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ABSTRACT

This paper presents a !nite element method (FEM) simulation study for micro -elec tro-m echan ical systems capacitive comb-!nger resonator. The designed resonator is 
conceptually integrated with a 0.75 µm-thick sensing layer poly( 3,4-e thyle nedio xythi ophen e), which is necessary to detect volatile organic chemicals (VOCs). The rest 
capacitance and resonance frequency values are determined with FEM simulations for coated and uncoated devices. Moreover, the conductance and the equivalent 
parallel capacitance of the sensors are examined with respect to the frequency by considering variables such as the quality factor and applied potential. The die size of 
the designed resonator is approximately 1770 µm × 2000 µm × 35 µm, and the theoretically calculated mass responsivity of the resonator is nearly 8.8 pg/Hz. We think 
that the proposed resonator structure can have potential use in the detection of VOCs.
Index Terms— Capacitive resonator, Finite element method (FEM), Frequency response, Mass sensor, Micro -elec tro-m echan ical systems (MEMS)
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I. INTRODUCTION

Micro -elec tro-m echan ical systems (MEMS) resonators have found a place in several implemen-
tations in various research interests such as timing, frequency control [1], and filtering [2] as 
well as sensing applications [3]. Within sensing applications, mass sensors are one of the well-
known ones depending on the method of the resonant frequency shift. On the other hand, 
resonant mass sensors generally need a sensing layer to interact with the biological or chemical 
samples intended to be detected, resulting in resonance frequency shifts as a result of added 
mass. Therefore, the cantilever or clamped-clamped beam resonator structures are generally 
preferred in resonant mass sensing applications for their simple form, and they can be more 
easily integrated with the sensing layers without losing their functionality by using different 
deposition methods [4-7]. Moreover, MEMS comb-drive resonator structures have been used 
in resonant mass sensing applications [8-11] as some drawbacks have been observed in the 
performance of the cantilevers [8]. On the other hand, the main problem in these implementa-
tions is the integration of the sensing layer on the mass sensor due to the complex structure of 
the comb-drive resonator. There are several ideas and solutions for this situation in the litera-
ture. One of them is to deposit sensing material on a microcantilever-type mass sensor driven 
by the comb drive actuation with inkjet printing [7,10]. The other one is to use a spray coating 
given in [9]. On the other hand, the number of sensing elements used with the spray coating is 
limited, and the necessity of utilizing a shadow mask as well as alignment with the sensor are 
introduced as extra steps for the fabrication process for this idea. Moreover, it requires a high-
volume consumption of sensing elements during the coating processing. Therefore, a more 
efficient way for the integration of the sensing element with the mass sensor is introduced in 
[11] by using the electropolymerization method.

The frequency response is one of the elemental interests affecting the dynamic behavior of the 
resonator structures. Moreover, for the functionality test of the mass sensor, one of the main con-
cerns is to estimate the resonance frequency of the resonator after the integration of the sensing 
layer. Therefore, there are several studies focusing on the frequency response of the cantilever 
structure [12,13]. On the other hand, a limited number of studies [14,15] were performed for the 
MEMS comb drive resonator.
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The main purpose of this study is to conceptually design and 
simulate a sensor which is dependent on the resonant fre-
quency shift. Therefore, the resonance frequency of a designed 
MEMS comb-drive resonator integrated with a sensing layer is 
investigated by using the finite element simulation method. The 
selected sensing element is poly( 3,4-e thyle nedio xythi ophen e) 
(PEDOT), and its absorbing and swelling features resulting in mass 
change can be used for sensing mechanism [16] in the detec-
tion of volatile organic chemicals (VOCs) [16-17], which are bio-
markers for certain diseases and threaten indoor air quality [17]. 
Furthermore, the PEDOT layer as a conducting polymer can also 
be integrated with the MEMS comb-drive resonator structure by 
using a method given in [11]. The frequency response of the pro-
posed structure is simulated by considering variables such as the 
quality factor (Q) and the applied voltage. Furthermore, the con-
ductance and the equivalent parallel capacitance of the resona-
tor structures are also simulated by using finite element method 
(FEM) data with the theoretical background already given in the 
literature. Moreover, this study can be further improved by simu-
lating the absorbing and swelling behavior of the polymer layer 
at the molecular level in the presence of VOCs, resulting in mass 
change.

II. DESIGN

Figure 1 illustrates the structure of the MEMS resonator. The struc-
tural thickness is selected as 35 µm during the design study. There 
are two mechanical springs of which one side is attached to the 
proof mass part of the sensor while the other side is fastened 
to the anchor region. The dimensions of the mechanical spring 
structure are 50 µm in length and 4 µm in width. With this place-
ment of the mechanical spring structures, the MEMS resonator 
structure moves in-plane direction. On the other hand, the unde-
sired vertical movement of the proof mass structure is hindered 
by the relatively high spring constant in the out-of-plane direc-
tion. The number of capacitive fingers mutually placed among 
the proof mass and the anchor regions are 19. The overlap length 
for the capacitive finger is 60 µm in length, and the capacitive 
gap is 2 µm. Some of the theoretical calculations are performed 
by using the expressions and material features already given in 
the literature [18-19] for MEMS comb-drive resonators, and the 
design parameters are summarized in Table I, where the mate-
rial properties of silicon having <111> crystal orientation is taken 
into account.

III. SIMULATION STUDY FOR FUNCTIONALIZED MASS SENSOR 
WITH PEDOT

The confirmation of the design parameters is provided by using 
ELMER FEM an open-source finite element analysis software [20]. 
The two different three-dimensional models of the designed resona-
tor are formed by utilizing FreeCAD, a computer-aided design (CAD) 
[21] software for uncoated and coated resonator structures. During 
the formation of the conceptual design, the modified silicon on glass 
fabrication process of which process details given in [22-25] is con-
sidered. On the other hand, the silic on-on -insu lator -base d fabrica-
tion process can be also considered for the proposed structure [26]. 
Figure 2 depicts a conceptual design of the resonator integrated 
with a PEDOT, where the integration of sensing material can be per-
formed with a method given in [11].

While simulating the designed resonator structure integrated with 
PEDOT, the PEDOT material properties presented in [27-28] are con-
sidered. Then, first, the modal analysis is completed on not only 
uncoated device but also on coated resonator structure with a 0.75-
µm thick PEDOT layer. The obtained simulation results from ELMER 
FEM are visualized by using ParaView software [29]. Furthermore, 
the formed capacitance value is also simulated. For this simulation, 
another CAD formation is considered for the region among the fin-
gers. Then, this 3D model is simulated with ELMER FEM by applying a 
potential to the boundary region for the air medium, and the capaci-
tance value is calculated as 0.41 pF. Figure 3 illustrates the results of 
the modal analysis and the rest capacitance calculation performed 
with ELMER FEM and visualized with ParaView software. It should 
be noted that the obtained result is highly different from that of the Fig. 1. Designed MEMS resonator structure.

TABLE I. THE DESIGN PARAMETERS OF THE PRESENTED MEMS RESONATOR 
STRUCTURE

Parameters Design Values

Structural thickness (µm) 35

Spring width (µm) 4

Spring length (µm) 50

Number of mechanical springs 2

Spring constant (N/m) 6057

Finger width (µm) 4

Finger length (µm) 70

Overlap !nger length 60

Capacitive gap (µm) 2

Capacitive anti-gap (µm) 2

Number of the capacitive !nger per side 19

Proof mass amount (kg) 1.44 × 10−9

Resonance frequency (kHz) 325.750

Rest capacitance (F) 3.43 × 10−13

E$ective sensitivity (ạC/ạx) (F/m) 5.73 × 10−9

Mass responsivity (pg/Hz) 8.8
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theoretical calculation for the resonance frequency. The reason for 
this can be explained by the effective mass of the resonator which 
is the whole moving-proof mass having a highly small size. On the 
other hand, the slight difference observed in the capacitance value 
between the simulation and theoretical calculation is attributed to 
the fringing field.

As the main purpose is to determine the resonance frequency and 
frequency response of the MEMS resonator after the integration 
of the sensing layer, the finite element analysis simulation study 
is performed. There are several studies focusing on the frequency 
response of the resonator by using the FEM method [14, 30]. The 
same approach defined in [14,30] is used to simulate the frequency 
response of the proposed structure with Elmer FEM. Thus, the simu-
lation study is performed by considering the parameters affecting 

the dynamic behavior of the resonator. The theoretical model of the 
MEMS resonator structures can be given with a mass-spring-damper 
system of which the dynamic behavior is given with the following 
Eq. (1) [18]

X s
F s ms bs k
! "
! " =

1
+ +2  (1)

where X is the displacement, F is the electrostatic force, b is the 
damping coefficient, k is the spring constant, and m is the proof mass 
amount. As seen, the displacement is closely related to electrostatic 
force and damping coefficient. The electrostatic force equation can 
also be defined with the following equation:
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"

1
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where V is the electrical potential including AC and DC terms, and 
C is the capacitance. Furthermore, the quality factor can also be 
expressed with respect to the angular resonance frequency (ω0 ) 
and damping coefficient ( b ) with the following equation:

Q m
b

! "0  (3)

where the angular resonance frequency can be given with the fol-
lowing expression:

!0 "
k
m

 (4)

When the beforementioned equations are examined, it can be 
observed that there are two main factors influencing the dynamic 
characteristic of the resonator which are the quality factor and 
applied potential. Therefore, during the simulation study, not only 

Fig. 2. The conceptual model of the designed MEMS resonator 
after the integration. The orange color indicates the 0.75 µm-thick 
PEDOT layer.

Fig. 3. Elmer FEM modal analysis results illustrating the !rst mechanical mode, (a) for uncoated resonator (244.795 kHz) and (b) for coated 
resonator (242.793 kHz). (c) The formed rest capacitance value is 0.41 pF.
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Fig. 4. Frequency response analysis for the designed MEMS resonator for coated and uncoated devices. (a) With respect to the quality factor for 
the applied DC potential 30 V and AC 2 V level. (b) With respect to the applied DC potential for Q = 100 and !xed AC 2 V level.

Fig. 5. (a) Conductance vs frequency for the designed MEMS resonator. (b) Capacitance vs frequency for the designed MEMS resonator with 
respect to the quality factor for the !xed 30 V DC and AC 2 V level for coated and uncoated devices.
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quality factor but also applied potential are selected as variables. 
The Rayleigh damping model is considered to model the damp-
ing mechanism for the proposed structure [31]. As the resona-
tor is considered to operate in atmosphere pressure, the quality 
factor is swept for different values during the simulation. Figure 
4 shows the results of the frequency analysis. The resonance fre-
quency for the proposed structure is the frequency where the 
amplitude has a maximum value. As expected, when the quality 
factor value increases for the applied fixed 30 V DC potential and 
AC 2 V level, an increment in the amplitude of the displacement 
value is also observed in Fig. 4 (a) for the uncoated and coated 
devices. On the other hand, the amplitude of the displacement 
increases with respect to the applied DC potential with a fixed AC 
2 V level for coated and uncoated resonator structures consider-
ing a fixed Q = 100 value, which can be also observed in Fig. 4 (b). 
Also, it should be noted that the amplitude of the displacement at 
the resonance frequency can also be used to estimate the motional 
current value.

The electrical equivalent circuit of the MEMS resonator near the 
resonance frequency is given, and the theoretical background is 
discussed in [32]; where the conductance and the equivalent paral-
lel capacitance expressions are defined using the following equa-
tions [32]:
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where G !" #, Ceq  and B !" #  are the conductance, the equiva-
lent capacitance, and susceptance, respectively. Furthermore, C0  
and Cstray  are the static capacitance and the parasitic capacitance, 
respectively. Moreover, Rm , Lm , and Cm  are the motional parame-
ters to use the model of the MEMS resonator, and they can be defined 
as motional resistance, motional inductance, and motional capaci-
tance, respectively. Their equations are defined as the following:

L m
m ! "2  (7)

R b
m ! "2  (8)

Fig. 6. (a) Conductance vs frequency for the designed MEMS resonator. (b) Capacitance vs frequency for the designed MEMS resonator with 
respect to the varying DC potential and !xed AC 2 V level for the quality factor Q = 100 value for coated and uncoated devices.
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where η  denotes to the electromechanical coupling coefficient 
constant, and its equation is
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Elmer FEM is able to calculate the electrostatic force, and η  can be 
obtained by using Eq. (2) and the applied potential. This value is also 
utilized to calculate the motional parameters Rm , Lm , and Cm . Thus, 
the conductance and the equivalent parallel capacitance value can 
be calculated with Elmer FEM data by using Eqs. (5-6). The obtained 
graphs for the conductance and the equivalent capacitance with 
respect to the frequency are given in Figs. 5 and 6 for the variables 
such as the quality factor and the DC potential. When Fig. 5 and 6 are 
examined, the conductance and the equivalent parallel capacitance 
value are slightly higher than that of the uncoated device in both 
cases. The reason for this can be related to the fringing field as the 
PEDOT layer is taken into account as 0.75 µm during the simulation 
study. Furthermore, as our model only comprise the coating on the 
proof mass for simplicity, it is expected that the obtained simulation 
values for the capacitance will slightly differ from the functionality 
test result of the fabricated device. A more realistic approach can be 
simulated by considering the PEDOT layer for regions among the 
capacitive gap, at the expense of increasing computational duration 
and meshing a more complex 3D model for FEM analysis. The effect 
of a polymer integration on the capacitance of the comb-drive reso-
nator can be observable in experimental results given in [11].

IV. CONCLUSION

This study conceptually proposes a MEMS comb-finger structure 
integrated with a PEDOT polymer layer. The frequency response of 
the proposed resonator is performed by using Elmer FEM for the 
different values of the quality factor and the DC voltage values as 
the proposed device is planned to operate under atmosphere pres-
sure. During the simulations, the maximum value of the amplitude 
of the displacement is determined for the frequency, which equals 
the resonance frequency. This value can also be used to determine 
the motional current value. Furthermore, the functionality test of 
the sensor can be planned to perform by using an LCR meter after 
the fabrication; therefore, the parallel plate equivalent capacitance 
and the conductance values are also obtained with respect to the 
frequency by using the data obtained from the results of the FEM 
simulations. The obtained results only show the resonator structure 
frequency response after the integration of the polymer film. On 
the other hand, this study can be further improved by simulating 
PEDOT mass change at the molecular level in the presence of VOCs. 
Although the current study focuses on the integration MEMS resona-
tor with a polymer layer to detect VOCs, it is also possible to broaden 
this study with the different sensing elements for the different bio-
logical species and various chemical analytes.
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