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Abstract- In the design of Micro ElectroMechanical Systems (MEMS) such as micro-resonators, one of the major energy 
dissipation mechanisms to consider is Thermoelastic Damping (TED) .TED is an important issue in the development of 
MEMS based actuators,  resonators, and filters when the  microstructures are resonating under flexural mode of 
vibration.TED is  induced by the irreversible heat dissipation during the coupling of heat transfer and strain rate in an 
oscillating system. The magnitude of the energy loss depends on the vibrational frequency and  the thermal relaxation time 
constant of the structure. TED highly affects the Quality  factor (Q Factor)  and a high value of Q  is always preferred for 
reliable operation. In this work, width dimensions on TED limited QFactor  of simple fixed-fixed beam resonators in flexural 
mode are analyzed.  It is found that depending on the resonance frequency of microstructures, different Q are obtained.The 
performance of such MEMS resonators is directly related to their thermoelastic quality factor which has to be predicted 
accurately. In this paper, the geometry dependence of the Q factor of MEMS resonators is analyzed. The methods to alleviate 
this energy loss is achieved by the proper geometric  design of the resonator structures.  The changes in the dimensions of 
the resonator highly  affects its resonant frequencies and thus the Q factor. It is seen that at some particular width,there is a 
huge transition for Q value and it is proposed that this width is the critical width of the resonator. In this paper, the critical 
width of a Simple beam fixed-fixed type resonator corresponds to a value of 25µm and whenever this width is exceeded 
eigen frequencies of the resonator drastically falls and Q factor rapidly drops to a very low value. The geometric effects play 
an important role in limiting Q factor and by proper design of the dimensions of the resonator structures high Q is achieved. 
The effects of geometry on the energy dissipation induced by TED are investigated using COMSOL Multiphysics software. 
 
Index terms- Eigen frequency analysis, Flexural mode resonators, QFactor, Thermoelastic Damping 
 
Among the broad range of applications the MEMS 
technology gives a unique possibility to implement 
micromechanical resonators and filters with high 
performance regarding selectivity and Q-factors. 
When combining these mechanical structures with 
microelectronics, central parts in  Radio Frequency 
systems (RF systems) can be implemented. Various 
types of oscillators, Voltage Controlled Oscillators 
(VCO), mixers and sharp filters can be implemented 
by microstructures [1]-[3]. The MEMS structures can 
thereby replace traditional costly and large off-chip 
discrete components by making possible integrated 
solutions that can be batch processed.  
 

Various energy dissipation mechanisms exist in 
MEMS and NanoElectroMechanicalSystems (NEMS) 
[4] . Several different mechanisms contribute to 
energy dissipation such as  air-damping, squeeze film 
damping, acoustic radiation from the supports of the 
beam (also called anchor or clamping losses), 
damping due to crystallographic defects (such as 
dislocations  and grain boundaries ) and thermoelastic 
damping [5] . Some of these sources of energy losses 
are considered extrinsic such that they can be altered 
by changing the design or operating conditions .  For 
example, operating the device in vacuum and 
designing nonintrusive supports reduces air-damping 
and clamping losses, respectively. However, intrinsic 
sources of dissipation, such as thermoelastic damping, 
impose a strict upper limit on the attainable quality 
factors of a resonator [6]. 

Thermoelastic damping has been identified as an 
important loss mechanism in MEMS resonators [7]-
[8].  
 
II. THEORY OF THERMOELASTIC DAMPING 
 
Zener predicted that thermoelastic losses may be a 
limitation to the maximum Q factor of a resonator [9]. 
Basically, the principle of thermoelastic damping is 
the following: When a mechanical structure vibrates, 
there are regions where compressive stress occurs and 
others where tensile stress occurs, in a cyclic way 
given by the vibration frequency. Accordingly, 
compressed regions heat up and stretched regions 
cool down. Hence a temperature gradient is 
established between different regions of the system. 
However, to set the mechanical system in vibration, 
energy must be provided, leading to a non-
equilibrium state having an excess of energy. 
Disregarding thermoelastic damping, the vibration 
could persist indefinitely in an elastic body that is 
perfectly isolated from its environment. However, 
local temperature gradients lead to irreversible flow 
of heat, which is a dissipation mechanism that 
attenuates the vibration until complete rest is 
achieved. Heat flow through a thermal resistance will 
result in power dissipation, which is a Q limiting 
energy loss mechanism. This loss is the most 
prominent when the period of the resonator is of the 
same order as the thermal time constant across the 
beam. From a thermodynamic standpoint TED can be 
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viewed as the  initial flexing of the beam which  
causes the temperature profile of the beam to become 
more ordered. If the beam re-establishes equilibrium 
this order is lost, resulting in an irrecoverable 
increase in entropy, which is an energy loss[10]. 
A. The concept of the Quality factor 
          For a one degree of freedom mass–spring 
system under viscous damping, the equation of motion 
would be as follows [4]  
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   where m  is the mass, c  is the viscous coefficient, 
x  is the displacement of mass,1/(2ζ ) is the quality 
factor of  system, for  ζ <<1; 0   is the natural 
frequency of  the system, and the dot sign shows the 
differentiation with respect to time. The quality factor 
of system,1/(2ζ ), depends on the value of mass, 
viscous coefficient and spring coefficient. The free 
vibration response of the system may be assumed as 
the complex form tiXe  where X is the complex 
amplitude, and 0   is the free vibration frequency. 

Then by substituting tiXe  into the above equation 
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B. General expressions for TED Factor 
(Dissipation Factor) 

Consider  a resonator based on a flexural beam. When 
the beam bends, one side is in compression and heats 
up and the other is in tension and cools down. The 
relaxation time for the heat to travel from the hot side 
to the cold side depends on the thickness  of the beam 
and on the thermal conductivity   of the material. This 
relaxation time corresponds to a characteristic 
frequency. When the natural frequency of the 
resonator becomes comparable to this characteristic 
frequency maximum dissipation occurs. 
       Zener’s solution [9] for thermo elastic damping in 
a thin beam can be approximated as a term 
Thermoelastic Damping Factor (TED Factor) or 
Dissipation Factor denoted as 1Q which gives an 
idea of the internal friction in a resonator. Actually 

1Q  is the fraction of energy dissipated per radian of 
vibration and can be expressed as 
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and 0  is the undamped natural frequency for the 
relevant mode [10]. 

For a simply supported beam, the first natural 
frequency is 
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Lifshitz and Roukes’ precise solution can be 
expressed in the following form [1] 
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The symbols used in the above equations are E (Pa)- 
Young’s modulus, -Thermal expansion coefficient,
k (W/m-K)- Thermal conductivity, pC  (J/kg-K-) 

Specific heat,  (kg/m3)-Density,T (K)-Temperature, 
h (m)-Thickness and L (m)-Length. 
 
III. SIMPLE FIXED-FIXED TYPE BEAM 
RESONATORS 
 
Thermoelastic damping, which is the  internal energy 
dissipation mechanism increases the eigen frequency 
and degrades the Q factor of the resonator [11].   The 
resonator is a beam of Polysilicon with length 400 μm, 
width 20 μm and thickness 12 μm. The beam is fixed 
at both ends, and it vibrates in a flexural mode in the z 
direction (that is, along the smallest dimension). The 
model assumes that the vibration takes place in 
vacuum. Thus there is no transfer of heat from the free 
boundaries. The model also assumes that the contact 
boundaries are thermally insulated [12]. 
 
IV. SIMULATION RESULTS 
 
Figure.1 shows the analysis of a simple Poly Si based 
fixed-fixed beam resonator in terms of Q factor and 
varying geometry. The changes in the dimensions of 
the resonator highly  affects its Q factor. In this paper, 
Q factor with TED effect (QTED ) is analyzed for 
different widths of the beam with length and 
thickness  kept as  constants. The Q value is plotted 
for different values of beam width as shown in Fig.1.  
According to the results, it has been found that the 
resonator with a wide beam has a much smaller Q 
value than the one with a narrow beam as shown in 
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Fig.1. This is consistent with the results reported in 
the literature showing that the quality factor decreases 
with the elastic modulus [12]. In this study, the 
relationship between the beam width and the 
eigenfrequency of the model is investigated. The 
result shows that the eigenfrequency increases with 
the beam width. This can be explained by considering 
the entire device as an equivalent spring-mass system. 
An increase of the beamwidth will increase the 
equivalent spring constant, and therefore raise the 
resonant frequency.. It is seen that at some particular 
width there is a huge transition for Q value and it is 
proposed that this width is the critical width of the 
resonator. When the value of the beam width exceeds 
this value eigen frequencies are very  small and 
Qfactor rapidly drops to a very low value. Below this 
value Qfactor is fairly high as shown in the graph. 
For this particular resonator W=25µm is the critical 
width We  propose that while designing a resonator 
with high Q value this critical size should be 
essentially considered. 

 
Fig. 1. Q factor versus Width of a Poly Si based 

simple fixed-fixed beam resonator. 
Fig.2. explains the temperature distribution of the 
beam for the isosurface. Variation in temperature for 
the different parts of the structure is indicated by the 
different colours according to the colour profile as  
given in  the right side of the  plot. The colour chart 
for temperature is normalized such that maximum 
=3.744 and mini=-3.744. 

 
Fig.2.Isosurface plot of a simple fixed-fixed PolySi beam 
resonator showing  temperature distribution at  Eigen 

frequency=633.9414KHz. 
 

Fig.3.shows an isosurface plot of the displacement of 
the different parts of the beam. The displacement  
variation in  the different parts of the structure is 
indicated by the different colours according to the 
colour profile as  given in  the right side of the  plot. 

The colour chart for displacement shows maximum at 
89µm and minimum at 9.93 µm. 

 
Fig. 3. Simulated isosurface plot of a simple fixed-fixed PolySi 

beam resonator showing  total displacement variation  at Eigen 
frequency=633.9414KHz. 

 
Fig.4. and  Fig.5. show the simulated outputs of a 
simple fixed-fixed beam resonator showing total 
displacement and temperature distribution 
respectively for the first eigen mode which 
corresponds to a frequency of 633.9414KHz.          
It is found that the width opted for the resonator 
design is 20µm which is less than the critical width 
required for the resonator. The critical width for the 
simple beam fixed fixed type resonator under study is 
found to be 25 µm.  

 
Fig.4.Simulated TED output of a simple fixed-fixed Poly Si 

beam resonator showing  total displacement (Max=95.9µm amd 
mini=0)  for L=400 µm;Width=20 µm and Height=1.2 µm. 

 
Fig.5. Simulated TED output of  a  simple fixed-fixed Poly Si 
beam resonator  showing Temperature distribution (Max= 
3.455 and mini= -3.455)   for L=400 µm;Width=20 µm and 

Height=1.2 µm. 
 

The simulated outputs of a simple fixed-fixed Poly Si 
beam resonator  showing total displacement and 
temperature deviation for a width greater than the 
critical width is shown in Fig.6. and Fig.7. 
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respectively. The width of the beam is selected to be 
26 µm.The Qfactor obtained for this width is very 
low and from the Fig.6. and Fig.7. it is found that at 
this dimension flexural mode of vibration is absent. 

 
Fig.6 :Simulated TED output of a simple fixed-fixed Poly Si 

beam resonator  showing total displacement (Max=0.03922 nm 
and mini 0) for  L=282µm;Width=26 µm and Height=1.2 µm . 

 

 
Fig.7. Simulated TED output of a a simple fixed-fixed Poly Si 

beam resonator  showing temperature distribution (Max=1.732 
and mini= -1.732) for  L=282µm;Width=26 µm and Height=1.2 

µm. 
 
CONCLUSION 
 
This paper shows the importance of Thermoelastic 
damping (TED) as an energy loss mechanism in 
MEMS based resonators.  TED effects on a simple 
fixed-fixed RF MEMS resonators are analyzed using 
COMSOL Multiphysics software. The effect of width 
geometry  on TED characteristics is  studied. Inorder 
to get a reasonable Q value with TED effect (QTED ), 
the critical width of the beam is essential for 
geometry. In this study the critical width required for 
the resonator geometry is found to be 25 µm. When 
the width of the geometry is above critical width 
Qfactor will be very less and flexural mode of 

vibrations are found to be absent. By properly 
designing the resonators with width less than critical 
width and identification of the thermal modes that 
contribute  most to damping  resonators with high 
quality factors can be developed. Increasing the Q 
factor improves the Signal-to-Noise Ratio (SNR), 
spectral purity, and selectivity of the system. It is 
therefore important to predict the Q factor of a 
structure and have accurate design guidelines to 
minimize the energy losses. 
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