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Abstract : Nonlinear coupled system of microelectromechanical systems (MEMS) resonator is 

a laterally driven mechanical resonator, it can be activated by electrostatic force interaction. 
This study of the electrostatic forces which are generated between the interdigitated combs 

(IDC) by overlapping movable and fixed comb fingers to produce the force, and it stores the 

energy.This polymer MEMS resonator begins to exhibit hard and soft spring effect at 
excitation voltages of 5V and Young’s modulus of 8.3GPa (PVDF)and 3.1GPa 

(polyimide).We discuss the device vibration on the various modes of the folded suspension 

beams and nonlinear effect arises from the mechanical structure domain. In addition the 
electrical and mechanical properties of the structure is studied. The key points of the hysteresis 

characteristics for upsweep and downsweep frequencies are calculated when the nonlinear 

response appears in device.Here, we calculated the resonance frequency in various modes with 

the high quality factor, capacitance and displacement. Therefore the nonlinear dynamic 
multiphysics model has been developed using finite element methods (FEM) technique. The 

capacitive comb drivede sign speculation is verified by the COMSOL multiphysics 4.4 

simulation results. 
Keywords: Polymers, MEMS resonator, Electrostatic actuation, Coupled nonlinear system 

andVibration modes. 
 

Introduction 

The interdigitated comb drive resonator is a device in the area of microelectromechanical systems 

(MEMS) that in the most general form can be defined as microsize mechanical and electro-mechanical devices 
are silicon made using the microfabrication techniques

1,2
. The main objective of materials are excellent 

electrical and mechanical properties, which can be modified by doping but further more materials are needed 

for the incorporation into MEMS devices. Nowadays, polymer materials have mainly used for coupled comb 
drive MEMS resonator with good achievement. Bio based polymer materials have several merits over the 

silicon materials, such as transparency, higher coefficient of thermal expansion, superior biocompatibility. This 

MEMS resonator is essentially growing parts of sensor and actuator systems in many applications such as 

gyroscopes, frequency reference, microacclerometer, memory elements, and micromechanical filters
3-7

. The 
advantages of resonator are small size, light weight, good performance, high reliability and lower cost. The 

polymer materials like as Polyvinylidene difluoride (PVDF) and polyimide has design an interdigitated comb 

finger structures, it can be effective for electrostatically exciting the resonance of microstructures
8
. The 

principle of comb drive design have electrostatic force generated by overlapping combs between the movable 

and fixed comb fingers. Since, the fringe field increases with the potential difference between IDC comb 

fingers, the nonlinearity response of the flexural folded beam model analysis are reported
2, 9-12

. However, 
fundamental design of interdigitated comb drive hopes on the possibility of the parallel plate capacitors and 
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array of comb fingers which are normally rectangular shape. In case of a comb drive relationship between a 

constant electrostatic forces to displacement, which is an operation can change in capacitance with respect to 

engagement, instead of the total capacitance
13

. The comb drive resonator consists of mass attached suspended 
beam that response and displacements to an external vibration. Also, the design can operates on flexural folded 

beam in x- direction and its lateral movement of electrostatic force sensed using a capacitive sensors
14

. The 

micromechanical resonator usually aimed to achieve a specific range in linear mode of operation and teeth of 

combs are engagement profiles. In order to MEMS resonators can be nonlinear problems have been extensively 
studied in the recent years. We have discussed comb drive resonators behavior is nonlinear effects on the 

parametric resonance in suspended mass sensor. Here nonlinearity study is caused by two or three dimensional 

stiffness, and it is generating deformation from interdigitated comb drive. However, the devices of coupled 
nonlinear response can exhibit at higher vibration amplitude and the particular hard spring effect in 

electrostatically excited comb-drive resonator
15,16

. The nonlinear responses are exhibited of higher and lower 

frequency in the structure, where a device exhibits amplified response at certain frequencies, known as resonant 

frequencies
17

. The device has nonlinearities arising from large elastic deformations. That system exhibited 
classical duffing frequency response, which offered a number of attendant benefits for lower sensitivity to 

damping, but were deemed to be inferior to their Lorentzian counterparts for most applications. Nonlinear 

MEMS electrostatically actuated variable gap structures drew slightly more attention from the MEMS system, 
due to their highly tunable nature

18-22
. In this research actuation mechanism as well as two interdigitated comb 

fingers in the lateral driven by polymer MEMS resonator, which include for the specifications of resonance 

frequency with quality factor and young’s modulus and moment of inertial are derived
23

. The coupled system 
has high sensitivity near the bifurcation detail to small perturbations which can be useful for communication 

and filter applications.  

This study also extends an insight into the coupled static and pattern formation that leads to lateral 
movement and transverse based on interaction between different governing forces

25
. The performance of an 

electronic/mechanical domain may depend highly on stability and accuracy of the frequency reference device it 

uses. The research work has higher vibration amplitude of the structure can exhibit hysteresis characteristics 
during upsweep and downsweep of resonance frequencies

18
. This kind of MEMS resonator involve the large 

vibration, material an istotropicity in a nonuniform material, circuit elements, and variation in individual 

structure elements during fabrication process at hysteresis response. In this paper focused on exploiting 
nonlinear behavior arises from coupled effects of the flexural beam structure on a mechanical system and 

coupling to improve the performance of MEMS resonators using microelectromechanical filter applications. 

Materials and methods 

The interdigitated comb drive MEMS resonator structure is two dimensional (2D) view shows in the 

fig.1, which can be used prototype design of Multiphysics model. This design has laterally driven an 
electrostatic force and consists of two interdigitated comb fingers on fixed and movable is connected to 

perforated mass, which is suspended by flexural folded beam. However, the flexural folded beam pairs are 

attached to the trusses. The device is designed for x-y direction to produce on stable oscillation
26,27

. The 

proposed method is development of resonator device, when a voltage is applied between the fixed combs and 
the movable combs and it overlapping combs are generates an electric field E

12
. Therefore the coupled MEMS 

resonator structure moves on in the x-direction of the actuation forces as the suspended folded beams in that 

direction. Generally the current motion which is propositional to change in the capacitance between the 
movable and fixed comb fingers at the excitation voltages is measured and also the resonator generates the 

maximum total displacement at the resonant frequency
28

. These features mentioned for reduce axial stress, 

restrict out of plane movement and the device minimize unstable end unwanted vibrations in the other axes
10, 

29,30
. Since, the important dimensions and features of the devices are follows as table 1. 
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Fig.1: Schematic of coupled interdigitated comb drive MEMS resonator 

Model Analysis 

Electrostatic forces 

We have analysis of electrostatic actuation in the comb drive, where the dynamic capacitance calculated 
between the movable and fixed combs in either side can be expressed as 

(1) 

Where, N is the total number of movable comb fingers, ɛ0 is the permittivity of the free space 8.85×10
-12

 F/m, s 
is the overlapping between the movable and fixed combs, x is the displacement in x – direction, Tth is the 

thickness of the structure and g the gap between the movable and fixed comb fingers on the single side. Here  

this  conclusion  is  based  on  the  assumption  that,  there  are  no  movement  in  y direction and hence there is 

no change in gap that can offset the movement in x direction. The results calculated for capacitance between the 
IDC combs and the boundary of the cavity in very small. Since, the fringe field capacitance can ignore the 

pertinent distance within x direction >> g.  Lateral electrostatic driving is one of the most advantages for 

perpendicular driving and there is no pull-in effect to be worried about. These electrostatic driving forces are 
independent of the displacement of combs

31,32,
. Therefore, the structure can be increase comb fingers to the 

driving force also increase. 

Vibration modes analysis 

The  dynamics  of modeling is laterally  driven  comb-drive  on  one  degree  of  freedom  can  be 

represented as, 

           (2) 

Where, x is the displacement along the x-axis, m is the total mass, c is the damping co-efficient. Here it is 

assumed that as Fe changes direction and due to the change in polarity ofvoltages. A flexural folded beam 

component is built into the actuator design to provide restraining force and flexibility for the actuator motion in 

the MEMS resonators
11

. The nonlinear response of MEMS resonator is a large deformation in the flexural 
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folded beam pair with identical lengths can be harden of the beams as known discovered

12, 15, 24
. Here it vibrates 

the various modes on the stiffness shown in fig.2. These device is the various multiphysics involve an 

electrostatic, solid mechanics and moving mesh interface can be used for COMSOL multiphysics 4.4. As a 
result the folded beams harden, when they are driven by large force and this can lead to the nonlinear restoring 

force. Therefore the stiffness derived as 

(3) 

Where, K is the spring constant, E is young’s modulus, Tth is the thickness, W & L is the width and length of 

the spring constant, r is the ratio of inner beams and outer beams in range of 2.37. 

Results and Discussion 

Simulation Results 

 The polymer IDC MEMS resonator is designed for the dimension shown in table 1. These structure can 

be micrometer scale size and multiphysics interface include the electrical and mechanical properties. For 
simulating the design and study the working principle for the coupled comb drive MEMS resonator is carried 

out by COMSOL Multiphysics 4.4 software. In this paper, polymer material such as PVDF and polyimide has 

individual material applied to the structure and surrounding by air medium. The material properties are given in 
below table 2. The voltage applied to 5V in the structure shown in fig.3. This solution focuses an electrostatic 

force production in laterally driven on overlapping combs. Since, the energy stored in the comb fingers because 

the movable comb fingers and fixed comb fingers are as well as parallel plate capacitance. 

Table 1. The important dimensions used for designing of interdigitated MEMS resonators. 

Dimensions 

Geometries Designed values 

Number of movable fingers 

(one side) 

12 

Mass (L&W) 200µm &100µm 

Gap between movable and 
fixed combs 

3µm 

Comb finger (L & W) 100μm & 5μm 

Overlapping comb area  75μm 

Inner folded beam (L & W) 200μm & 5μm 

Outer folded beam (L & W) 150μm & 5μm 

Air damping 10μm & 10μm 

Thickness of resonator  5μm 
 

Table 2. Properties of Polyimide and PVDF materials 

Materials specification 

Property Polyimide PVDF 

Density 1300[Kg/m^3] 1780[Kg/m^3] 

Relative permittivity 3.4 11 

Young’s modulus 3.1[GPa] 8.3[GPa] 

Poisson’s ratio 0.34 0.18 
 

Analysis of Finite Element Methods: 

The frequency response analysis constitute performed for finite element analysis (FEA) using 
COMSOL multiphysics simulation. This finite element method (FEM) is used for multiphysics obtaining the 

best results in the fastest manner
30

. In this paper, FEM techniques has obtained the accurate solution and 

analyzed the potential distributions. The electric potential energy has a continuous quantity in the electric 
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domain, the basic requirement of the finite element method is derived the system. This kind of simulation has 

analysis for the stiffness on flexural beam and static and parametric resonators are analyzed. However, the mesh 

generated is free triangular mesh shown in fig.2 and important mesh setting shown in table 3.  

Table 3. Settings of Mesh property 

 

 

 

 

 

 

 

 

 

 

 

Fig.2:Triangular mesh 

Parameters Values: 

The spring constant K can be established from 1.805 N/m of PVDF and 0.67425 N/m for polyimide in 

eq.3, The proof mass is derived from M=AρTth = 163.76 ×10
-12

 kg where, A is the total area is obtained from 

the structural layout,  is the density materials, Tth is the structural thickness. The resonance frequency formula 

is written as fr= 1/2π    where, the K spring constant and M is mass in the comb drive device. However the 

one crucial point on device quality factors, the Q factors occurred damping effect of system is one of most 

important steps in analysis for the polymer MEMS resonators. The important parameters a quality factor 

derived as  where, CTotal the total damping coefficient, and  is resonance frequency. Since, the 

estimated air damping effects are approximated by two mechanism slide film and squeeze film damping. Above 
the equation can derived the results of resonance frequency in16 KHz for PVDF material with quality factor of 

33950 and 10 KHz with quality factor 19894 for polyimide material driven on IDC MEMS resonators. 

Discussions 

 The design and simulation of the IDC MEMS resonator are done by electrostatic, solid mechanics and 

moving mesh interface modules. The structure is carrier out for the finite element methods (FEM). Also the 
design a dynamic Multiphysics model is used to solve the electrostatic problem by Arbitrary Lagrangian-

Eulerian (ALE) algorithm. The polymers need to have suitable elastic moduli to support the deformation started 

by MEMS systems. The voltage is applied to movable combs and ground is applied to fixed combs, it can be 
varied by electrical potential and laterally driven by an electrostatic force as shown in fig.3(a)and fig.3(b) 

shown in the relation between modes of vibration and displacement
11,12

. The nonlinearity response for flexural 

folded beam an IDC resonator shown in fig.4 for logarithm response of electrical potential and total 

displacement. The solution shown an electric potential is increases with total displacement also in decreases.  

Meshing Settings 

Description Values 

Maximum element size 37.1 

Minimum element size 0.21 

Curvature factor 0.3 

Maximum element growth rate 1.3 
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Fig.3: (a) Electric potential distribution  (b) Total displacement  

 

Fig.4: Logarithm response of electrical potential and total displacement 

In addition, the devices are analysis of voltages and total electric energy shown in fig.5a. However, the 

actuation voltages is gradually increase and its produce an electric energy. Also the simulation results of voltage 
and electric displacement field norm is linearly increases shown in fig.5b for the comb drive resonator.  

 

(a) 

Fig.5a: Voltages vs Total electric energy          

 

(b) 

Fig.5b: Voltages vs Electric displacement field norm 

Since the high stiffness ratio for the higher amplitude vibration occurred, when the actuation voltages 

was increased corresponding displacement is also increased shown in fig 6a.  
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(a) 

 

(b) 

Fig.6 (a): Graph of voltages and displacement  (b): Nonlinear frequency characteristics 

This PVDF material is large displacement than polyimide and the properties of different material. This 

resonance frequencies are vibrated on large amplitude and during upsweep and downsweep frequency can be 
excited to stable frequency in hysteresis frequency. This resonance frequency characteristics as shown in fig 6b. 

Conclusion  

 In this paper, the MEMS device have hysteresis characteristics during upsweep and downsweep of 

resonance frequencies and modes are studied. This PVDF based IDC MEMS resonator has good resonance 

frequency with high quality factor. We have calculated the capacitance 35fF for PVDF IDC MEMS resonator is 
suitable for filter devices.  

Acknowledgments 

Financial support from DST Inspire Fellowship is gratefully acknowledged. We are fruitful to our 

department for providing necessary facilities for the comments through discussions to carryout our research 

work and also we are grateful Dr.T. Shanmuganantham by Department of Electronics Engineering, Pondicherry 
University, Puducherry, India. 

References 

1. Tang W.C, Nguyen T-C.H and Howe R.T.,Electrostatic-comb Drive of Lateral Polysilicon Resonators, 

Sensors and Actuators, 1989, 20,25-32. 

2. Naik S, Hikihara T, Palacios A, In V, Vu H and Longhini P., Characterization of synchronization in a 
unidirectionally coupled system ofnonlinear micromechanical resonators, Sensors and Actuators A, 

2011, 171, 361–369. 

3. Yoon SW, Lee S and Najafi K.,Vibration-induced errors in MEMS tuning fork gyroscopes Sensors and 
Actuators A, 2012, 180,32–44. 

4. Antonio D, Zanette D.H and Lopez D., Frequency stabilization in nonlinear 

micromechanical oscillators, Nature communications, 2012, 1-6. 

5. Banmessaoud M and Nasreddine M.M.,Optimization of MEMS capacitive accelerometer, 
MicrosystTechnol, 2013, 19,713–720. 



Sathya S et al /International Journal of ChemTech Research, 2017,10(5): 948-956. 955 

 

 
6. Yao A and Hikihara T., Reading and writing operations of memory device in micro-electromechanical 

resonator, IEICE Electronics Express, 2012, 9.14, 1230-1236  

7. Chivukula V.B and Rhoads J.F.,Microelectromechanical bandpass filters based on cycliccoupling 
architectures,J. Sound and Vibration, 2010,329,4313–4332. 

8. Liu C., Foundations of MEMS, 2
nd

 edition Pearson Education Limited, 2011. 

9. Jeong H.M and Ha S.K.,Dynamic analysis of a resonant comb-drive micro-actuator 

in linear and nonlinear regions, Sensors and Actuators A, 2005, 125, 59–68. 
10. Timpe S.J, Hook D.A, Dugger M.T and Komvopoulos K., Levitation compensation method for 

dynamic electrostatic comb-drive actuators,Sensors and Actuators A, 2008, 143,383-389.  

11. NaikS,HikiharaT,Vu H, Palacios A, In V and Longhini P.,Local bifurcations of synchronization in self-
excited and forced unidirectionally coupled micromechanical resonators, J. Sound and Vibration, 2012, 

331, 1127-1142. 

12. PavithraM, Sathya S and Muruganand S.,Design and modeling of nonlinear coupled 

MEMSresonatorusing electrostatic actuation for L-Band mobile satellite communication,Int.J. 
ChemTech Res, 2015, 7.2, 678 – 684. 

13. Acar C and Shkel A.M.,Structurally decoupled micromachine dgyroscopes with post-release 

capacitance enhancement, J. Micromech. Microeng, 2005, 15, 1092–1101. 
14. Chen Y.C, Chang I.C.M, Chen R and Hou M.T., On the side instability of comb-fingers in MEMS 

electrostatic devices,Sensors and Actuators A, 2008, 148, 201-210. 

15. Lee K.B, Pisano A.P and Lin L.,Nonlinear behaviors of a comb drive 
actuator under electrically induced tensile and compressive stresses, J. Micromech. Microeng, 2007, 17, 

557–566. 

16. Kozinsky I, Postma H.W.C,Bargatin I, and Roukes M.L.,Tuning nonlinearity, dynamic range, and 

frequencyof nanomechanical resonators, Applied Physics Letters, 2006, 88:253101,1-3. 
17. Jang Y.H, Llamas- Garro I, Kim Y.K and Kim J.M.,RF MEMS suspended band-stopresonator and filter 

for frequency and bandwidth continuous fine tuning, J. Micromech. Microeng, 2012,22,015005,1-8. 

18. Naik S and Hikihara T.,Characterzation of a MEMS resonator with extended hysteresis, IEICE 
Electronics Express, 2011,8.5, 291-298.  

19. HassanpourP.A,Cleghorn W.L, Esmailzaden E and Mills J.K.,Vibration analysis of micro-machined 

beam-type resonators, J. Sound and Vibration, 2007,308, 287–301. 
20. Mestrom R.M.C, Fey R.H.B, Van Beek J.T.M, Phan K.L and Nijmeijer H., Modelling the dynamics of 

a MEMS resonator:Simulations and experiments, Sensors and Actuators A, 2008, 142, 306-315. 

21. Yao A and Hikihara T.,The nonlinear response of resonant microbeam systems withpurely-parametric 

electrostatic actuation, Physics Letters A, 2013, 1-3. 
22. Song M.T, Cao D.Q and Zhu W.D.,Dynamic analysis of a micro-resonator driven by electrostatic 

combs,Commun NonlinerSci NumerSimulat, 2011, 16, 3425-3442. 

23. Hopcroft M.A, Nix W.D and Kenny T.W., What is the Young’s Modulus of Silicon, J. 
Microelectromechanical Systems, 2010,19:2, 229-238. 

24. Kuo W.C, Chen C.W and Liu C.W., Design and fabrication of ahigh-aspect-ratio parylene-basedcomb-

drive actuator for large displacements at a low driving force, J. Micromech.Microeng, 2013,23: 065021, 

1-7. 
25. Zhang W.M, Yan H, Peng Z.K and Meng G.,Electrostatic pull-in instability in MEMS/NEMS: A 

review, Sensors and Actuators A, 2014, 214, 187-218. 

26. Chyuan S.W.,Computational simulation for MEMS combdrive levitation using FEM, J. Electrostatics, 
2008, 66, 361-365. 

27. Guo C and Fedde G.K.,A quadratic-shaped-finger combparametric resonatorJ.Micromech.microeng, 

2013,23:095007 1-9. 
28. Park H.W, Kim Y.K, Jeong H.G, Song J.W and Kim J.M.,Feed-through capacitance reduction for a 

micro-resonator with push–pullconfiguration based on electrical characteristic analysis of resonator 

withdirect drive, Sensors and Actuators A, 2011, 170, 131-138. 

29. Chang C.M, Wang S.Y, Chen R, Yeh J.A and Hou M.T.,A Comb-Drive Actuator Driven by 
Capacitively-Coupled-Power,J. Sensors, 2012, 12, 10881-10889. 

30. Sathya S, Pavithra M, Muruganand S., Simulation of electrostatic actuation in interdigitated comb drive 

MEMS resonator for energy harvester applications,IOP Conf. Series: Materials Science and 
Engineering, 2016, 149: 012050, 1-10.  



Sathya S et al /International Journal of ChemTech Research, 2017,10(5): 948-956. 956 

 

 
31. Molfese A, Nannini A, Pennelli G and Pieri F.,Analysis, testing and optimisation of electrostatic comb-

drivelevitational actuators, Analog IntegrCirc Sig Process, 2006, 48, 33-40. 

32. Vinotha K, Muruganand S, Sathya S, SenthilKumar V., A Novel Design of Electrostatic Actuation 
Basedon Comb Drive MEMS Resonator Using Vibrating Energy Storage Application, Int. J.of 

Advanced Research in Computer and Communication Engineering, 2016, 5:3, 1058-1062. 

 

***** 


