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Abstract

Compared to physical microsensors based on the measurement of physical properties of gases, chemical
microsensors are attractive for detection of gas due to their selectivity and relatively high sensitivity. How-
ever, most of the time they present a considerable drift in their output which either requires recalibration
or makes them unsuitable for several applications. Physical gas microsensors used for chemical detection
on the other hand lack of selectivity which makes them unsuitable for applications where more than one
gas concentration is susceptible to change. In this paper, a new method is exposed, that allows physical
microsensors to discriminate different binary gas mixtures in applications such as industrial gas monitoring,
where the viscosity and mass density of the gases prone to manifest are known. The method is based on the
measurement of both the resonant frequency and the quality factor in microresonators. The small variations
of such signals are interpreted in terms of viscosity and mass density variations with respect to a reference
gas such as nitrogen (Ng). This method allows the discrimination of the gases mixtures as well as the
determination of the gas concentration.
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1. Introduction

Stability and long time reliability are two well known limitations regarding chemical gas micro sensors
[1, 2, 3]. Although metal oxide based (MOX) sensors, according to Romain et al. [2, 3], have relatively
good stability, they typically require either a recalibration, or to be replaced after a few weeks or a couple of
months due for instance to aging [4] of the sensitive film. A lot of effort has been put into making chemical
sensors more stable over time such as improving the materials used [5, 6]. Some researchers even proposed
to apply statistical models [7] or even machine learning algorithms like support vector machines [8] and
artificial neural networks [9] to compensate for the drift. This, naturally, requires a fairly important amount
of computation and processing. Another approach is to simply not use a sensitive film at all which has
resulted in an increasing interest towards using uncoated resonators for chemical detection [10, 11, 12, 13].
Tétin et al. [11] showed that the shift in the resonant frequency of an uncoated cantilever can be associated
to both the density and the viscosity of its surrounding fluid. This allowed for measurements of molar
fractions for several gases such as carbon dioxide (COg2) [11] and hydrogen (Hs) [12, 13].

Nevertheless, one of the difficulties of this approach is the lack of selectivity resulting from removing the
sensor’s sensitive film which strongly limits its applications. Indeed, every chemical specie is susceptible of
changing the physical properties of the sensor environment which makes it difficult to differentiate between
different species.
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Nonetheless, as presented in Table 1, measuring particular properties of the surrounding gas such as
viscosity (1) or mass density (p) is most certainly a first step towards discriminating different chemical
entities. The physical properties of some common industrial gases can vary considerably from one gas to
another. Although in the following parts we will focus on measuring both the viscosity and the mass density;
the thermal conductivity and the speed of sound could potentially improve the uniqueness of a gas signature
to identify it. There exist several ways to measure a fluid’s viscosity and mass density simultaneously
[14, 15, 16, 17] although very often it consists of a system of two sensors such as a flow and a pressure
sensor. Integrated versions are rare but they can be found in the literature[16]. Resonators also have been
used to measure both mass density and viscosity [14] but due to the small viscosity of gases at atmospheric
pressure some techniques are useful for liquids only. Despite this challenge Lotters et al. managed to measure
simultaneously density, viscosity, heat capacity and mass flow of several gases included Hy by integrating a
pressure, a thermal and a Coriolis microsensor [16]. In this article we present a method that not only can
measure both quantities from a single microresonator for a given gas mixture, but it can also discriminate
from different binary gas mixtures and estimate the gas concentration.

In this paper the idea of using both the viscosity and the mass density of a binary gas mixture to dis-
criminate different gases and to estimate their concentration is presented (Section 2). Then the method
to determine both the viscosity and the mass density of a gas from the measurement of both the resonant
frequency and the quality factor of an uncoated microresonator is exposed (Section 3). The silicon micro-
cantilever and the measurement equipments used to test the proposed method are presented in Section 4
and the obtained results are presented in Section 5. Finally, because the method used a calibration step,
the impact of the choice of gases and concentrations for the calibration is studied (Section 6).

2. Motivation

Figure 1 shows the theoretical mass density difference (Ap) against the theoretical viscosity difference
(An), both with respect to nitrogen, for different molar fractions in percent and for different gases.
The mixture mass density was computed using Equation 1 which comes from the definition of the mass
density:
pPG-N, = patc + (1 —2G)pN,, (1)

where @, pa, pn, and pg—_n, are the molar fraction of the gas, GG, present in a small amount, its mass
density, the mass density of nitrogen and the one of the mixture, respectively.

The mixture viscosity was computed using the approximated equation from the kinetic gas theory [18,
19, 20]:

rane (1 —zg)nn, (2)
za+ (1 —2¢)Pc_n, 1+ (Pn,—c — 1)5[‘(;7
where ng, nn, and ng_n, refer to the viscosity of the gas present in a small amount, nitrogen and the
mixture, respectively. ®g_n, and ®y,_g are given in Equations 3 and 4, respectively.

NG—-Ny, =

[1+ (e )3 (ANa) 5]

TNy

Pa-n, = B+ 1\1‘441\?2 T (3)
[1+ (%)%(%@)%12
O, = s Tyl (4)

where My, and Mg are the molar weight of nitrogen and of the gas present in a small amount, respectively.

It can be noticed that in Figure 1 some gases with similar mass density variations for a given molar
fraction such as hydrogen and helium can differ considerably in their viscosity variation. Similarly, gases
with close viscosity variations for a given molar fraction such as oxygen and helium can be differentiated
by their mass density variations. There is, however, an additional advantage of measuring both variables
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parameter to discriminate between different gases. Finally, once the gas mixture is determined, its molar
fraction is given either by Ap or An depending on which signal is easier to detect. For instance, as shown in

Table 2, the sensitivity to mass density (- GA;SV ) for Hy is much higher than the one to viscosity (- GAT]’ZV ).
2 2

Ap and An. As illustrated in Figure 1 and Table 2, the slope of the curves of Figure 1 ( ) is a good

3. Model

In Sader’s theory [21, 22|, in the case of a beam respecting Euler-Bernoulli conditions (L >> b >> h
where L, b, and h are the length, width and thickness of the cantilever, respectively), it has been shown [11]
that for small variations Ap and An of mass density and viscosity respectively, these quantities are related
to the shift in resonant frequency Af, as described by Equation 5.

Afp  m p b, Ap as An

= —— — (al + -
f?' 8 Pveam h P 8R€(fr) n
where ppeam is the mass density of the beam’s material, a; = 1.0553, as = 3.7997 are Maali’s [23] parameters
of the real part of the hydrodynamic function and Re(f,) is the Reynolds’ number at the resonant frequency
defined in Equation 6:

); ()

mo*pfs
Re(f) = T2 (6)
Under the same assumptions we get a similar expression for the quality factor ) shown in Equation 7:
AQ 1,Ap Anp
=3+ 20, 7)
Q 2°p M

Despite the fact that Equations 5 and 7 are valid for a very specific case (Euler-Bernoulli conditions),
they are useful to give an insight in the parameters that play a role in the relative weight between Ap and
An in both, the resonant frequency and the quality factor of a resonator.

In order to extract Ap and A7 in a more general case in terms of geometry (even if the Euler-Bernouilli
conditions are not valid), we will assume that a first order approximation remains valid for small variations.
Thus, Af, and AQ can be written as in Equations 8 and 9 where a1, as, 51 and By can be considered
constant since they depend on the geometry and technology of the resonator and on the predominant gas
(N3 in our case) but not on the gas present in a small amount:

Afy Ap An

5, — T, YA ®)
%ZQQ%—FBQ%. (9)

Therefore if we are able to obtain such constants through calibration, then Ap and An are simply given
by Equations 10 and 11, respectively:

Ap 1 Afr , AQ
p aifh — b (B fr Q ) (10)

Q "M

In order to get the four parameters (ag, aq, $1 and 52) it is needed to measure Af, and AQ, for two
different binary mixtures (nitrogen and either gas A or B) at a given concentration for each gas mixture (the
corresponding Ap and An being determined using Equations 1 and 2). The system described by Equations
12 to 15 is then solved where the subscripts A’ and "B’ designate the quantities of gases A and B respectively:

3
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Af, A A
;T’B = a8 B1 :7737 (13)
A A A
SA = 0= 4, =4, (14)
A A A
s =y LB + B2 15 (15)
Q n

Which finally leads to the following equations to determine the four needed parameters:

_ P Afralns — Afy BANA

o) = 16

YT f Apalng — AppAna (16)
n AfrBApa — Af. aApB

_nal : 17

A fr ApalAnp — AppAny (7

oy = P AQAANE — AQpA1, (18)
Q ApaAnp — AppAna’

AQpAps — AQ oA
By = 1 QBApa — AQaApp (19)

T Q Apalnp — AppAna

This model fails when the influence of either the viscosity or the mass density is negligible in both the
quality factor and the resonant frequency since the system becomes unsolvable. Typically one would only
be able to measure the mass density as the sensors become smaller since the influence of the viscosity tends
to decrease due to high resonant frequency and low quality factor.

4. Sensor Description

In order to validate the proposed method, a sensor not respecting the Euler Bernoulli condition b << L
has been chosen. This choice has been motivated in order to prove that even if the Equations 5 and 7 are
not valid, the Equations 8 and 9 can be used (in the general case the expression of the parameters oy, ao,
/1 and 9 as functions of the geometrical parameters and material properties of the resonant MEMS are
different). For this study the sensor used had the following geometry: h = 10 pm, b = L = 1 mm. Figure 2a
shows a picture of it. The details of the sensor manufacturing process, proof of its reversibility along with
other details can be found in reference [13].

The working principle of both the actuation and the readout is illustrated in Figure 2b. An alternative
current generated by an Agilent E5061B network analyzer passes through a condugtive path located close
to the edge of the top surface of the cantilever. In presence of a magnetic field B, it induces a Lorentz
force F' that makes the beam vibrate orthogonally to its plane (out-of-plane vibration). This was chosen, as
opposed to in-plane vibration, because it strengthens the fluid/structure interaction [24] which is the basis
of the principle of uncoated sensors. A first piezo-resistor then senses the strain close to the clamped part
of the beam and another one is used as a reference to compensate for common mode variations such as a
deformation of the piezo-resistor due to temperature. The readout is the signal at the middle point of the
voltage divider bridge formed by the two piezo-resistors. This signal is then fed to the network analyzer to
extract the measured phase (¢) spectrum (phase difference between the actuation signal and the readout
signal). Finally a linear fit (¢y;;) of the phase close to the resonant frequency was applied to the phase
curves as shown in Equation 20:

bpir = co +c1f, (20)
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where ¢y is in radians, cg is its bias and ¢ its slope. This was done in order to extract both the resonant
frequency and the quality factor as a function of time. Indeed, as explained by Boudjiet et al. [13], the
equations to extract f, and @ from such fit (¢ ;) are Equations 21 and 22, respectively:

£+CO
fr== 2 (21)
Q=5 fr (22)

5. Experiment

5.1. Measurements

With the previously described setup four gases (Hs, He, CO5 and CH,) were used to validate the method.
The microcantilevers are placed in a small gas chamber (total volume: 500 pL) under a controlled gas flow
(100 cm? - min~!). Gas streams containing binary mixtures of the desired species (hydrogen or helium or
carbon dioxide or methane) and nitrogen are fed to the chamber using bottles of gas (5% Hs/95% Ny or
100% He or 100% COg or 10% CH4/90% N2) and a set of mass-flow controllers (Brooks 5850S). They
were introduced in three different concentrations 5%, 4% and 3% for 400 seconds each. Ny was alternated
in between each gas mixture for 400 seconds in order to compensate, if needed, for any considerable drift
and to show the reversibility of the sensor. Figures 3a and 3b show respectively the resonant frequency
and quality factor shifts for this experiment where the resonant frequency (f, n,) and the quality factor in
nitrogen (Qy,) are respectively 23.268 kHz and 500.

It can be noticed that for all of the four gases there is an associated shift in resonant frequency and
quality factor (of roughly 100 ppm for Af,. and 4000 ppm for AQ). Although studying this sensor’s limit of
detection is out of the scope of this article, it can be noticed that measuring smaller concentrations could
be done with ease. In addition these curves are consistent with the full reversibility and fast response time
(less than 1 min for 5% of Hy-Ns) of uncoated cantilevers in gas sensing with respect to typical sensors with
sensitive film which is usually between 1 min and 10 min. The limiting factor in the response time in our
experiment is the time that the gas takes to reach the sensor but one could potentially go below 1 min with
a faster gas delivery. Moreover, there is nearly no drift (0.15Hz for Af, and 0.1 for AQ during 3 hours).
The reproducibility of the measurements of both the resonant frequency and quality factor is not shown in
the present paper but has already been shown in [13]. Finally, we notice that the trends in Af,. and AQ are
very similar for Hy, He and CHy which are all lighter gases than Ny. This could make it potentially difficult
to differentiate each one of them by looking only at Af, and AQ. In such case, transforming the data to
obtain the density and viscosity of each mixture can be quite useful, as presented in the next section.

5.2. Results

In order to test the proposed method, the model calibration was first done by using the mean value
of the steps corresponding to CH4 and He both at 5%. This allowed us to obtain the four parameters
a; = —6.1x1073, B; = —1.28x107%, ap = —4.4x107!, and B» = —1.6x10~!. The linear transform from
Equations 10 and 11 was then applied to the measured Af,. and AQ presented in Figures 3a and 3b. The
resulting mass density and viscosity shifts are shown in Figures 4a and 4b.

We notice that, in one hand, the computed mass density varies roughly in the opposite way as the
resonant frequency which is explained by the fact that |a1| > |51] and a3 < 0. On the other hand, the
computed viscosity varies in a completely different way than the resonant frequency or the quality factor.
Moreover it can be seen that, despite the relatively low drift and noise in A f, and AQ with respect to the
concentration jumps, in the case of the viscosity the noise and drift are much more noticeable.

Finally, the data points surrounded by a dashed box in Figures 4a and 4b were plot against each other
along with the theory from Figure 1 for comparison in Figure 5. In this case, the small drifts were linearly
compensated both in the density and the viscosity. For demonstration purposes, the angle bisector between
two consecutive theoretical curves was used as frontier between the domains to assign one data point to a
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gas mixture but this choice might need refining for other applications depending on their context. The slope
of such domains frontiers are shown in Table 3.

It can be noticed that, although no information about Hy or COy was given to the model (they were
not used for the calibration) other than their corresponding Af, and AQ), the experimental points are
remarkably close to their theoretical values which validates the model from Section 3. The transform is,
naturally, more accurate with the gases used for calibration (CH4 and He in this case). It can also be
seen that the different gases are relatively well distinguishable from one another apart from a few extreme
points corresponding to He that end up closer to the theoretical values for Hy. If we apply the method
suggested in Section 2 to the mean values of each concentration step (dark red pentagons in Figure 5), we
obtain the results shown in Table 4 where the first Columns 1 and 2 describe the binary mixture injected
in the chamber, Column 7 describe the prediction of the binary gas mixture based on the value of the slope
(Column 5) and the sign of Ap (Column 6), The column 8 is the estimation of the gas concentration using
the variation of the mass density (Column 3).

It can be seen that this method allows a very good discrimination of the different binary mixtures. In
addition, it can be noticed that we are able to predict the concentration of the mixture as well (in this case
less than 3% of error for three of the mixtures and a maximum of 12% of error for CO5). Nevertheless it
seems that how accurate the results are depends on how similar a gas-mixture is from the gases used in the
calibration. Indeed, since Hy is more similar to He than COs is to either CHy4 or He, a better prediction of
the concentration of Hy than of CO5 is obtained.

6. Optimizing the Calibration Procedure

In order to understand better the robustness of the proposed method we developed a simulator that, from
the theoretical values of both the viscosity and the mass density for the different gases as well as from the
theoretical parameters oy, as, 81 and By from Section 3 (assuming a cantilever respecting Euler-Bernouilli
conditions), generates the associated shifts pair Af, and AQ as a function of time. A white Gaussian noise
is then added to the model. Since the goal in this section is to optimize the calibration procedure, the mean
distance between a simulated data point and its theoretical value (Equation 23) is used as error metric:

eﬁcp Apth Anewp Anfh 2
Cm (M) (M) &

where N is the total number of simulated data points. To limit biasing the error computation and covering
more parts of the density viscosity plane, two more gases, CO and Oz, were added to the simulation.

6.1. Calibration Concentration

The objective of this part is to determine weather it is better to calibrate with a high concentration or
a low concentration (keeping in mind that the concentrations must remain small for the model to hold). To
test this, several simulations were ran calibrating with He and CHy4 at different concentration pairs. The
resulting error values are shown in Figure 6.

It can be noticed that the mean error decreases as higher concentrations to calibrate are used. Therefore,
the calibration should be done with concentrations as big as possible as long as the small variation assumption
holds.

6.2. Choice of the Two Gas Miztures

Having studied the calibration dependency on the concentration, there is left to test which pair of gas
mixtures is more appropriate for the calibration. In order to do so, several simulations were ran calibrating
this time with each pair of gas mixtures at a fixed distance from the origin. The points used for calibration in
this set of simulations are marked by a red star in Figure 7-a. For all the possible pair of points (corresponding
to the gas pair for calibration) the corresponding error was plotted against the angle 6 between the theoretical
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curves (Figure 7-b) of the corresponding mixtures. As an example, the angle between the curves of the
mixtures CO5-Ny and CH4-Ny is shown in Figure 7-a.

It can be noticed (Figure 7-b) that most pairs of mixtures used to calibrate have an error below 0.4
except for the combinations He/Hs, He/CO9 and Oy /CHy. These three combinations, as shown in Figures
7 a and b, correspond to the curves that are almost aligned (6 close to either 0° or 180°). This allows to
conclude that the closer to collinearity the curves of the mixtures used for the calibration are, the worse
the performance of the method is. This can be explained by the fact that, in order to compute the four
parameters aq, ag, 81 and Ba, it is required to divide by Ap s Ang —AppAna (Equations 16 to 19). However,
it can be shown that for two mixtures A and B for which the curves are nearly collinear, this value is close
to zero which causes that a small variation due to the noise can lead to a significantly different value of the
parameters.

Conclusion

A simple method to extract both the gas mass density and the gas viscosity from the measurement of
both the quality factor and the resonant frequency of a microresonator without sensitive coating has been
presented. In a gas of reference (which can be a mixture of gas and which is nitrogen in the presented
measurements) if one gas appears it is possible with the determination of the two physical properties of
gas (mass density and viscosity), to know which gas has appeared and the concentration of this gas. The
proposed method can be used in a mixture of three or more mixture of gases only if it is known that only
one concentration of the gas is modified the proportion of the other ones staying stable. This could be
useful in some industries to detect gas leakages for example. The main advantages of such method are: (1)
the smaller time response compared to the one of chemical sensors using sensitive layer, (2) the possibility
to discriminate between different gases and to estimated the gas concentration with only one sensor, (3)
the aging and reversibility of such sensors are very good due to the absence of sensitive coating. The
presented method has been validated with four different gas mixtures using a silicon microcantilever. The
discrimination of the four gases has been achieved and the estimation of the gas concentration has been
obtained with less than 3% of error for three gases and less than 12% for the last one. This has been
performed using a calibration step with two gases at a fixed concentration. The impact of this calibration
step has been studied and a general way to choose the gases and the concentration for the calibration has
been established.
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Figure 1: Relative mass density variation vs. relative viscosity variation with respect to No for different gases and different
concentrations at 25°C and atmospheric pressure
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Figure 2: Silicon electromagnetically actuated sensor with piezo-resistive readout used in this study: (a) picture (L = 1 mm,
b=1 mm, h = 10 pm), (b) schematic illustrating both the actuation and the read-out
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Figure 3: Shifts for different gas mixtures at different concentrations (5%, 4% and 3%)
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Figure 4: Computed shifts for different gas mixtures at different concentrations (5%, 4% and 3%) where o = 6.1x1073,
B1 = 1.28x1074%, ap = 4.4x10~ 1, B2 = 1.6x10~!
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Figure 5: Simultaneous measurements of both the mass density and the viscosity using the data presented in Figures 4a and
4b
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Figure 6: Mean error (equation 23) for different concentration pairs using CHy and He to calibrate
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Figure 7:

a: Explanation of the calibration at a fixed distance from the origin and definition of 8, the angle between the theoretical

density-viscosity curves for two mixtures.

b: Mean error of a calibration at a fixed distance from the origin as a function of the angle between the theoretical
density-viscosity curves as shown in Figure 7-a of the pair of gas mixtures used in the calibration

Table 1: Physical properties of common gases[25, 26, 27]

Gas | Mass Density | Viscosity | Thermal Conductivity | Speed of Sound
(kg - m~3) (pPa - s) (MW -m~1. K1) m-s~!
1.015 bar, 15°C 1.015 bar, 0°C 1.015 bar, 0°C 1.015 bar, 20°C
COq 1.87 13.7 14.7 267
(0D 1.35 19.1 24.4 326
Air 1.22 17.2 24.4 343
CcO 1.18 16.5 24.7 336
N, 1.18 16.6 24.0 349
CHy 0.68 10.1 30.6 446
He 0.17 18.7 146.2 1007
H, 0.09 8.4 176.2 1270
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Table 2: Theoretical values of the slope of the curves of Figure 1 and sensitivities of both density and viscosity for different
gases mixtures

Gas Mixture ﬂ% _Bp_ _Aan_ Sign of Ap
PNy, AN TGTN, LGTINg
(x1) (x103/%) | (x1073/%)
CO3-Ny -2.94 5.6 1.9 +
02-N, 0.872 1.39 1.6 +
He-N, -5.32 8.4 1.6 -
CO-Ny -0.0027 0.001 0.38 -
CH4-N, 0.99 4.2 4.2 -
Hs-No 80.7 9.1 0.11 -

Table 3: Value of the slope of the frontier between domains

Frontier | Hy/He | COy/CHy | He/CO2 | CHy/Ho
Slope (Xl) -11.5 -0.236 0.263 2.3560

Table 4: Summary of the method presented in Section 2 applied to the mean values of viscosity and density for each concen-
tration (dark red pentagons in Figure 5)

Used Mixture Measured Predicted

Gases TG pATZ nATZ Slope | Sign of Gases Ta
Ap Using ,;ATZ

(%) | x102%) | (x102%) | (x1) (%)
3 1.54 -0.322 -4.78 + N3-COq 2.8
N2-CO, 4 2.07 -0.480 -4.31 + N,-COq 3.7
5 2.45 -0.545 -4.5 + N,-COq 4.4
3 -1.25 -1.35 0.926 - N,-CHy 3.0
N.-CH,4 4 -1.66 -1.68 0.988 - N,-CHy 4.0
5 -2.10 -2.09 1.00 - N,-CHy 5.0
3 -2.64 0.546 -4.83 - N,-He 3.1
N>-He 4 -3.43 0.517 -6.63 - Ny-He 4.0
5 -4.15 0.667 -6.22 - Ny-He 5.0
3 -2.66 -0.152 17.5 - N,-H, 2.9
N2-H- 4 -3.57 -0.299 11.9 - N,-H, 4.0
5 -4.48 -0.707 6.33 - N,-H, 5.0
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