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Abstract. An out-of-plane oscillating beam nanoresonator with the ultrahigh intrinsic quality 
factor based on the motion transformation mechanism from torsion into rotation is reported. 
The nanoresonator is composed of two resonant beams which are mechanically coupled 
through two spring beams oscillating in an out-of-phase torsional mode. The out-of-phase 
torsional oscillation of the two spring beams forms a stationary point in the middle of a 
supporting beam, which minimizes anchor loss. The low thermoelastic damping (TED) in the 
nanoresonator is obtained by employing the torsional oscillation mode. The optimal study for 
minimizing TED has been carried out by varying the representative geometry parameters of 
the nanoresonator. The nanoresonator with a quality factor over 107 has been obtained by the 
proposed oscillation excitation method.  
Keywords: beam nanoresonator, out-of-plane oscillation, torsional oscillation, thermoelastic 
damping 
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1. Introduction  
Mechanical resonators have recently attracted much interest because of their wide range of 
applications in sensing, timing, and physical measurements [1-5]. An important parameter for the 
performance evaluation of mechanical resonators is the quality factor (Q). A resonator with a 
high Q implies a higher sensitivity in sensors, a good frequency resolution in filters, and low 
phase noise in oscillators. In order to maximize Q, it is fundamental to understand physical 
mechanisms limiting Q. Physical mechanisms of energy dissipation can be described by two 
categories: extrinsic and intrinsic losses [6-12]. The extrinsic losses are acoustic radiation, 
surface loss, and air friction, while the intrinsic losses include material loss, anchor loss, and 
thermoelastic damping (TED). Besides, the operation modes and imperfection of 
resonators/attached masses also affect the factor Q [8,9,11]. Under low vacuum conditions, 
losses in mechanical resonators are often generated from extrinsic damping mechanisms such as 
air damping [6-12]. Under high vacuum conditions, extrinsic dampings become negligible, and 
intrinsic damping mechanisms such as anchor loss and TED need to be taken into account. 
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Anchor loss is often dominanted by the radiation of elastic energy through anchors to the 
substrate [13,14]. This loss can be eliminated by using virtual supports [15] or by connecting the 
beam to the nodal points of spring beams [16]. Anchor loss can also be reduced by using 
extensional mode resonators [17]. Recent research have also been conducted on TED that shows 
to be another intrinsic damping source affecting the upper limit of Q [18-21]. The TED damping 
relates to the irreversible process of heat flow generated by compressed and extended regions 
between various parts of an oscillation structure [19-21]. For a material having a positive 
coefficient of thermal expansion, the compression in an oscillation structure leads to a higher 
temperature region while the tensile stress on its opposite side results in a lower temperature 
region. The strength of TED depends on the oscillation frequency, the relevant thermal 
relaxation time constant, and on the stress distribution in the oscillation structure. These, in turn, 
depend on the structural geometry and also on the material properties which are themselves 
functions of temperature. Resonators with high Q values can be obtained by operating the device 
at a low temperature [22]. Recently, engineered resonators for reducing TED have also been 
introduced [22-28]. These resonators can be in-plane flexural oscillation or out-of-plane 
oscillation. In a recent study [16], a flexural free-free resonator is studied and the TED Q has 
obtained around 106. The numerical evaluation of TED in microelectromechanical systems has 
been reported [29], in which the numerical results on TED of the flexural free-fixed beam 
resonators have been compared with analytical solutions [19]. To obtain a high Q resonator, it is 
necessary to consider not only anchor loss but also TED. The TED dissipation is generated from 
the extension and compression in the flexural vibrations of the mechanical resonator. Several 
out-of-plane (OP) vibrational resonators have been reported [26-28]. However, an OP vibrational 
beam nanoresonator operating in the MHz regime with the ultrahigh intrinsic Q in considering 
both anchor loss and TED has not yet been studied with much interest and needs to be reported.  

In this paper, we propose an OP vibrational beam nanoresonator. The OP vibration is 
carried out by the motion transformation from torsion into rotation. The application of the 
torsional oscillation mode is to minimize TED, while the out-of-phase oscillation is to 
suppress energy dissipation caused by anchor loss. Anchor loss is first investigated by 
decomposing the structure of the nanoresonator. Then, TED in the nanoresonator depending 
on its representative geometry parameters is investigated in detail. The Q-factor of the 
nanoresonator is optimized by considering the design of the cross-section and aspect ratio of 
the beams to minimize TED. The dependence of the Q-factor of the nanoresonator on the 
width and length of the beams is then explored. The nanoresonator with the Q-factor over 107 

is obtainable by eliminating the intrinsic damping mechanisms. 
 
2. The concept of nanoresonator and analysis model  
As introduced, TED and anchor losses are the main intrinsic damping sources that affect the 
upper limit of the Q-factor. For a mechanical resonator, its vibration is composed of flexural 
and/or torsional components, while TED is caused by flexural vibrations [19]. Flexural 
vibrations cause alternating tensile and compressive strains on opposite sides of the neutral 
axis leading to thermal imbalance. The irreversible heat flow, which is driven by the 
temperature gradient, makes the vibrational energy to be dissipated. Because of the shear 
strain, the TED loss in a pure torsional vibration is zero, however, in general, a nanoresonator 
usually includes a mixture of flexure and pure torsion vibrations. On the other hand, anchor 
loss can be minimized by using the support points with small displacement [15,16]. Taking 
these two requirements into account, we design an OP vibrational beam nanoresonator as 
shown in Fig. 1. Two resonant beams with length Lb are connected to two free ends of two 
spring beams with length Ls/2, which oscillate in the torsional mode. The two remaining ends 
of the two spring beams are connected to the middle of a supporting beam. The dimensional 
parameters of the nanoresonator are denoted in Fig. 1. 
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The Q-factor of a mechanical resonator is proportional to the ratio of the stored 
mechanical energy to the dissipated energy per cycle of oscillation. The totally dissipated 
energy is the sum of energy dissipated by a variety of physical mechanisms. We assume that 
the nanoresonator is operated under high vacuum conditions. Intrinsic losses including 
material loss, anchor loss, and thermoelastic damping are remained. The nanoresonator is 
assumed to be made of single-crystal silicon whose material loss is negligible [30]. In the 
current design, anchor loss can be eliminated [15]. Therefore, TED is considered to be a 
dominant damping source.  

 
 

 
Fig. 1. Schematic drawing of the OP vibrational beam nanoresonator based on the motion 

transformation mechanism from torsion into rotation 
 

According to the theory of thermoelasticity, the heat transfer equation involving TED is 
known as         
𝜌𝜌𝐶𝐶𝑝𝑝

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
− 𝛻𝛻 ⋅ (𝜅𝜅𝛻𝛻𝑇𝑇) = − 𝐸𝐸𝐸𝐸𝜕𝜕0

1−2𝜈𝜈
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

,                                                      (1) 
where T is temperature and ε is the elastic strain. The definition and value of other parameters 
in Eq. (1) are shown in Table 1. The term on the left of Eq. (1) is the heat source showing the 
heat generation rate per unit volume. ε is defined by 
𝜀𝜀 = 𝜀𝜀𝑥𝑥 + 𝜀𝜀𝑦𝑦 + 𝜀𝜀𝑧𝑧 = 𝛻𝛻 ⋅ 𝑢𝑢,                                                          (2) 
where u is displacement. 
 
Table 1. Physical parameters of single-crystal silicon used for simulation 
Parameters Definition Values 

E Young's modulus 165 [GPa] 
α Coefficient of thermal expansion 2.6e-6 [1/K] 
T0 Ambient and initial beam temperature 300 [K] 
ρ Density 2330 [kg/m3] 
Cp Specific heat capacity 700 [J/(kg K)] 
Cv Heat capacity Cv = ρCp 1.63x106 [J/( m3K)] 
κ Thermal conductivity 90 [W/(m K)] 
ν Poisson's ratio 0.28 

 
In the theory of dynamics and vibration, the equation of motion is established on the 

basis of the following force equilibrium:  
𝜌𝜌 𝜕𝜕2𝑢𝑢
𝜕𝜕𝜕𝜕2

= 𝛻𝛻 ⋅ 𝜎𝜎,                                                                   (3) 
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where σ is the mechanical stress tensor. Furthermore, according to the theory of 
thermoelasticity, the relation between σ and ε is given by   
𝜎𝜎 = 𝐶𝐶𝜀𝜀 − 𝐷𝐷𝑇𝑇,                                                                (4) 
where C is the stiffness matrix and D is the thermal expansion coefficient matrix [23].  

In harmonic vibration, the temperature T, displacement u, and velocity v have forms as: 

�
𝑇𝑇 = ℑ(𝑥𝑥𝑥𝑥) 𝑒𝑒𝑥𝑥𝑒𝑒( 𝑥𝑥𝑖𝑖𝑖𝑖)
𝑢𝑢 = 𝑈𝑈(𝑥𝑥𝑥𝑥) 𝑒𝑒𝑥𝑥𝑒𝑒( 𝑥𝑥𝑖𝑖𝑖𝑖)
𝑣𝑣 = 𝑉𝑉(𝑥𝑥𝑥𝑥) 𝑒𝑒𝑥𝑥𝑒𝑒( 𝑥𝑥𝑖𝑖𝑖𝑖) = 𝑥𝑥𝑖𝑖𝑈𝑈

                                              (5) 

where ω (= iλ) is the complex angular frequency, which consists of resonant and damping 
components; 𝕴𝕴(𝒙𝒙𝒙𝒙), 𝑼𝑼(𝒙𝒙𝒙𝒙), and 𝑽𝑽(𝒙𝒙𝒙𝒙) are the amplitudes of node temperature, node 
displacement, and node velocity, respectively. 

By substituting Eqs. (2), (4), and (5) into Eqs. (1) and (3), equations for estimating TED 
in the nanoresonator are given by a 3-order matrix [31] 
𝐴𝐴𝐴𝐴 = 𝜆𝜆𝜆𝜆𝐴𝐴,                                                              (6) 
where A and B are coefficient matrices, which are derived by applying the standard Galerkin 
finite element formulation for Eq. (1). The components of matrices A and B depend on the 
thermal conductivity κ, the density ρ, the specific heat of mass Cp, the elastic modulus E, the 
thermal expansion coefficient α, and Poisson's ratio ν. The eigenvector is 𝐴𝐴 = (ℑ,𝑈𝑈,𝑉𝑉)𝜕𝜕, 
namely a vector combining nodal temperature, displacement, and velocity together. Equation 
(6) is a generalized eigenvalue equation and the eigenvalue λ is dependent on the 
representative dimension parameters of the nanoresonator and TED. As presented, the 
strength of damping caused by TED depends on the structural geometry and also on the 
material properties which are themselves functions of temperature. It is assumed that the 
nanoresonator is operated at room temperature. In the following section, the dependence of 
TED on the representative geometry parameters of the nanoresonator is investigated. 
 The natural resonant angular frequency 𝑖𝑖𝑟𝑟and the Q-factor of the nanoresonator 
according to the real and imaginary parts of λ are as follows [18,23]: 
𝑖𝑖𝑟𝑟 = |𝐼𝐼𝐼𝐼( 𝜆𝜆)|,                                                                 (7) 
𝑄𝑄 = 1

2
�𝐼𝐼𝐼𝐼(𝜆𝜆)
𝑅𝑅𝑅𝑅(𝜆𝜆)

�,                                                                  (8) 
where Q is the fraction of energy lost per radian, and the factor 1/2 arises from the fact that 
the mechanical energy of the nanoresonator is proportional to the square of its amplitude.   
 To obtain information about the Q-factor of the nanoresonator, it is of interest to know 
its eigenfrequency. To do this, an eigenfrequency analysis is carried out to find eigenvalues. 
The Q-factor of the nanoresonator is calculated by solving the coupled thermoelastic 
equations by the finite element method in Comsol multiphysics. In this study, the used 
Comsol module is the MEMS module. The mechanical and thermal problems are coupled 
through the mechanical and thermal coupling equations as shown in Eq. (6). The mechanical 
and thermal boundary conditions imposed on the nanoresonator are as follows. Displacement 
fields at the anchor's boundary is zero and at remained boundaries are free and zero at the 
initial condition. The nanoresonator is set in an insulated environment and its initial 
temperature is room temperature. There is no temperature deviation in the nanoresonator at 
the initial condition. The surfaces of the nanoresonator are set to be thermal isolation 
conditions. In this research, it is assumed that the nanoresonator is made of single-crystal 
silicon material. The physical parameters of single-crystal silicon used for simulation are 
shown in Table 1. 
 
3. Results and discussion  
As presented above, nanoresonators oscillating in the pure torsional mode are interested due 
to negligible thermoelastic damping, which is explained by isovolumetric strain in the pure 
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torsional oscillation. However, the torsional resonator normally contains flexural vibration 
components which significantly generate TED [19]. Therefore, the torsional resonator needs 
to be optimized to obtain the lowest TED, i.e. the highest Q-factor.  

 

 
Fig. 2. Perspective view of displacement (a) and temperature distribution (b) of the out-of-

phase OP torsional mode of the proposed nanoresonator. In the magnified image of the 
interconnection between the supporting beam and the torsional spring beam (c), the 
temperature distribution is clearly seen. The dimensions of the resonant, spring, and 

supporting beams are Wb,s,a = 60 nm, t = 60 nm, and Lb,s,a = 1 µm 
 

Figures 2 (a) – (b) show the perspective view and temperature distribution of the 
nanoresonator in the out-of-phase torsional oscillation mode. This operation mode is the sixth 
mode of the nanoresonator. As seen in Fig. 2a, the two resonant beams, as well as the two 
spring beams, oscillate in the out-of-phase mode. Due to the out-of-phase torsional oscillation 
of the two spring beams, extension and compression regions are periodically distributed 
around the torsional axis at the four edge regions as shown in Fig. 2c.  

For a comprehensively modal analysis, the first five modes of the nanoresonator are 
also shown in Figs. 3a–e. The resonant frequency f and quality factor Q of the first five modes 
and the interested sixth mode are presented in Table 2. It is clear that the out-of-phase 
torsional oscillation mode has a much higher Q value than the remaining modes, except for 
mode 1. This can be explained that the other modes appear as anchor loss due to the flexural 
vibration of the spring and supporting beams or the torsional vibration of the supporting beam 
and TED loss due to the flexural vibration of the spring and supporting beams. Mode 4 is also 
a torsional mode; however, this torsional mode is the in-phase OP mode, so the moment 
imbalance occurs at the anchors that cause anchor losses. The moment imbalance also makes 
the supporting beam to perform flexural vibrations, which causes TED. The anchor and TED 
losses in mode 4 are the cause that we did not choose for investigating further. For mode 1, its 
Q value is comparable to that of mode 6; however, the anchor loss of this mode is not 
negligible due to the displacement of the anchor and the TED loss is caused by the flexural 
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oscillating spring beam. The resonant frequency of mode 1 is also two times lower than that 
of mode 6. Moreover, the requirements for high Q nanoresonators are both anchor loss and 
TED having to be suppressed. Mode 6 fulfills these requirements, so it is chosen for 
investigation. Therefore, in the following, we will investigate the characteristics of the out-of-
phase OP torsional oscillation mode of the nanoresonator. The characteristics of the 
nanoresonator have been investigated by the finite element method. Here, we have meshed the 
nanoresonator with the swept mesh method from the top down. This meshing method is 
chosen due to the symmetrical structure of the nanoresonator. The meshing element is cube-
shaped; its size is 20 nm wide × 20 nm long × 6 nm high. The size of such meshing element is 
suitable for our current calculation facility and acceptable for calculation errors. We have also 
investigated the convergence of calculation on the meshing size. When we decrease the 
meshing size from 30 nm to 15 nm, the discrepancy of f and Q is less than 1% and 17 %, 
respectively.     

 
Table 2. The f and Q values of the first six modes for the nanoresonator with the dimensions 
of the resonant, spring, and supporting beams Wb,s,a = 60 nm, t = 60 nm, and L b,s,a = 1 µm 

Mode order Mode definition f (MHz) Q 
1 1st out-of-plane cantilever mode 42.113 1.753×107 
2 1st in-plane cantilever mode 61.853 2.385×106 
3 2nd in-plane cantilever mode 76.023 1.593×106 
4 In-phase torsion mode 81.862 9.531×106 
5 2nd out-of-plane cantilever mode 83.911 2.020×106 
6 Out-of-phase OP torsion mode 86.854 2.291×107 

 

 
Fig. 3. (a)–(e) show resonant modes from 1–5, which have lower Q than the out-of-phase OP 

torsional mode, Fig. 2 

As above presented, the intrinsic energy dissipation in the nanoresonator is caused by not 
only TED but also anchor loss. Therefore, it firstly needs to prove that the anchor loss in the 
nanoresonator in the out-of-phase torsional mode is negligible. It is well-known that the anchor 
loss is minimal by locating anchors at the stationary points of vibration beams, however, it is 
challenging to evaluate quantitatively the anchor loss in the nanoresonator having a complex 
structure. Therefore, we will estimate the anchor loss in terms of investigating TED in the 
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nanoresonator by decomposing its structure. The anchor loss can be caused by propagating 
elastic energy through the interconnection between the spring beam and the supporting beam and 
the two ends of the supporting beam attached to the substrate. To estimate the anchor loss caused 
by the interconnection between the spring beam and the supporting beam, we compare the Q-
factor of the asymmetrical nanoresonator as shown in Fig. 4a, which is composed of only half the 
proposed symmetrical nanoresonator in Fig. 1. The asymmetrical nanoresonator has the Q-factor 
of 1.195×107 lower than that of the symmetrical nanoresonator (2.291×107). For comparison, the 
temperature distribution of the asymmetrical nanoresonator is shown in Fig. 4b. Thus, the 
temperature gradient has appeared in this nanoresonator, which is caused by the extension and 
compression strain in the flexural vibration of the supporting beam. The supporting beam 
perform flexural vibrations due to the torsional torque generated by the rotational motion of the 
spring beam. In contrast, the temperature gradient does almost not appear in the proposed 
symmetrical nanoresonator, Figs. 2c-d. This means that the anchor loss caused by propagating 
the elastic energy through the interconnection between the spring beam and the supporting beam 
is minimized in the proposed symmetrical nanoresonator. It can also be derived from the 
damping analysis in the asymmetrical and symmetrical nanoresonators that the weakening of the 
mechanical coupling between the two OP rotating oscillators leads to the increment of TED, i.e. 
the decrement of the Q-factor. This can be explained that the compression and extension strain of 
the supporting beam becomes larger when the mechanical coupling strength between the two OP 
rotating oscillators is weakened. 

 

 
Fig. 4. (a) and (b) are schematic drawings and temperature distributions of the asymmetrical 
nanoresonator, respectively; (c) and (d) are schematic drawings and temperature distributions 

of the nanoresonator with one free supporting beam end in the out-of-phase torsion mode, 
respectively 

 
To estimate the energy dissipation caused by propagating the elastic energy through the 

two anchors to the substrate, we use the nanoresonator with a fixed-free supporting beam as 
shown in Fig. 4c. The f and Q values of this nanoresonator in the out-of-phase torsional mode 
are almost the same as those of the symmetrical nanoresonator. This can be explained that the 
torsional spring beam takes the main role in determining the resonant oscillation of both the 
asymmetric and symmetrical nanoresonators. The deviation of f and Q of these two 
nanoresonators are only 4.14×10-3 % and 6.25×10-2 %, respectively. This also confirms that the 
out-of-phase torsional oscillation mode does not cause the displacement of the two anchors. 
Therefore, the elastic energy loss through the two anchors to the substrate is negligible. 
However, the nanoresonator with the supporting beam clamped at both two ends is considered to 
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be more robust than that clamped at one end. This is explained due to the higher stiffness of the 
supporting beam clamped at both two ends.  

Thus, by decomposing the structure, we have shown that the anchor loss in the proposed 
nanoresonator is negligible. Furthermore, we have investigated the same operation mode in the 
three nanoresonators, the asymmetrical, symmetric, and fixed-free supporting beam 
nanoresonators, so the relation of the results from the three nanoresonators can be derived. 
Therefore, the intrinsic energy dissipation is dominant due to TED. 

In the following, we will focus on investigating TED in the nanoresonator oscillating in 
the out-of-phase torsional mode. For the design purpose of one high-Q OP vibrational beam 
nanoresonator, the dependence of TED on the dimensions of the supporting beam has been 
investigated. The resonant frequency of the nanoresonator does almost not depend on La`and 
Wa. When La and Wa increase, the Q-factor of the nanoresonator slightly decreases. This can be 
explained that the mechanical coupling between the two torsional oscillations on both sides of 
the supporting beam is being weakened, which leads to the increment of TED.  

 

 
Fig. 5. (a) and (b) are f and Q of the OP vibrational beam nanoresonator investigated as 

functions of aspect ratio, respectively; (c) and (d) are f and Q of the OP vibrational beam 
nanoresonator investigated as functions of cross-section, respectively 

 
The f and Q values of the OP vibrational beam nanoresonator have been investigated as 

a function of the aspect ratio of beams (wide W to thick t ratio). In the investigation, the 
thickness and length of the beams are fixed at 60 nm and 1µm, respectively, while the width 
is varied. Figures 5a–b show the investigated results. The frequency response shows an 
87 MHz minimum at the aspect ratio of 1, however, the Q-factor obtains a maximum of 
2.3×107. For the aspect ratio of 1, the Q-factor obtains the highest value. This may be 
explained that TED in the torsional oscillation with the aspect ratio of 1 is mainly caused by 
the four edge regions of the torsional oscillation beam and the flexural vibration of the 
resonant beam. Thus, to maximize the Q-factor of the nanoresonator, the aspect ratio of the 
spring beam should be chosen to 1, i.e. the cross-section of the spring beam is square-shaped. 
Based on such criteria, f and Q of the nanoresonator have then been investigated as functions  
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of cross-section while keeping the aspect ratio to be 1. The investigated results are shown in 
Figs. 5c–d. f increases with the cross-section, while the Q-factor decreases quickly according 
to the cross-section. When the cross-section decreases from 2.56×104 nm2 (120 nm  
wide × 120 nm high) to 36×102 nm2 (60 nm wide × 60 nm high), f decreases a factor of 2.68, 
however, the Q-factor increases more than one order of the magnitude (16 times).  

In the following investigation, the OP vibrational beam nanoresonator with the  
60 nm × 60 nm cross-section has the highest Q value chosen to investigate the dependence of 
Q on Ls. Ls varied from 0.5 µm to 1.75 µm. The investigated results are shown in Fig. 6 (a). 
The Q-factor strongly depends on Ls. When Ls is varied from 0.5 µm to 1.75 µm, the Q-factor 
of the OP vibrational beam nanoresonator increases a factor of 5.9 from 8.68×106 to 5.15×107. 
In contrast with Q, f decreases a factor of 1.8 from 120 MHz to 66 MHz.  

 

 
Fig. 6. The resonant frequency and quality factor of the OP vibrational beam nanoresonator 

were investigated as functions of Ls (a) and Ws (b), respectively 
 

From the investigated result in Fig. 5b, the Q-factor of the OP vibrational beam 
nanoresonator achieves the maximum value when the aspect ratio of the spring beam is 1. 
However, for application in practical design, in addition to the study on the Q-factor 
depending on the length of the spring beam, we have also investigated the Q-factor of the 
nanoresonator as a function of Ws. In this case, the thickness of the spring beam is kept to be 
60 nm, while Ws is varied. The investigated results are shown in Fig. 6b. The Q-factor 
decreases a factor of 5.8 from 2.29×107 to 3.94×106, while f increases two times from 
86.9 MHz to 186 MHz. Thus, f and Q of the OP vibrational beam nanoresonator strongly 
depend on the length and width of the spring beam. Here, the spring beam takes part as a 
torsional oscillation in the nanoresonator. As proved in the previous section, when Ws varies, 
the aspect ratio of the torsional spring beam differs from 1, this means that TED increases, 
which leads to the decrement of the Q-factor. 
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Fig. 7. (a) and (b) show the f and Q of the OP vibrational beam nanoresonator investigated as 

functions of Lb and Wb, respectively 
 

The f and Q values have also been investigated as functions of Lb and Wb. The results 
are shown in Figs. 7a - b. As seen in Fig. 7, the Q-factor linearly increases with Lb and Wb. In 
Fig. 7a, the cross-section of the beams is 60 nm wide × 60 nm high. When Lb increases from 
0.5 µm to 1.75 µm, the Q-factor increases a factor of 1.8 from 1.75×107 to 3.11×107, while f 
decreases a factor of 6.8 from 248 MHz to 36.6 MHz. When Wb increases from 60 nm to 
180 nm (Fig. 7b), the Q-factor increases a factor of 3.6 from 2.29×106 to 8.29×107, while f 
decreases a factor of 1.7 from 87 MHz to 51MHz. In this investigation, the thickness of the 
resonant beam is fixed at 60 nm. The increment of the Q-factor with Wb can be explained by 
Zener’s TED theory [19,20]. The energy distribution exhibits a Lorentzian behavior as a 
function of ωrτ, (Q-1 = ∆M (ωrτ/(1 + (ωrτ)2)), where, 𝜏𝜏 (=  �𝜏𝜏𝜎𝜎𝜏𝜏𝛿𝛿) is thermal relaxation time, 
in which τσ and τδ are the relaxation times of the stress and strain, respectively, ∆M is a 
dimensionless quantity called the relaxation strength of the elastic modulus). The energy 
distribution appears a maximum value when ωrτ = 1 [19,20].For the resonating beam with 
dimensions of 60 nm wide x 60 nm high x 0.5 µm long, τ (= ρCpt2/π2κ) is evaluated to be 
2.64 × 10−13, so in the investigated range of Wb, ωr < 1/τ. When Wb increases, ωr decreases 
due to the increment of the rotational inertia while τ is constant, ωrτ is consequently 
decreased. Thus, the Q value increases with Wb due to lesser energy dissipated.  

 
4. Conclusion 
We have presented the design and simulation analysis of an OP vibrational beam 
nanoresonator. Based on the motion transformation mechanism from torsion into the rotation, 
the OP vibrational beam nanoresonator having ultrahigh intrinsic Q-factor in considering both 
anchor loss and TED is designed and simulated. The torsional oscillation is used to minimize 
TED, while the out-of-phase vibration is employed to form the stationary points for 
suppressing anchor loss. The optimal design flow for the OP vibrational beam resonator has 
been carried out. The torsional spring beam should have a square shape to minimize TED. 
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The OP vibrational beam nanoresonator with the Q-factor over 107 is achievable by 
optimizing its representative geometry parameters.  
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