by
plasma etching as well. The channel is closed by conformally
depositing another layer of low-stress SiRN, see Fig. 6d. Metal
tracks are patterned on top of the channel (Fig. 6e), these are

used for actuation and readout of the sensor. Following this,
openings are etched through the nitride and finally the channel
is released by isotropic etching of silicon by an SF6 plasma.
A microscope image of the final device is presented in Fig. 7.

D. Measurement Setup
Fig. 8 shows the fluidic measurement setup. Nitrogen gas

is fed through the sensor chip at an input pressure Pin
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Fig. 7. Microscope photograph of the double channel loop µ-Coriolis
flow sensor with differential readout structures.

of 5 bar (gauge pressure). The typical flow range of the device
is 0–1 g h−1. Accurate measurement of flow rate is most
important in the lower flow range. The mass flow rate is
controlled from 0 to 0.6 g h−1 in steps of 60 mg h−1 by a
Bronkhorst High-Tech EL-FLOW mass flow controller at the
outlet of the sensor chip. A cubic magnet with sides of 1.2 cm
is placed in a holder 1mm above the sensor chip. This magnet
will generate a strong magnetic field parallel to the sensor chip,
used to generate Lorentz forces for actuation of the sensor.
A piezo-electric resonator is mounted on top of the printed
circuit board (PCB) on which the sensor chip resides. This
resonator is used to generate artificial external disturbances
that cause vibration of the sensor chip. The resulting deflection
amplitude of the channel is in the order of 1 µm (at the
position of the readout capacitors), which is in the same order
of magnitude as the actuation vibration and 1 to 2 orders
of magnitude higher than the Coriolis vibration due to flow.
As explained before, common mode vibrations of the sensor
will cause an offset in the measured mass flow rate. To be able
to distinguish the aforementioned offset from changes in flow
rate or other possible causes of an offset, the piezo electric
resonator is driven with an amplitude modulated signal. The
signal has a base frequency of around 1.6–1.7kHz, which
is the resonance frequency of the common vibrational mode
(Fig. 5c). This signal is modulated with a 0.1 Hz sine wave,
such that the piezo-electric resonator goes from its off-state to
fully exciting back to off in a period of 10s. Thus, the effect
of the external disturbance will be clearly visible in the output
phase signal.

E. Readout Electronics
Two topologies are commonly used to measure capacitance

changes: an impedance bridge, or a capacitance controlled
oscillator [21]. The impedance bridge provides the advantage
that the parasitic capacitance to ground can be eliminated
while keeping the circuitry relatively simple and compact.

This can be beneficial for micro-machined sensors where
the readout electronics may be integrated in the sensor die
and the parasitic capacitance is often larger than the sensing
capacitance. This method is therefore used to read out the
µ-Coriolis sensor. Fig. 9 shows the electronic circuit (based
on readout from [7]). One of these circuits is used for each
set of capacitors (C1&C4 and C2&C3). C1 and C4 are taken
as an example in Fig. 9. The side of the readout capacitor
that is attached to the suspended micro-channel is fed with a
high frequency (∼1 MHz) sinusoidal carrier signal. The other
side is connected to a charge amplifier, which converts the
capacitance to a voltage via a reference capacitor Cref. In case
of a single ended readout, this is only C1. For the differential
readout method, additional readout capacitance C4 is fed with
an identical but inverted carrier signal such that the output
voltage of the charge amplifier represents C1(t) − C4(t). The
output of the charge amplifier is thus the high frequency
carrier signal modulated by the readout capacitance which
varies with the actuation resonance frequency. The carrier
signal is mixed out and higher order components are filtered
out afterwards by a low-pass filter. Finally an SR860 lock-in
amplifier determines the magnitude and phase of the signal
using the actuation voltage signal as reference. One of these
circuits per readout capacitor (pair) gives two output phases.
The phase difference between these two is a measure for the
mass flow rate through the micro-channel.

For each flow measurement, the integration constant of the
low-pass filter on the SR860 was set to 100 ms and its slope
was set to 24 dB/decade. After sampling the data, it is averaged
with a walking average over a time interval of 1s.

III. RESULTS AND DISCUSSION

The resonance frequencies of the device are determined
using a Polytec MSA-400 Laser Doppler Vibrometer. By doing
this, it may be determined if the two mechanically coupled
channel loops act as a single resonator. Additionally, the
influence of artificial disturbance can be observed. The sensor
is actuated in the actuation mode as in Fig. 2a and by
rotating the magnetic field 90 degrees it is also actuated in
the detection mode (Fig. 2b) and common/disturbance mode
(Fig. 2c). To view the influence of external disturbances,
the sensor is also actuated by solely driving the piezo-electric
resonator attached to the chip board. The sensor is actuated by
a periodic chirp signal, sweeping through a frequency range
of 1 to 3.5 kHz. The Polytec MSA-400 is used to measure
the deflection at the corner of the channel loop. Fig. 10 shows
the obtained deflection spectra. To be able to compare the
various deflection spectra well, the normalized deflection is
plotted.

For each resonance mode, one clear peak can be observed.
This indicates that there is in fact a single resonance mode
for the two mechanically connected channel loops (for each
mode respectively). The resonance frequencies of the three
modes are fa = 2598 Hz, fd = 1675 Hz and fc = 1667 Hz
for the actuation, detection and common modes respectively.
This corresponds to the simulated resonance frequencies
(see Fig. 5). The deflection peak for when the sensor is
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Fig. 8. Schematic representation of the measurement setup. Nitrogen gas is fed through the sensor chip at an input pressure Pin = 5 bar (gauge
pressure), while the mass flow is regulated using an external mass flow controller at the outlet. A magnetic field is generated parallel to the sensor
chip by placing a 1.2 cm cubic magnet at a distance of 1mm above it. A piezo-electric resonator is mounted on top of the printed circuit board (PCB)
with the sensor chip. Figure adapted from [20].

Fig. 9. Schematic representation of the electronic readout circuit. Single ended readout: Readout capacitance C1 (see Fig. 3) is converted to a
voltage using a charge amplifier via a 1 MHz carrier signal and a reference capacitor Cref. Differential readout: Additional readout capacitance C4
is connected such that C1 − C4 is converted to a voltage. The carrier signal is mixed out after which an SR860 lock-in amplifier determines the
magnitude and phase of the signal (with actuation voltage vact(t) as a reference). A duplicate of this circuit is used for readout capacitance C2 (and
C3 in case of differential readout).

Fig. 10. Deflection of the µ-Coriolis flow sensor measured using a Polytec MSA-400 Laser Doppler Vibrometer. The sensor is actuated in
Actuation and Detection & Common mode by rotating the magnetic field 90◦ in between measurements. The sensor is also actuated by driving the
piezo-resonator to view in which frequency range disturbances would mainly occur.

driven by the piezo-resonator is almost fully overlapping with
the common mode peak, indicating that most disturbance is
generated in the common vibrational mode.

After determining that the sensor acts as a single resonator,
flow measurements are executed. A total of four measurements
are done. Two measurements where only one set of capacitors
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Fig. 11. Flow measurement results. External vibrations are introduced
using a piezo-resonator on the chipboard. Each data point represents
the average phase shift (a) or mean absolute deviation (b) over 100s at
the indicated mass flow rate.

is read out (top and bottom of Fig. 3, equivalent to the
readout method in [7], [8], [10]) and two measurements
where the sensor is read out differentially. For each set of
measurements, one is executed with a piezo-electric resonator
generating artificial external disturbances and one without, see
Section II-D. The resulting relation between the output phase
shift and mass flow rate is displayed in Fig. 11a. The four mea-
surements show equal flow sensitivity. This is to be expected,
since the relation between the output phase shift and the detec-
tion mode vibration amplitude (dependent on the mass flow
rate) does not change when switching from single ended read-
out to differential readout (see Fig. 3). Furthermore, the exter-
nal disturbance generated by the piezo-resonator also does not
affect the flow sensitivity. However, it does introduce an offset.
As explained in II-D, the offset introduced by external distur-
bances is visualised by using an amplitude modulated signal
to drive the piezo-resonator. This causes an increase in mean
absolute deviation (MAD) instead of an offset, see Fig. 11b.

Fig. 12. Measured phase shift in zero-flow conditions for 1800s.
Influence of external disturbance is clearly recognisable from the 0.1Hz
modulation.

Fig. 13. Normalized power spectral density of the zero-flow phase shift
signals (Fig. 12). 64% reduction of the 0.1 Hz modulated disturbance can
be observed.

When no external disturbance is induced, the differential and
single ended methods show a nearly identical MAD
(0.6–1 mg h−1). However, when inducing external
disturbances, the MAD is 60-70% lower when using a
differential readout (1.5–2.2 mg h−1) as opposed to single
ended (5.3–6 mg h−1).

To more clearly view the effect of external disturbance on
the phase shift output signal, a zero flow measurement is
executed. During this measurement, the channel of the sensor
is kept at a constant gauge pressure of 5 bar. The outlet of the
channel is closed off, such that there is no flow. The output
phase shift is measured for a duration of 1800s. Fig. 12 shows
the measurement results.

First, the output signal is viewed when no external distur-
bances are induced. The noise level of the output signal is
similar for both readout methods. When viewing the output
signal while external disturbances are induced, their effect can
be clearly observed. The 0.1Hz modulated signal is clearly
recognisable from the output phase. Thus external disturbances
most definitely have a large influence on the performance of
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the µ-Coriolis flow sensor. An FFT of the output phase signal
shows the magnitude of the 0.1Hz modulated disturbance more
clearly. Fig. 13 shows the power spectral density of the output
phase signal. Here it can be observed that the differential
readout reduces the effect of the artificial external disturbance
by 64%. There are several effects which may explain why the
disturbance is not fully cancelled out. As previously discussed,
the readout capacitance is non-linear with respect to deflection
of the channel. There is always a combination of the actuation,
detection and common mode vibrations. Thus the moving
readout electrodes on one side of the sensor do not experience
the same movement with respect to their fixed counterparts
as on the opposite side. Since the capacitance change with
deflection is non-linear, this means that full cancellation is not
possible. Another cause could be that since the common mode
and detection mode are very close in frequency, the generated
artificial disturbance may also partially excite the detection
mode. Since in this mode the channel is vibrating in opposite
directions on both sides of the sensor, this movement is not
cancelled. Further improvements could increase the reduction.
By increasing the stiffness of the membranes connecting the
two channel loops of the device, the common mode resonance
peak could be shifted away from the detection mode resonance
peak. This would reduce the effect of external disturbances
as well as improve the reduction of their influence by the
differential readout. Non-linearity could be reduced by increas-
ing the gap (along z-axis) between the fixed and moving
combs of the readout capacitors. If the combs are further
away from each other, the relation between capacitance and
deflection is linear for a larger range of deflection. Another
option is to develop a differential readout based on strain
gauges on top of or embedded in the micro-channel [20], [22].
These would suffer less from non-linearity issues than the
current capacitive readout structures. Thus, disturbance sig-
nals at other frequencies than the actuation mode resonance
frequency should no longer induce an offset. Furthermore,
since the readout is linear in this case, full cancellation would
be possible theoretically. The device in [20] however, still
has a resolution one order of magnitude worse than that
of the state-of-the-art capacitive µ-Coriolis flow sensor. Use
of piezo-resistive strain gauges could improve the resolution
significantly.

IV. CONCLUSION

A µ-Coriolis mass flow sensor with differential readout
was designed, fabricated and characterised. A comparison was
made between the differential readout and a single ended
readout (equivalent to the readout method in [7], [8], [10]). The
differential readout reduces the effect of external disturbances
(causing common mode vibrations of the micro-channel) by
60-70% in a flow range of 0-0.6 g h−1. The effect of the
external disturbances on the zero-flow stability is reduced by
approximately 64%. Full elimination of external disturbances
is not possible due to non-linearity of the readout capacitors.
Reducing non-linearity of the existing capacitive readout or
implementing (piezo-resistive) strain gauges (which suffer
much less from non-linearity issues) would reduce/cancel the

offset induced by external disturbances and improve cancel-
lation of any disturbance signals close to or at the actuation
frequency.
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