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Abstract— We report a new gas sensing technique based on the 

simultaneous tracking of multiple modes of vibration of an 

electrothermally heated bridge resonator operated near the 

buckling point. The proposed technique maximizes the sensitivity 

of the sensor to changes in gases concentrations. We demonstrate 

a 200% frequency shift in contrast to 0.5% resistance change using 

the conventional resistive technique. The method also 

demonstrates selective identification for some gases without the 

need for surface functionalization of the microstructure. The 

proposed method is simple in principle and design and is 

promising for achieving practical low-cost gas sensors. 

 
Index Terms—Gas sensor, multimode, buckling point, heated 

microbeam 

 

I. INTRODUCTION 

icro and nanoelectromechanical systems (MEMS and 

NEMS) have experienced rapid growth and demonstrated 

great potential in wide range of sensing applications, such as 

ultra-small mass quantification [1-3], gas detection [4-7], 

pressure measurements [8-10], and charge sensing [11, 12]. 

This can be attributed to their distinctive features, such as low 

cost, small footprint, and low power consumptions. 

Particularly, gas sensors based M/NEMS structures have been 

employed in several applications, such as medical and 

healthcare, food and agriculture safety, and environmental 

monitoring [13-17].  

The quest for ultra-sensitive low-cost miniaturized gas 

sensors in the past few decades has sparked interest to seek 

alternative techniques other than the conventional gas sensors, 

which require large surface area and special coating materials 

for selective and sensitive detection. Functionalization is 

realized by coating the surface of the gas sensor with a thin layer 

of material that have affinity for particular gases, such as gold 

for mercury detection [18], polymer doped with carbon 

nanotube to detect Carbon dioxide [19], palladium for 

Hydrogen sensing [20], and metal-organic frameworks for 

humidity and volatile organic compounds [4, 21]. The 

performance of such devices depends on the functionalization 

type, thickness, and sensor design. Also, the miniaturization of 
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these devices is limited since it leads to the reduction of the 

coated surface area exposed to gas, which weakens the sensor 

performance and sensitivity.  

MEMS gas sensors based on thermal conductivity 

measurements [22-26] have been known to be among the 

promising alternative candidates. These sensors rely on thermal 

energy dissipation (cooling or heating) of a heated structure due 

to the alteration of the surrounding gas concentration. This 

alleviates the requirement of large surface area and the 

complications due to the functionalization process. The 

temperature of the heated structure is altered from the 

surrounding gas properties; mainly its effective thermal 

conductivity. These sensors are fabricated from materials with 

high temperature coefficient of resistance (i.e., the resistance-

change factor per degree Celsius of temperature change), which 

enables sensitive measurement of the bridge temperature by 

tracking its electrical resistance. The micro-hot-plates are the 

most developed and investigated MEMS structures used as 

thermal conductivity based gas sensor [24, 25, 27, 28]. In recent 

studies [22, 23], MEMS heated bridges have been employed to 

detect noble gases and demonstrated promising results for 

binary gas mixtures. These sensors show long lifetime and great 

stability compared to absorption-based gas sensors [23, 29, 30].  

The thermal conductivity based gas sensors rely on the 

resistance variation of the heated structures due to gas exposure, 

which is typically less than few percents. Hence, there is a 

strong demand for a more sensitive probe to measure the gas 

concentration. Monitoring the frequency shifts of MEMS 

resonators due to gas concentration changes has been 

demonstrated as an ultra-sensitive detection technique of gases 

up to the molecule levels [4, 18, 20, 21, 31]. Moreover, several 

dynamical features, such as the bifurcation points, internal 

resonance, and secondary resonances have been utilized to 

improve the sensor sensitivity. In a previous work [8], we 

exploited the buckling point (bifurcation point) of heated 

silicon bridge to demonstrate sensitive and scalable pressure 

sensor. The concept is based on tracking the fundamental 

natural frequency of the electrothermally buckled bridge upon 

changing the surrounding air pressure. Raising the surrounding 

pressure increases the heat dissipation, which reduces the 

bridge temperature. The cooling effect of air changes the 
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overall stress of the structure, and thus its natural frequency. 

Here, we present a sensitive technique for measuring the gas 

concentration and potentially identifying the gas type in some 

applications using an electrothermally heated bridge 

microbeam operated near the buckling point. The method is 

based on the simultaneous recording of the frequencies of the 

first and second modes while changing the gas concentration 

and type. A finite element analysis based on multi-physics 

simulations is presented to validate the proposed technique on 

various toxic gases. A wide range of targeted gases is 

demonstrated since the presented method does not rely on 

surface functionalization. 

II. EXPERIMENTAL SETUP 

To demonstrate the concept, we utilize an in-plane clamped-

clamped microbeam, Fig. 1a, fabricated from a highly 

conductive 30 μm Silicon device layer using the standard 

surface micromachining process. The process steps are 

lithography to transfer the device design from the mask to the 

wafer, metal sputtering to create the connection pads, deep 

reactive ion etch (DRIE) to form the structure, and vapor 

hydrofluoric acid dry etch (vpour-HF) to release the device. The 

tested microbeam is of length 500 μm, width (depth into the 

wafer) 30 μm, and thickness 2 μm. The microbeam is separated 

from a stationary electrode with a transduction gap of width 8 

μm. Here, we use a half electrode configuration to break the 

symmetry of the excitation force, which enables the excitation 

of the antisymmetric modes [32].  

The experimental setup, shown in Fig. 1b, is used to expose 

the device to different types and levels of gas concentration and 

track the change in the resonance frequencies. The microbeam 

is placed in a test chamber, which is equipped with ports to 

provide the actuation signals. The device is tested under 

atmospheric pressure and room temperature. The gas setup is 

composed of two mass flow controllers, which control the flow 

of the targeted gas and the dry Nitrogen (N2). The ratio of the 

two flow values determines the gas concentration inside the 

chamber. Note here that the sensor is placed inside the chamber 

away from the gas inlet where different gas concentrations are 

injected. Also, measurements are taken at steady-state 

conditions once the concentration inside the chamber reaches 

constant value.  

We utilize the laser Doppler vibrometer to measure the 

resonance frequencies of the microbeam due to white noise 

signal. Fig. 1c shows an example of such measurements. Also, 

a separate voltage source, VTh, is utilized to induce a current 

flowing through the microbeam, which heats it up by the Joule’s 

heating effect, and hence alters its stiffness and resonance 

frequencies. Using the LABVIEW software and the LCR meter, 

we record the real-time variation of the microbeam resistance 

as exposed to different gas concentrations. 

 

            
(a)                                                                                                                                (b)  

 
(c) 

Fig. 1.  (a) A top view image of the tested in-plane clamped-clamped microbeam. (b) A schematic of the experimental setup. (c) The white noise signal output 

measured by the laser vibrometer showing the first symmetric and antisymmetric resonances at VTh=0V. 
 

III.   FINITE ELEMENT SIMULATIONS  

To emphasize the potential of the proposed technique in 

detecting several harmful and toxic gases, we have conducted a 

multi-physics finite elements study using COMSOL 

Multiphysics.  
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To take into account the various physical domains, various 

solvers have been coupled including the Solid Mechanics, 

Electric Currents, and Heat Transfer interface domains. The 

model couples the Joules heating of doped polysilicon and 

convective heat transfer for the surrounding gas. The Heat 

Transfer Module captures the effects of heating and cooling in 

the simulated structures. It has the ability to compute 

conductance of heat through the solid, and couples it with 

conductive heat transfer within the fluid (the gas mixture). 

Hence, the heat will be transferred from the microbeams to the 

surrounding gases in the test chamber (simulated here as a cubic 

volume) and vice versa, which will lead to cooling/heating the 

microbeam surface. The anchors of the bridge resonator are 

assigned a fixed constraint boundary condition with ambient 

temperature at their bottom. The rest of the faces of the structure 

are set to a convective heat boundary condition, where the heat 

flux option is used for external natural convection with the gas 

mixture (the mixture of Nitrogen and the targeted gas) at 

ambient temperature and atmospheric pressure. The model 

takes into account the temperature dependence of the thermal 

properties of the gas mixture and the polysilicon microbeam. 

The effective thermal conductivity of the gas mixture (keff), 

known to be a nonlinear function of different parameters 

(thermal conductivity, viscosity, molar mass of each gas), is 

calculated using the Wassiljewa formula, as shown in Eq. (1), 

and then implemented in the software [33, 34]. 

𝑘𝑒𝑓𝑓 = ∑
𝑝𝑖𝑘𝑖

∑ 𝑝𝑗𝐴𝑖𝑗
𝑛
𝑗=1

𝑛
𝑖=1                                                          (1) 

where ki is the thermal conductivity of each gas component  i, 

pi (pj) is the concentration of component i (j), and Aij is a 

function that depends on the molar mass and the viscosity of the 

mixed gases (i and j). In this work, we calculated Aij based on 

the method of Mason and Saxena [35]. 

 

IV. PRINCIPLE OF OPERATION 

Fig. 2 shows the measured and simulated frequencies of the 

first, f1, and second, f2, mode of vibration at different 

electrothermal voltages. As shown, increasing the 

electrothermal voltage, VTh, reduces the resonance frequency 

values, which can be attributed to the decrease in the 

microbeam stiffness due to the induced compressive stress until 

the buckling point. After buckling, a sudden increase in the first 

mode (first symmetric mode) is observed due to the stretching 

mechanism, which increases the stiffness of the buckled 

microbeam. The second mode (first antisymmetric mode) 

frequency remains constant and is not affected with the 

stretching because of the pure bending nature of the second 

mode shape. A good agreement is shown among the 

experimental and FEM results. A detailed procedure is given in 

[36] for analytically solving the resonance frequency of the 

straight clamped-clamped beam under electrothermal voltage 

(using the exact solution developed by Nayfeh and co-authors 

[37, 38]). Note here that the straight beam resonator is used to 

take advantage of the buckling bifurcation (where the beam 

stiffness reaches almost zero) at which the beam is very 

sensitive to a small stiffness change compared to the sensitivity 

of as-fabricated curved beams (known to have high stiffness 

due to curvature) to the small stiffness variation [8]. As already 

shown in [36], the presence of DC electrostatic voltage induces 

a static deflection that leads to decrease in the dip of the first 

resonance frequency.  In this work, we used a very low DC 

electrostatic voltage in order to minimize the effect on the dip 

in the fundamental frequency around buckling, and hence get 

benefit of the high slope around the buckling point. 

 
Fig. 2. Variation of the first two resonance frequencies of the bridge 

resonator with VTh obtained experimentally (scatters) and theoretically using 

COMSOL (lines). The vertical line shows the operating point (buckling point) 

of the sensor. Note that at the buckling point (buckling bifurcation due to the 

stiffness variation of the resonator with the electrothermal voltage) the first 

mode frequency does not reach zero due to the electrostatic bias, which perturbs 

the symmetric bifurcation [36]. The insets display the mode shapes of the two 

sensed modes generated by COMSOL. 

    

Operating the resonator near the buckling point maximizes 

the sensitivity of the first mode frequency to axial stress, which 

can be altered due to cooling and heating effects [8]. Exposing 

the resonator to gases with higher/lower thermal conductivity 

compared with Nitrogen reduces/increases the axial stress 

inside the microbeam, which alters the values of the resonance 

frequencies. Hence, by tracking the shift in the first mode, we 

can quantify the concentration of the targeted gas, while by 

tracking the shift in the second mode, we can identify the type 

of gas if it has higher/lower thermal conductivity compared to 

Nitrogen. Although this does not lead to fully selective 

detection technique, it can be used for some applications of 

binary mixtures or those requiring identifying the presence of a 

specific gas of thermal conductivity much different than air.  To 

demonstrate the concept, we expose the resonator to gases 

having higher thermal conductivity (Helium (He) and Methane 

(CH4)) and lower thermal conductivity (Carbon dioxide (CO2) 

and Argon (Ar)) compared to Nitrogen, Table I. 

 
TABLE 1 

THERMAL CONDUCTIVITY OF TESTED GASES 

Gas Type Thermal Conductivity (W/mK) 

Helium (He) 0.151 

Methane (CH4) 0.035 

Nitrogen (N2) 0.026 

Argon (Ar) 0.018 

Carbon dioxide (CO2) 0.017 
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V. RESULTS AND DISCUSSION 

Due to the experimental setup limitation, the real-time 

tracking of the resonance frequencies cannot be performed at 

this stage. A real-time measurement of the resistance variation 

is performed for different gas concentrations in order to check 

the repeatability and the time response to the gas exposure. As 

known for doped Silicon bridge resonator, the resistance 

variation with temperature is assumed to be linear (since the 

doping of the silicon wafer is assumed to be uniform), and 

hence the variation of the resistance at different gas 

concentrations can be correlated to the temperature variation of 

the microbeam [39, 40]. The resistance variation is correlated 

to the stress variation, and hence the resonance frequency 

variation. Tracking the resistance variation to different gas 

concentrations of a heated bridge resonator is well established 

in the literature. However, here we conduct such measurements 

to prove the reversibility and the repeatability of the proposed 

technique.   

We start by flushing the chamber with Nitrogen at 

atmospheric pressure and ambient temperature. At almost zero 

electrothermal voltage (10mV), we measure the resistance 

variation of the microbeam at different concentrations of 

Methane and Carbon dioxide, which have higher and lower 

thermal conductivities, respectively, compared to Nitrogen. 

Fig. 3 shows that no resistance variation is reported as varying 

both gas concentrations. This indicates that there is no physical 

or chemical interaction between the microbeam and the gas 

molecules.  

        
(a)                                                                               (b) 

Fig. 3. Normalized resistance variation with time for different concentration percentages of Nitrogen (N2) mixed with Methane (CH4) (a) and Carbon dioxide 

(CO2) (b) for non-heated resonator for VTh=10mV. R0 denotes the mean resistance of the bridge resonator as flushing Nitrogen. The white zone denotes the Nitrogen 

flushing of the test chamber. 

 

Next, we tune the electrothermal voltage at the buckling 

point to maximize the proposed sensor sensitivity to any axial 

change due to the presence of different gases. Firstly, we expose 

the chamber with different concentrations of Methane, without 

exceeding 20% for safety reason, while recording the real-time 

variation of the resistance of the microbeam. Fig. 4a shows that 

as the concentration of Methane increases, the resistance of the 

microbeam decreases due to the cooling of the microbeam. This 

proves that as the Methane concentration increases, the 

effective thermal conductivity of the medium surrounding the 

microbeam increases leading to more convection of the beam 

surface, which reduces the microbeam temperature. The 

reduction in the temperature reduces the compressive force, 

which increases the first and second resonance frequencies as 

shown in Fig. 4c.  

 

         
(a)                                                                                  (b) 
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(c)                                                                                       (d) 

Fig. 4. (a) and (b) Normalized resistance variation with time for different percent of Nitrogen (N2) mixed with (a) Methane (CH4) and (b) Helium (He). The 

white zones in (a) and (b) denote the Nitrogen flushing of the test chamber and R0 denotes the mean resistance of the bridge resonator as flushing Nitrogen. (c) and 

(d) Normalized frequency shift with different percentages of Methane and Helium mixed with Nitrogen, respectively. Results in (c) and (d) are shown when 

increasing (forward) and decreasing (backward) the gas concentration. VTh is fixed for all results at buckling to maximize the sensor sensitivity.  

 

Next, we expose the resonator to Helium that has higher 

thermal conductivity compared to Nitrogen. Fig. 4b shows a 

decrease in the resistance with the Helium concentration. Also, 

the normalized resistance variation is demonstrated to be higher 

than Methane. As shown in Fig. 4d, exposing the resonator to 

different concentrations of Helium increases the frequency 

values of the first and second modes due to the increase in the 

effective thermal conductivity that cools down the microbeam, 

and hence decreases the compressive axial stress. High 

sensitivity is shown even for the same concentration of Helium, 

reaching 200% compared to Methane, which reaches 25%. This 

could be explained by the higher thermal conductivity of 

Helium compared to Methane (4 times higher).  As shown in 

Fig. 4a and 4b, the response returns to the original value upon 

flushing the chamber with Nitrogen, which confirms the 

reversibility of the sensor. 

On the other hand, exposing the resonator to Argon increases 

the resistance of the microbeam, as depicted in Fig. 5a. 

Increasing the Argon concentration decreases the effective 

thermal conductivity of the medium surrounding the 

microbeam; hence results in less heat convection from the 

microbeam. This increases the temperature and also the 

compressive stress in the microbeam. Increasing the Argon 

concentration raises the frequency of the first mode while the 

second mode remains constant, Fig. 5c. Similar results are 

shown for Carbon dioxide, Figs. 5b and 5d. The same 

percentage of the frequency variation of the first resonance 

frequency was shown for both Argon and Carbon dioxide, 

reaching 60%, since they have almost the same value of thermal 

conductivity.  
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Fig. 5. Normalized resistance variation with time for different percentages of Nitrogen (N2) mixed with (a) Argon (Ar) and (b) Carbon dioxide (CO2). The white 

zones in (a) and (b) denote the Nitrogen flushing of the test chamber and R0 denotes the mean resistance of the bridge resonator as flushing Nitrogen. (c) and (d) 

Normalized frequency shift with different percentages of Argon and Carbon dioxide mixed with Nitrogen, respectively. Results in (c) and (d) are shown when 

increasing (forward) and decreasing (backward) the gas concentration. VTh is fixed for all results at buckling to maximize the sensor sensitivity. 

 

 In contrast to resistance measurements, the frequency values 

show significant improvement in the sensor response for all 

tested gases, which shows two orders of magnitude 

improvement under the same gas concentration value. Note 

here that no hysteresis was shown experimentally as varying the 

gas concentration from low to high values (forward) and from 

high to low values (backward).  

One should note that the operation speed of the proof of 

concept gas sensor is limited by several factors, mainly the time 

needed to reach a stable gas concentration inside the chamber 

and the thermal time constant of the MEMS sensor.  It is worth 

to mention here that the frequency measurements (a continuous 

frequency measurements) at each gas concentration shown in 

Figs 4 and 5 were taken after being sure that the targeted 

concentration is reached at steady conditions inside the 

chamber (approximately after five minutes, which was an over-

conservative estimation). This latter depends on the size of 

chamber, the gas flow rate, and the position of the sensor inside 

the test chamber.  Note that the thermal time constant of the 

proposed MEMS sensor is around 176 µs [8]. For faster 

operation and real implementation, the sensor needs to be 

further miniaturized and its packaging needs to be well 

designed (in order to decrease the time needed to reach a stable 

gas concentration). 

One should mention that the proposed sensor might be 

promising for multi gas mixture to replace or be combined with 

well-established gas sensing methods, such as chromatography 

[41], ion-mobility spectrometry [42], and mass spectrometry 

[43]. Combining the advantages of each technique could help 

in the development of more sensitive and selective multi gas 

sensor. However, at the presented configuration, the proposed 

sensor is able to demonstrate the type and the concentration of 

one injected gas in a known environment. If we have two 

different targeted and known gases with one has a higher 

thermal conductivity than air and the other one of lower thermal 

conductivity than air, then the presented sensor can distinguish 

between them (by tracking the second mode) and can identify 

the concentration (by tracking the first mode). In another 

scenario where both injected gases have both higher/lower 

thermal conductivities than air, the proposed sensors at the 

present configuration will fail to measure the concentration and 

distinguish the type of injected gases. Hence, in similar case the 

concentration of one the injected gas must be known. To 

overcome such limitation, the presented technique could be 

combined with another gas sensing method such as 

chromatograph (that helps to separate the gases before reaching 

the sensor surface) or by using a network of sensors (adopting 

same technique but having different geometries). This needs to 

be accounted for in the future development of the proposed 

sensor. 

Furthermore, the sensitivity of the proposed device to 

temperature variation from the environment is an imperative 

factor that needs to be accounted for. The proposed technique 

does not simultaneously compensate the environmental 

temperature variation as demonstrated in some proposed gas 

sensors in the literature [4]. Calibration experiments, for 

instance, can be conducted to overcome the variation of 

ambient temperature. Another factor to be considered is the low 

quality factor of the proposed gas sensor as operated at 

atmospheric pressure, which represents one major limitation of 

the frequency based gas sensors compared to the resistant based 

gas sensors [40]. Accordingly, these concerns need further 

investigation for the final implementation of the proposed gas 

sensor. 

Note here that the current detection method using laser, as 

evident from Fig. 1c, does not suffer considerably from noise. 

In more practical scenarios, where resonances are detected 

electrically, parasitic and other sources of noise can have more 

impact on the resolution of measurements. 

Detecting harmful gases, such as Hydrogen (H2), Propane 

(C3H8), and Carbon monoxide (CO), etc., has been the focus of 

several studies in the past few decades [44-46]. Such gases 

cause serious environmental and health problems. To 

demonstrate the potential of the proposed technique in detecting 

such harmful gases, we simulated the resonance frequencies 

variation of the bridge microbeam under consideration, with 

different gas concentrations, Hydrogen, Methane, Propane, and 

Carbon dioxide, are shown in Fig. 6. The simulation results 

prove the same concept presented experimentally and 

demonstrate the applicability of the proposed concept in 

different harmful gases without the need for any specific 

functionalization for each gas. The inset of Fig. 6a shows a 

comparison between the experimental data and the simulated 

data for the Methane case. The small deviation among both 

simulated and experimental results could be explained by the 

approximate model since we are referring to the Wassiljewa 

formula [33, 34] to calculate the effective thermal conductivity 

of the gas mixture at each gas concentration. The proposed 

finite element model can be employed to optimize the sensor 

design to get higher frequency variation for lower gas 

concentration. 



IEEE Sensors Journal 

 

7 

 
(a)                                                                                            (b) 

Fig. 6. Simulated normalized frequency shifts of the first and second more of the resonator with different percentages of various gases mixed with Nitrogen 

(N2), using the software COMSOL Multiphysics. (a) Methane (CH4) and Hydrogen (H2). (b) Carbon dioxide (CO2) and Propane (C3H8). The inset of (a) shows a 

comparison between the experimental data and the simulated results, using FEM, for the Methane case. 

 

VI.  CONCLUSIONS  

We proposed a new sensitive sensor for measuring the gas 

concentration and potentially identifying the gas type using an 

electrothermally heated bridge operated near the buckling 

point. The concept is based on the simultaneous tracking of the 

resonance frequency of the first and second vibration modes at 

different gas concentration levels. The frequency values depend 

on the effective convective cooling/heating of the gas mixture 

surrounding the heated bridge MEMS resonators. By tracking 

the shift in the first mode, the concentration of the targeted gas 

is quantified. The shift in the second mode is employed to 

determine the type of gas for some applications (having 

higher/lower effective thermal conductivity compared to 

Nitrogen). The results demonstrate the possibility of realizing a 

gas sensor that can determine the type of gas without the need 

for selective coating. In contrast to resistance-based 

measurement, operating the bridge near the buckling point and 

monitoring the frequency shift maximize the sensor sensitivity. 

Under the same value of gas concentration, the results show up 

to 200% relative frequency change compared with few percent 

when tracking the resistance value. The obtained results 

motivate in-depth studies for the implementation of the 

proposed sensor in binary and multi gas mixtures. The 

significant advantage of the proposed scalable gas sensor is the 

simplicity of fabrication, operating principle, and sensing 

scheme. Also, the proposed sensor can target wide range of 

gases as the presented technique does not rely on surface 

functionalization. The device design can be further optimized 

to enhance the sensitivity and selectivity of the proposed sensor, 

which enables the detection of low concentration of different 

harmful gases.  
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