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Abstract. Microcantilevers offer a wide range of applications in sensor and measurement technology. In this
work cantilever sensors are used as flow sensors. Most conventional flow sensors are often only calibrated for one
type of gas and allow an analysis of gas mixtures only with increased effort. The sensor used here is a cantilever
positioned vertically in the flow channel. It is possible to operate the sensor in dynamic and static mode. In the
dynamic mode the cantilever is oscillating. Resonance frequency, resonance amplitude and phase are measured.
In static mode, the bending of the cantilever is registered. The combination of the modes enables the different
measured variables to be determined simultaneously. A flow influences the movement behaviour of the sensor,
which allows the flow velocity to be deduced. In addition to determining the flow velocity, it is also possible to
detect different types of gas. Each medium has certain properties (density and viscosity) which have different
effects on the bending of the sensor. As a result, it is possible to measure the mixing ratio of a known binary gas
mixture and their flow velocity simultaneously with a single sensor. In this paper this is investigated using the

example of the air—carbon-dioxide mixture.

1 Introduction

Microcantilevers form an important group among MEMS de-
vices. They are free-standing beams a few micrometres in
size that undergo changes in their mechanical behaviour as
a result of the application of forces and mass deposits. They
offer a wide spectrum for sensory tasks: scanning force sen-
sors offering an atomic resolution (Rangelow et al., 2017),
force and pressure sensors, acceleration sensors, mass sen-
sors, temperature sensors, IR radiation sensors, bio- and
chemical sensors, and flow sensors (Kumar et al., 2014; Stef-
fanson et al., 2012; Waggoner et al., 2007), but also for so-
called tip-based nanofabrication (Rangelow, 2006). Due to
the possibility of producing these resonant MEMS sensors
in extremely small spatial dimensions, they are able to de-

tect forces in the nanonewton (nN) range, masses in the fem-
togram (fg) range and dimensions in the sub-nanometre (nm)
range. For these microelectromechanical sensors, silicon is
the dominant material. They are manufactured using pro-
cesses that are equivalent to the process steps of micro- and
nanoelectronics fabrication. Scientific interest lies in the in-
vestigation of vibrating microcantilevers in viscous media.
These investigations are connected with atomic force mi-
croscopy and sensor technology with micromechanical oscil-
lators. To describe the influence of the surrounding medium,
the prediction of the forces acting on the oscillator is of cru-
cial importance. This influence has been investigated in var-
ious studies (Sader, 1998; Hiroshi et al., 1995; Maali et al.,
2005; Naeli et al., 2009). The emerging forces are described
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by the increase in mass caused by the moving fluid and the
hydrodynamic damping. Both effects act as inertial and vis-
cous forces on the movement of the body in the fluid. They
are determined by the characteristic dimensions of the can-
tilever body and the thickness of the viscous boundary layer
and cause a shift of the resonance frequency and the qual-
ity factor. In general, the problem of considering the aerody-
namic forces on a vibrating cantilever is very complex be-
cause of the three-dimensional gas flow. The acting forces
depend on the ratio of thickness to width of the plate, the
size ratio of the oscillation amplitude to the characteris-
tic plate dimension (KC, Keulegan—Carpenter number) and
the frequency-dependent normalised Reynolds number (see
Eq. 16) (Egorov et al., 2014). In Sader (1998), this prob-
lem was solved for a thin plate oscillating in a quiescent
fluid with small amplitude, and the influence of the fluid on
the resonance frequency and the quality factor was derived.
Badarlis et al. (2015) used these relations to investigate the
determination of the density and viscosity of different gases
and binary gas mixtures by means of microcantilevers. But
this measuring method was only investigated for measure-
ments in quiescent gases. Hence, it should also be possible
to use cantilever sensors to determine the mixing ratio of
two known gases or to distinguish between different gases.
In Zollner et al. (2018) it was shown that the resonance be-
haviour (resonance frequency and resonance amplitude) and
the static deflection of microcantilevers are influenced by the
gas flow, and hence these influences can be used to measure
the gas flow. This measuring principle depends on the type
of gas. In order to be able to measure the flow of different
gases and gas mixtures, calibration curves must be stored for
the respective gases and mixtures and selected accordingly.
A wrong selection would not be detected. This also applies
to many commercial sensors. In Ejeian et al. (2019) different
MEMS-based flow sensors can be found. These flow sensors
can be categorised in general into three main types: thermal,
piezoresistive and piezoelectric sensors. In our case, we use
a microcantilever with integrated actuator and piezoresistive
read-out.

In this work we investigate whether it is possible to detect
gas type simultaneously to the flow measurement with a sin-
gle cantilever sensor. Using the example of the air—carbon-
dioxide mixture, this paper examines how the mixing ratio
affects the cantilever behaviour at different flow velocities.
This investigation is embedded in the development of a com-
pact, autocalibrating, remotely interrogatable flow measure-
ment system with gas type detection. Most flow sensors on
the market are limited by the type of gas. If another gas
medium is examined, recalibration is necessary for most sen-
sors. For this reason, it is not possible to detect a gas com-
position or gas type in a gas mixture. Therefore the simulta-
neous determination of gas type and mass flow is connected
with very high expenditure. With the sensors presented in this
paper, it is possible to simultaneously determine the flow rate
and the mixture fraction of a known gas mixture by measur-
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ing two quantities (resonance frequency and resonance am-
plitude) simultaneously with one sensor.

2 Basic equations for resonance behaviour

As sensor element we use a cantilever with a rectangular
cross section (with length L, width W, thickness T, while
L > W > T), which is placed crosswise to the gas flow in
a round channel and is excited in the first resonance mode.
To describe its behaviour we use the model of the simple
harmonic oscillator.

&z D dz 2 F sin(wt)
PR —_— . — . = —’ l
de? + m dt R m )

with z the deflection, D the damping, m the mass of the can-
tilever and the moving fluid, wy = 27 fy the resonance fre-
quency of the cantilever in the fluid and F sin(wt) the peri-
odic excitation. Using the quality factor Q defined by

_So_om

Q_Af_ D

2

with the bandwidth Af, the resonance frequency fies, the
resonance amplitude Z.s and the phase shift g5 can be ex-
pressed by
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The approximations apply to Q > 1 and are applicable to
the studies carried out in the context of this work. The to-
tal quality factor of the cantilever oscillating in a fluid under
atmospheric pressure is determined by the individual qual-
ity factors of three dominant dissipative mechanisms (Naeli
et al., 2009).

1 1 1
Q=[ + +

champ OTED Ofiuid

A

res =

—1
] ~ Ofiuid (6)

Oclamp is the quality factor for the energy loss at the clamp-
ing point (Hao et al., 2003), Qtgp is the quality factor for
the thermoelastic damping (Zener, 1938) in the cantilever it-
self and Qquiq is the quality factor for the viscous dissipa-
tion by the surrounding fluid. For the cantilevers used in this
work, the viscous damping dominates. The oscillation of the
cantilever is subject to inertial and viscous forces of the sur-
rounding gas. These forces depend on the dimensions of the
cantilever, the properties of the gas and the thickness § of the
viscous boundary layer that forms around the body. Sader
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Figure 1. Magnification of a cantilever sensor with a piezoresistive resistance bridge and a meander-shaped thermomechanical actuator
(Rangelow et al., 2005) (a) and model of the measurement chamber with a flow channel of 1 mm diameter and cantilever sensors positioned

vertically in the flow channel, in which the gas flow is illustrated (b).

(1998) investigated the resonance behaviour of a cantilever
oscillating in a quiescent viscous fluid and described the in-
fluence on the resonance frequency and the quality factor by
means of a hydrodynamic function. Using the approximation
of the hydrodynamic function of Maali et al. (2005) the res-
onance frequency can be described by

m
f0=f0,vac',/$, @)
Mcan + MAuid

with the mass of the cantilever m,, and the moving mass of
the fluid mgy;q. For the natural eigenfrequencies,

1 T E
2 — (8)

1
~—w, = (k,L) 012

f 0,vac = o g ﬁ
applies. The cantilever mass is obtained from its mean den-
sity o and the following dimensions:

Mean=0-T -W-L. ©)]

The mass of the moving fluid is calculated as follows:

(10)

Mfluid =

Qﬂuid'”'Wz'L. p +ai
— 1 |atay |

with pquig the density of the gas, the constants a; = 1.0553
and ap; = 3.7997 and the boundary layer thickness §:

2 .
s = Nfluid ’ (11
27 - fo - Ofluid

with ngyig the dynamic viscosity of the gas. The resonance
frequency of the cantilever in gas fj is reduced in compari-
son to the resonance frequency in vacuum fj yac by the added
gas mass mgyig to the cantilever mass mcan. The added gas
mass depends on the length L and width W of the cantilever,
the density of the gas oguig and the real part of the approx-
imated hydrodynamic function {a; + a3 - %}. The thickness
of the viscous boundary layer § depends on pgyig the density
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and ngyiq the dynamic viscosity of the gas and decreases with
higher frequency. The quality factor was given by

27 fo - (Mcan + Meuid)

Dpiuid
4-mean 1

by-L-W /ifud-0fd

For the dissipation coefficient for viscous damping

Ofluid =

V- fo. (12)

IS
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ZE'nﬂuid'L'{bl'?ﬁ-bz},
T
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applies, with the constants b1 =3.8018 and b, = 2.7364.
For the cantilever and the gas mixture under investigation,
the thickness of the viscous boundary layer is significantly
smaller than the characteristic dimension W. Under these
conditions the quality factor is indirectly proportional to
»/Mfluid - Ofiuid- Based on the investigations of Zollner et al.
(2018), the influence of the gas flow velocity v on the reso-
nance frequency (Eq. 7) can be described by the change in
the moving gas mass as a result of the boundary layer thick-
ness decreasing with increasing velocity:

maid(v) = mauig(v =0) - {1 — ¢y - v}. (14)

The influence of the flow on the quality factor, which is pro-
portional to the resonance amplitude, can be determined by
the following matching function:

1
«/l—l—cz'v"'

c1, 2 and n (n =~ 2) are gas-type-dependent fitting parame-
ters. Both functions are applicable for flow velocities up to
10ms~!,

Ofid(v) = Ofid(v =0) - (15)

J. Sens. Sens. Syst., 9, 71-78, 2020




< 1,
208¢
I
g 00r [—0sceM |
B 04l et R 8 —— 100 SOCM
2 ey et Rsats - 200 SOOM
& 0.2 s ‘ L300 SCCM
400 SCCM
500 SCCM
2 —+—600 SCCM
700 SCCM

Phase

0
0.995 0.9975 1

1.0025 1.005
Resonance frequency

Figure 2. Oscillation amplitude and phase as a function of the res-
onance frequency at different volume flows (the circles mark the
oscillation maxima and the associated phase).

3 Cantilever sensors and measurement set-up

A microcantilever is a thin silicon leaf spring clamped
on one side. The rectangular cross section cantilever used
here has dimensions of L =350um x W = 140pym x T =
Sum and has an integrated thermomechanical actuator and
a Wheatstone measuring bridge in a full bridge arrangement
(Rangelow et al., 1994). In Fig. 1a the magnification of a can-
tilever sensor is shown. The application of a periodic signal
(excitation signal) to the actuator leads to a periodic temper-
ature change. Due to the different coefficients of thermal ex-
pansion (Al actuator and Si cantilever), the periodic tempera-
ture change leads to oscillation of the arrangement (bimorph
effect). The bending can be detected via the Wheatstone mea-
suring bridge located at the clamping point. The static and
dynamic deflection on the cantilever can be determined from
the response signal.

Figure 1b shows a model sketch of the flow channel. It can
be seen that the cantilever is located vertically in the flow
channel and is influenced by a flow. The flow passes an en-
trance length of 11 mm to ensure that a laminar flow profile
strikes the cantilever. Furthermore, it is important to ensure
that the cantilever is aligned in the middle of the flow chan-
nel in order to achieve reproducibility of the measurement.
Figure 2 shows frequency sweeps of a cantilever for differ-
ent volume flows (SCCM - standard cubic centimetres per
minute) in air. The set of curves shows the oscillation ampli-
tude and the phase as a function of the frequency of the exci-
tation signal. The oscillation amplitude decreases according
to Eq. (3) with increasing volume flow and thus increasing
attenuation. According to the harmonic oscillator model, one
would assume that the frequency would be shifted to smaller
values with increasing attenuation. However, the small shift
of the resonance frequency (see Eq. 11) to higher frequen-
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cies can be explained by a lower mass of the fluid due to an
increasing volume flow according to Eq. (7) (Zollner et al.,
2018). The phase shift (phase) between response and exci-
tation signal is shown in Fig. 2. By comparing the points in
resonance with respect to the phase, a constant phase can be
shown with respect to the resonance frequency according to

Eq. (5).

4 Measuring principle

Because of the constant phase at the resonance point,
a phase-locked loop was used to evaluate the microcantilever
signals (Zollner et al., 2018). To provide the excitation sig-
nal of the microcantilever, a signal generator (DDS — direct
digital synthesis) is used. The response signal is then sepa-
rated by filtering into a static (DC voltage) and a dynamic
(AC voltage) signal. The lock-in amplifier is used to deter-
mine the dynamic amplitude and phase. The measured phase
is transferred from the lock-in amplifier to a phase controller.
This controls the frequency of the signal generator in such
a way that it is regulated to a preset phase. This guarantees
that the microcantilever is always in resonance even when en-
vironmental influences change (e.g. mass flow, type of gas).
In contrast to the frequency sweep, this measurement method
also enables real-time recording of the measurement signals.

5 Experimental set-up

Figure 3 shows the experimental set-up. The two gas sources
of air and carbon dioxide are each connected to a mass flow
controller (MFC). The volume flow is controlled by gas type-
specific mass flow controllers. By adjusting these controllers,
the proportions in the gas mixture and the volume flow can
be varied. The gas mixture is fed via a sensor unit to monitor
the ambient variables. Since the measuring set-up used is an
open measuring system, these sensors were installed before
and after the cantilever sensor. In order to quantify the influ-
ence of cross-sensitivities, temperature, pressure and humid-
ity are recorded. By recording the cross-sensitivities it can be
determined whether stable conditions have been established
in the measuring system.

6 Measurement results and evaluation

First, the influence of the gas flow and the mixing ratio
of the gas mixture on the measured variables resonance
frequency and amplitude is determined. For one series of
measurements, during the detection of the gas concentra-
tion in the air—carbon-dioxide gas mixture, the volume flow
was set to a constant value. Only the mixing ratio was
changed in order to allow only detection of the concentra-
tion. For different series of measurements, these tests were
carried out at different constant volume flows. Figure 4
shows the resonance frequency as a function of the mix-
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Figure 3. Principle representation of the measurement set-up for the analysis of an air—carbon-dioxide gas mixture with sensors for the
detection of the cross-sensitivities and the micromechanical flow sensor (cantilever).

ing ratio for different volume flows (50, 100, 200, 300 and
400 SCCM). For a set volume flow of 50 SCCM, a mean flow
velocity of 1.05 ms™! can be expected for a tube diameter
of 1mm (100SCCM=2.1ms~!, 200SCCM=4.2 ms™!,
300SCCM=6.3 ms~!, 400SCCM=8.4 ms™!). The func-
tion plotted in this figure as dotted lines was calculated. The
dotted curve was calculated for quiescent gas (0 SCCM) ac-
cording to Egs. (7)-(10) with adjustment coefficients adapted
to the specificity of the cantilever. The moving gas volume
leads to a change of the resonance frequency. Higher relative
velocities of the cantilever with respect to the gas, caused
by the movement of the cantilever itself (oscillation) and ad-
ditionally by the gas flow, lead to a decrease in the bound-
ary layer thickness and thus to a decrease in the moving gas
mass combined with an increase in the resonance frequency.
Since the moving gas mass is small compared to the can-
tilever mass and this small gas mass is additionally depen-
dent on the boundary layer thickness, this influence is small
and can be described as a linear increase (Eqs. 7 and 10). As
can be seen in Fig. 4, the resonance frequency decreases with
the increase in carbon dioxide in the gas mixture. This influ-
ence can essentially be attributed to the difference in density
between air and carbon dioxide. The calculated function for
a quiescent gas shows an equivalent linear behaviour. The
standard deviation is +1Hz, which was determined by re-
peated measurements.

Figure 5 shows the resonance amplitude as a function of
the mixing ratio for different gas flows. In addition, the de-

1 .. S
pendency of the factor N the mixing ratio is in

serted in the diagram. It shows the influence of changing gas
properties on the resonance amplitude according to Egs. (4)
and (12). In contrast to the resonance frequency, the reso-
nance amplitude is much more influenced by the flow veloc-

ity (volume flow) and is proportional to ﬁ, withn =~ 2

and for higher velocities proportional to % (Zollner et al.,
2018).

An increase in the volume flow from 50 to 400 SCCM
causes the resonance amplitude to decrease by 60 %. This is
caused by the fact that with increasing volume flow the sys-
tem is more strongly damped. However, the influence of the
gas medium on the resonance amplitude is smaller. The influ-
ence of the mixing ratio on the resonance amplitude is mainly
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Figure 5. Resonance amplitude and function for describing the
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mixture at different volume flows.

1
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All curves for different flows show this dependency. The in-
fluence of the flow on the curve shape is small. In addition
to the dynamic measuring mode, it is possible to record the
static deflection. The influence of the type of gas and the flow

caused by the factor in the investigated flow range.
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Figure 6. Static deflection as a function of the volume flow for air,
carbon dioxide and a gas mixture with a composition 50 % to 50 %.

velocity on the static deflection is shown in Fig. 8. For this
purpose the static deflection at different volume flows in air,
carbon dioxide and a mixture with a proportion of 50 % car-
bon dioxide and 50 % air was recorded.

For static deflection the following relationship with the
drag coefficient cp applies:

Zstat ~ €D - Offuid - V°- (16)

The static deflection is influenced on the one hand by the den-
sity of the surrounding medium and on the other hand by the
volume flow; accordingly this measured variable increases
with the flow velocity as well as with a higher density. Since
the sensitivity of this measured variable is low for small vol-
ume flows and is affected by 1 noise, the further course of
the determination of the mixing ratio and the volume flow is
limited to the dynamically measured variables.

It could be shown that two variables influence the move-
ment behaviour of the cantilever at the same time, whereby
these two variables act together. However, the presented re-
sults allow the separation of these two variables. The algo-
rithm for determining the mixing ratio and the volume flow
out of the resonance amplitude and the resonance frequency
is shown in Fig. 7. The characteristic curve fields (Zres =
fi(r, V) and fres = fo(r, V)) determined experimentally for
the intended working range (mixing ratio: r =0... 100 %;
volume flow: V = 50...400 SCCM) are stored as value ta-
bles.

Additionally a sequence of iterative approximation can be
found in Fig. 8, in which the first four steps are described in
an image sequence. To describe the algorithm, a frequency
of 39.02 kHz and an amplitude of 6 mV are assumed as mea-
sured values (black lines in the diagrams of Fig. 8). At the
beginning a start value for the mixing ratio, e.g. r = 50 %, is
set. Using this value and the current measured value Zps the
volume flow V is determined from the dependency Zpes =
fi(r, V) (Fig. 8a). In the next step, this value (inserted as an

J. Sens. Sens. Syst., 9, 71-78, 2020
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interpolated curve) and the current measured value fres are
used to determine the mixing ratio » using the dependency
Jres = fo(r, V) (Fig. 8b). This ratio r is again used to de-
termine the volume flow from the curve field Zges = f1(r, V)
(Fig. 8c). This procedure is continued cyclically and deliv-
ers the desired values of r and V. The algorithm includes the
detection and handling of out-of-range conditions.

7 Conclusions

It was investigated within which framework it is possible to
determine the mixing ratio of a mixture consisting of two
known gases with a single microcantilever sensor in addi-
tion to the recording of the volume flow rate. An air—carbon-
dioxide mixture (0 % to 100 % CO; content) at volume flows
of 50 to 400 SCCM was used for the investigation. A can-
tilever with a bimorphactuator and piezoresistive readout is
used. The cantilever, which is placed transverse to the gas
flow, is operated permanently in resonance by a controlled
actuation. The detected resonance amplitude and resonance
frequency depend on the flow velocity and the gas properties
density and viscosity and thus on the mixing ratio of a bi-
nary gas mixture. The experimentally determined sensor be-
haviour is used in an iterative algorithm to determine the vol-
ume flow and the mixing ratio from the resonance frequency
and resonance amplitude. By repeated measurements a mea-
suring accuracy of the mixing ratio of 1 % could be achieved.
However, this only applies to the gas mixture used, as these
two gases can be distinguished sufficiently well by their den-
sities. When using gases with similar material properties, the
achievable accuracy is lower. In this work it could be shown
that this concept can be successfully applied for the determi-
nation of the flow rate and the mixing ratio of a gas mixture.
These sensors are also cost-effective, small and the manufac-
turing process is CMOS compatible, which makes it possi-
ble to produce them as a mass product. With a gas mixture
consisting of two distinguishable gases in terms of viscosity
and density, this sensor system offers some advantages for
determining the flow rate and the mixing ratio in contrast to
conventional systems, where it is only possible to determine
both quantities simultaneously with difficulty or with recal-
ibration. Possible further applications are the recognition of
the drift of the sensor behaviour and detection of contamina-
tion and ageing phenomena.

Data availability. The research data are available upon request to
the authors.
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the computations. JPZ, JS and SD performed the experiments and
analysed the data . JS, JPZ and SD wrote the paper. TI, MH and MH
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Figure 8. Description of the iterative solution for determining the gas concentration in the gas mixture and the volume flow out of the
measured values of resonance frequency and resonance amplitude.
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