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Abstract Resonators based on nanoelectromechanical systems (NEMS) using two-dimensional (2D) materials with high-quality factors

and excellent electrical control are critical for tunable coherent phonon dynamics, resonant sensors and wireless communications. However,

their performance is fundamentally limited by the lack of a unified framework governing energy dissipation mechanisms and their electrical

tunability. Here, we synergistically modulate both static tensile strain (ε) and dynamic vibration amplitude (δz) through electrostatic

gating, achieving deterministic control over thermoelastic dissipation pathways in 2D doubly-clamped resonators. By combining analytical

modeling with experimental measurements on MoS2 and graphene devices, we demonstrate that ε suppresses dissipation, while δz amplifies

dissipation. The interaction of these effects can control the dependence of Q on DC gate voltage VG, including the non-monotonic trend

and the record-breaking tunability range of ∆Q/Q = 928%. Crucially, we identify a critical regime where the strain-to-amplitude

sensitivity ratio (∂ε/∂VG)/(∂δz/∂VG) governs the Q-VG relationship polarity, resolving long-standing discrepancies in literature. This

universal framework demonstrates that through the control of initial strain and vibration amplitude, it is feasible to achieve the desired

modulation of Q, thus paving the way for 2D NEMS applications in topological phononic circuits, quantum-limited mass sensing, and

adaptive on-chip signal processing.
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1 Introduction

Nanoelectromechanical systems (NEMS) offer unique opportunities for probing the operating characteristics and
properties of mechanical devices at the sub-micrometer scale [1–3]. An increased oscillation frequency [4] enables high
sensitivity for detecting forces and masses [5–8], as well as to characterize properties at ultra-low temperatures, where
quantum limits become significant [9–12]. Furthermore, in the 21st century, two-dimensional (2D) materials [13,
14] like graphene, molybdenum disulfide (MoS2) have demonstrated a range of unique structural, mechanical,
electrical, and optical properties [15, 16] distinct from those of traditional three-dimensional materials. This is
largely due to their unique interlayer van der Waals interactions and various quantum confinement effects [17].
Characteristics of 2D materials include atomic-level thickness, flexibility, high mobility, and novel phenomena like
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superconductivity [18], valley spin effect [19], quantum Hall effect [20], and 2D excitons [21, 22], among others.
NEMS resonators constructed from 2D materials offer notable advantages over alternative resonators [23–26]. Their
ultra-thin structure, characterized by high elastic modulus and low mass density, enables the development of ultra-
high frequency resonators [27, 28]. Additionally, the atomic-layer thickness of 2D materials increases the effective
area, which is crucial for the sensitive detection of mass, force, and pressure [29–31]. Finally, 2D resonators possess
a wider linear dynamic range and remarkable inherent flexibility, allowing for high-frequency tunable and coupled
resonators [32].

The quality factor (Q), which characterizes the energy decay rate in each vibration cycle, is the most critical
parameter of an NEMS resonator. It is common to define all the dissipation of the resonator as the inverse of Q
(Q−1). The one with a higher Q accumulates more energy in a specific vibrational mode before dissipating it into
the environment [33]. This property closely relates to the noise associated with thermomechanical displacement,
which is essential for designing high signal-to-noise ratio sensors [34,35], low-phase-noise oscillators, and filters with
substantial noise rejection. Consequently, high-Q resonators find application in precision measurements, including
biosensors [36], inertial sensors [37], gas sensors [38], mass sensors [39], electromechanical signal processing [40], as
well as frequency synthesizers [41] for wireless transmission and parametric amplification [42].

However, conventional resonators possess a fixed Q, imposing a static trade-off between competing performance
metrics: a high Q enables fine frequency selectivity and low phase noise at the expense of bandwidth and response
speed, while a low Q favors rapid transient response (τ ≈ 2Q

ω0
) and wideband operation but compromises resolution

and sensitivity [43,44]. This fundamental compromise limits the versatility of individual devices in systems demand-
ing dynamic adaptability, such as cognitive radios [45] that switch between narrowband and wideband protocols,
or sensors that alternate between high-precision measurement and fast tracking modes. Overcoming this limitation
requires resonators with freely electrically tunable Q, a capability that remains elusive.

Despite their exceptional potential, the performance of 2D NEMS resonators is fundamentally constrained by
energy dissipation mechanisms that degrade their quality factor (Q). While NEMS devices inherently operate at
higher frequencies than conventional MEMS counterparts, their Q-values remain significantly lower under compara-
ble conditions [46], primarily due to unresolved intrinsic dissipation pathways. Extrinsic dissipation sources, such as
air damping and structural losses, have been mitigated through vacuum operation and geometric optimization [4].
However, intrinsic mechanisms—including surface defects, thermoelastic damping, and phonon scattering—persist
as dominant limitations, particularly in atomically thin 2D materials where high surface-to-volume ratios exacerbate
surface losses. Recent studies on silicon nitride resonators suggest tensile strain engineering as a promising route to
suppress thermoelastic dissipation [47], yet its applicability to 2D NEMS remains unexplored.

Our work addresses this critical gap by establishing a dual-strain modulation paradigm that modulates both static
tensile strain (ε) and dynamic vibration amplitude (δz) through electrostatic gating. Contrary to prior observations
in low-strain MoS2 resonators (where Q increases with an increase in DC voltage) [48], we reveal a counterintuitive
regime: devices with high initial strain demonstrate a decrease in Q with an increase in DC voltage. Systematic
analysis identifies the strain-to-amplitude sensitivity ratio (∂ε/∂VG)/(∂δz/∂VG) as the governing parameter for
Q-VG relationship polarity. This framework resolves long-standing discrepancies in literature, achieving a record
Q tunability (∆Q/Q = 928%) through synergistic control of ε and δz. Validated across MoS2 and graphene
resonators, our results demonstrate universal scaling laws: ε suppresses dissipation, while δz amplifies dissipation.
These insights redefine strategies for optimizing 2D NEMS in quantum sensing and adaptive signal processing.

2 Materials and methods

To explore the relationship between Q and VG, a range of doubly-clamped NEMS resonators has been devised.
The substrate features multiple contact electrodes (source-drain electrodes) and gate electrode trenches arranged in
series, utilizing a local-gate device structure design that facilitates large-scale integration while minimizing parasitic
capacitance. Subsequently, appropriate strips of 2D material are transferred onto the electrodes. These materials
are clamped by the source (S) and drain (D) electrodes, thereby forming multiple independent resonators (Fig-
ure 1(a)). The gate (G) at the bottom is used for electric excitation. With the source grounded, the DC signal VG

is provided by the DC voltage source and the AC signal δVG is fed from the built-in generator of the Zurich UHFLI
lock-in amplifier. Both DC and AC signals are simultaneously applied to the gate (G) using the Bias-Tee to drive
the resonator. Concurrently, measurements are conducted using laser interference (LGK 7665-18, LASOS), whereby
the reflected signal is directed back to the lock-in amplifier through a photodetector (FPD510-FS-VIS, Menlosys-
tems) (Figure A1). By monitoring the lock-in amplifier output, the drive voltage is adjusted to maintain a stable
resonance condition within the linear range. The samples are located inside a vacuum chamber at a temperature of
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Figure 1 (Color online) Schematic diagram and resonance measurements of the doubly clamped resonator, and the dependence of Q on VG

for the resonator. (a) Schematic cross-section of the doubly clamped resonator VG. The AC voltage δVG from the lock-in amplifier and the DC

voltage VG from the DC voltage source are applied to the gate in order to drive the resonator and adjust its frequencies. The device operates

in a vacuum chamber equipped with a quartz window. (b) An atomic force microscopy (AFM) image of a doubly-clamped MoS2 resonator with

length L = 1.3 µm, width w = 1.9 µm, and thickness t = 50 nm. (c) Schematic of the resonator device. In the doubly-clamped configuration,

the uniform electrostatic force results in static deflection towards the gate. This equilibrium point can be denoted as ze, the dynamic range

(equal to vibration amplitude) as δz, and the distance between the gate and the contact electrode as g. (d)–(f) Measurements and theoretical

analysis of the doubly-clamped MoS2 resonator in (b) are conducted. (d) Various resonance spectra were measured at a constant AC drive

amplitude of 2.5 mV, with the signal amplitude depicted on a color scale. The red dashed line represents the fit to the resonance, from which

the initial strain of about 0.197% is derived. (e) Calculation of the total strain as a function of VG. (f) A plot of the vibration amplitude

versus VG for a constant AC drive amplitude of 2.5 mV and the vibration amplitude coefficient b, computed from the geometry of the measured

device in (b) and the device parameters. (g) 3D plot of the resonance spectrum measured in the range from 0 to −40 V. (h) Resonance spectra

were taken at −0.8 V (top panel) and −40.0 V (bottom panel), leading to Q = 2138 and Q = 208, respectively, resulting in ∆Q/Q = 928%.

The dashed lines depict the experimental data, while the dotted lines show the model fits. (i) Q-factors were obtained in the range from 0 to

−40 V for the fundamental bending mode. The dots display the scattered experimental data, with the solid black line representing the model

fit. Nonlinear resonance data have been excluded from this illustration for clarity.

about 6 K.

Figure 1(c) illustrates the voltage-driven schematic of the resonator. As the DC gate voltage VG increases gradu-
ally, the strip is pulled down due to the electrostatic force, resulting in elongation and the subsequent generation of
DC tensile strain. At this point, the distance of the strip from its initial position, i.e., the static tensile displacement,
is denoted as ze. When the AC drive signal δVG is applied onto the gate, the levitated strip undergoes periodic
forced oscillations at the round position ze with the frequency of the drive signal adjusted being equal to the strip
eigenfrequency. The vibration amplitude is denoted as δz. The vacuum gap between the strip and the gate will
change periodically, resulting in a change of reflectivity, which is then used to obtain the reflection spectrum.

3 Results and discussion

In this case study, we examine a doubly-clamped MoS2 NEMS resonator, characterized by a strip measuring 1.3 µm
in length, 1.9 µm in width, and 50 nm thick, freely suspended on SiNx with an initial air gap (g) of about 200 nm.
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The atomic force microscopy (AFM) diagram for this configuration is presented in Figure 1(b).
It is worth noting that although the width-to-length ratio of this device is closer to that of a diaphragm, its

boundary conditions—clamped only at the two electrode ends—conform to a doubly-clamped strip configuration.
All experimental data presented here, unless otherwise specified, correspond to the fundamental vibration mode, in
which both strip and diaphragm structures exhibit equivalent vibrational behavior with uniaxial strain dominance
along the longitudinal direction (see Appendix D.3 for details). Therefore, the subsequent analysis appropriately
follows the strip (beam) theory.

When VG is applied, the total static strain in the MoS2 strip consists of both the initial and the electrostatic
VG-induced tensile strains, which can be extracted from the measured resonance frequency tuning spectra. As
shown in Figure 1(d), in case of the doubly-clamped MoS2 strip resonator mentioned, 0.197% of the initial strain
was extracted through data fitting the resonance frequency versus |VG| curve as VG is scanned from −40 to 0 V
(see Appendix B.2 for details). It should be noted that the initial strain ε0 will vary between devices due to the
particular intrinsic properties of the sample and the transfer techniques employed. The dissipation mechanism in
MoS2 NEMS resonators is primarily determined by two factors: the initial strain (ε0), which is the built-in tension,
and the induced tension due to stretching caused by VG.

Q-factor of a resonator is defined as the ratio:

Q = 2π
Wstored

Wdissipated
, (1)

where Wstored is the energy stored in the resonator and Wdissipated is the energy dissipated per cycle. Several types
of dissipation-induced losses affect Q in NEMS resonators, such as gas friction losses Q−1

gas, surface losses Q−1
surface,

and thermoelastic dissipation Q−1
TED. In this work we particularly focus on thermoelastic dissipation contribution

Q−1
TED, where the vibration disrupts the equilibrium of the oscillator, and the strain field induced by vibration

couples with the temperature field, leading to energy dissipation. So total dissipation combines thermoelastic and
other dissipative mechanisms:

Q−1 = Q−1
TED +Q−1

other. (2)

In a 2D NEMS resonator, the energy is composed of three distinct components: Wflex, generated by membrane
flexing; Welong, generated by membrane elongation; and Wtensile, the tensile energy:


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(3)

where Iz , E, L and S represent the moment of inertia, Young’s modulus, length and cross-sectional area of the
suspended strip, respectively. ε is the total axial tensile strain dependent on VG and u = δzm sin (nπx/L) is the
sinus-type shape of the doubly-clamped resonator, where n and δzm are the modal number and the maximum
vibration amplitudes of the suspended strip, respectively. We further substitute the mode shapes into the above
equation and get




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3
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,
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,
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1

4

εES(nπδz)2

L
.

(4)

The dissipation caused by flexing and elongation constitutes thermoelastic dissipation, and the expression of
thermoelastic dissipation is obtained:

Q−1
TED =

∆Welong +∆Wflex

2π (Wtensile +Welong +Wflex)

≈
Welong

Wtensile

∆Welong

2πWelong
︸ ︷︷ ︸

Q−1
elong

+
Wflex

Wtensile

∆Wflex

2πWflex
︸ ︷︷ ︸

Q−1
flex

, (5)
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where ∆Welong and ∆Wflex are the loss of elongation and flexing energy during a cycle, respectively.
The response of an inelastic material to a constant stress happens at a certain relaxation time; i.e., the induced

strain lags the stress by one phase, which leads to energy dissipation. We often use the loss angle to calculate the
energy dissipation in our system. This loss angle is related to the complex form of the Young’s modulus of the
material: E∗ = E+E′ = E(1+ iδ), where E represents the real part of Young’s modulus which defines the amount
of energy stored in the specimen as a result of the applied strain, E′ is the lost Young’s modulus and represents the
dissipation of energy, and δ represents the loss angle [44]. In a 2D membrane, the loss angles due to elongation and
flexing losses are δelong = ∆Welong/ (2πWelong) and δflex = ∆Wflex/ (2πWflex), respectively. It can be confidently
assumed that δelong and δflex remain constant in the MoS2 device as VG or δVG changes. Then we can get the
thermoelastic dissipation expressions, including elongation dissipation and flexing dissipation:

Q−1
TED =

3(nπ)2

16ε

(
δz

L

)2

δelong
︸ ︷︷ ︸

Q−1
elong

+
(nπ)2

12ε

(
t

L

)2

δflex
︸ ︷︷ ︸

Q−1
flex

. (6)

The derived equation reveals a fundamental competition between static tensile strain ε and dynamic vibration
amplitude δz in governing thermoelastic dissipation Q−1

TED of electrostatically gated 2D NEMS resonators. Specif-
ically, Q−1

TED decreases with ε and increases with δz, this dual dependence aligns with the previous analysis. At
elevated gate voltages VG, electrostatic forces induce tensile elongation of the resonator, increasing ε and stored
mechanical energy (Wtensile ∝ ε), thereby suppressing dissipation and enhancing Q. Concurrently, higher VG am-
plifies the driving force, enlarging δz and intensifying thermoelastic losses (Welong ∝ (δz)4), which reduces Q. The
net Q-VG dependence is dictated by the dominance of these antagonistic factors. When ε modulation outweighs
δz effects (( ∂ε

∂VG
) ≫ ( ∂δz

∂VG
)), Q increases with VG; conversely, in amplitude-dominated regimes (( ∂δz

∂VG
) ≫ ( ∂ε

∂VG
)),

Q decreases despite rising VG. Quantitative analysis of this strain-to-amplitude sensitivity ratio establishes critical
thresholds for polarity reversal, resolving prior inconsistencies in literature.

The process described in the provided discussion involves the definition of the initial strain ε0 through fitting
the resonant frequency tuning curve and then determining the total strain ε due to VG. At electrostatic stretching
equilibrium, where the elastic and electrostatic forces are balanced and the static displacement ze of the strip can

be determined by minimizing the total energy (elastic and electrostatic) ∂(Ues−Uel)
∂z = 0. One can define the offset

function of the whole strip Z = 4z
(
Lx− x2

)
/L2. Subsequently, the total strain induced by the elongation caused

by VG can be calculated ε = 1+ε0
L

∫ L

0

√

1 + (∂Z∂x )
2dx− 1 (see Appendix B.1 for details). By utilizing this method

based on the resonant frequency tuning curve, the initial strain and tensile strain at different DC voltages can be
extracted. The variation of total strain with DC voltage can be depicted in Figure 1(e), providing insights into how
strain changes with varying DC voltage levels.

To solve for the vibration amplitude δz, the 2D resonator is treated as a linear resonator vibrating at its equilib-
rium, and it is only subjected to a driving force F (t). The equation of motion is represented by ẍ+ γ

meff
ẋ+ ω2

0x =
F (t)
meff

, where x is the transient displacement in the out-of-plane direction, ω0 is the angular resonance frequency,

F (t) = Fdrive cos(ωt) represents the transient external RF driving force, and γ stands for the linear damping factor.
Solving the equation results in the classical linear vibration amplitude x0:

|x0(ω)|
2
=

(
Fdrive

meff

)2

(ω2 − ω0
2)2 + (γω)2

, (7)

where Fdrive is the electrostatic drive, meff is the equivalent mass, which in a 2D strip resonator is equal to half
the actual mass. When the resonator is at the resonant frequency ω = ω0, the expression for δz is obtained as
δz = Fdrive

meff·γ·ω0
. In our calculations it is considered that the vibration amplitude is directly proportional to the DC

and AC voltages, given by δz = b · |δVG · VG|, with the vibration amplitude coefficient b depending on the dimensions
of the resonator and gap g (refer to Appendix B.3 for specifics). After evaluating the coefficient as b = 3.7× 10−9

and fixed δVG = 2.5 mV, the variation of vibration amplitude with VG is depicted in Figure 1(f).
As VG is raised from 0 to 40 V, δz increases from 0 to 0.377 nm, with the total strain being increased only by

2 × 10−6. This indicates that the vibration amplitude δz responds more rapidly to changes in VG compared to
strain ε, highlighting its greater impact on Q. The final Q is observed to decrease with VG’s increment. Figure 1(i)
illustrates the reduction of Q as VG increases, as determined from our experiments. The Q are derived by fitting the
resonance curve (Figures 1(g) and (h)) (refer to Appendix C.3 for specifics). By varying VG from −0.8 to −40.0 V,
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Figure 2 (Color online) Theoretical simulation of the effect of vibration amplitude and initial strain on variation of Q with DC voltage.

(a) The variation of Q with VG by varying the product of the vibration amplitude coefficient and the AC driving voltage b · |δVG| from 10−9 to

10−13 for a fixed initial strain of 0.1% and the loss angles due to elongation and flexing losses being δelong = 0.06 and δflex = 0.04, respectively.

The details are shown in (b) and (c). (d) and (e) Dependence of Q on VG fixes the initial strain at 0.001% and 0.5%, respectively, where Γ is

the strain-to-amplitude sensitivity ratio Γ = (∂ε/∂VG)/(∂δz/∂VG). (f) Fixed b · |δVG| = 10−9, and adjusted the initial strain from 0 to 0.5%,

which shows that the trend of Q with VG remains unchanged, and Q is taken to be maximum when VG = 0. (g) Dependence of the critical

value of QTED and total Q on the initial strain ε0 at VG = 0.

Q decreases from 2138 to 208, and obtains ∆Q/Q = 928%, aligning with theoretical analysis to maintain resonance
data in the linear state. Non-linear state data have been excluded to ensure all measurements are linear.

However, the trend of Q-factor dependence for the MoS2 strip resonator in this study appears opposite to that
in [48]. To investigate this discrepancy, we conducted theoretical simulations to analyze the impact of vibration
amplitude and strain on Q. Our findings indicate that the main reason for this contrasting trend is the difference
in strain and amplitude with DC voltage for different resonators. We can define the strain-to-amplitude sensitivity

ratio Γ =
(

∂ε
∂VG

)

/
(

∂δz
∂VG

)

, which determines the polarity of the Q-VG relationship. From the previous analysis,

we can calculate ∂δz
∂VG

= b · |δVG|, and
∂ε
∂VG

≈ 1/ε0. By examining the data from the MoS2 resonator in Figure 1,
while keeping elongation and flexural energy parameters constant, we focused on the effects of initial strain and
the product of vibration amplitude coefficients and AC driving voltage b · |δVG| on Q. In Figure 2(a), with fixed
initial strain at 0.1%, varying b · |δVG| revealed that for large b · |δVG| (representing large vibration amplitude), the
vibration amplitude had a significant impact on Q, leading to a decrease with increasing VG; as b · |δVG| decreased,
the influence of vibration amplitude on Q reduced, resulting in a gradual slowdown in Q decrease until the effects of
vibration amplitude and strain (unit in %) on Q were nearly balanced (Γ ≈ 1/ε0 · (b · |δVG|) = 1012.25), maintaining
Q relatively constant as VG increased; with further decrease in b · |δVG|, strain’s effect on Q became more prominent
(Γ ≈ 1/ε0 · (b · |δVG|) > 1012.25), causing Q to rise with increasing VG, which has been experimentally validated [48].
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Figure 3 (Color online) Dependence of Q on static DC strain at two different AC driving voltages δVG for a doubly-clamped MoS2 resonator.

(a) For the doubly-clamped MoS2 in Figure 1, VG is scanned from 0 to 40 V to obtain the variation of strain ε with VG, the strain is varied by

the amount of strain ∆ε = 2 × 10−6, the δVG are fixed to 2.5 mV (blue) and 1 mV (red), respectively, δz is plotted as a function of VG firstly,

and then Q is plotted as a function of VG, with the scattered dots displaying the measured data, and dashed lines displaying the fitted curves

using our model. The small plot in the upper right corner plots the resonance spectra measured at different δVG. VG is fixed at 5 V, and Q

decreases from 2299 to 1809 when δVG is increased from 1 to 2.5 mV. (b) For another doubly-clamped MoS2 with length L = 1.3 µm, width

w = 1.9 µm, and thickness t = 49 nm, the VG is scanned from 0 to 30 V, and the δVG are fixed at 1 mV (red) and 3 mV (blue), respectively.

The ε and δz are obtained, and the curves of Q versus VG are plotted. VG is fixed at 5 V, and Q decreased from 3703 to 1730 when δVG is

increased from 1 to 3 mV.

Similar trends were observed when varying b · |δVG| while fixing the initial strain at 0.001% (Figure 2(d)) and 0.5%
(Figure 2(e)), respectively.

Upon fixing b · |δVG| and varying the initial strain ε0, Q decreases with VG, with the rate of decrease influenced by
the initial strain; higher initial strains exhibit a faster decline (Figure 2(f)). Furthermore, when VG = 0, the total
strain equals the initial strain ε = ε0, and δz = 0. By substituting these values into the thermoelastic dissipation
formula, the critical dissipation value is obtained:

Q−1
TED,c =

(nπ)2

12ε0

(
t

L

)2

δflex. (8)

At this juncture, thermoelastic dissipation is solely linked to the initial strain, with QTED,c and total Qc increasing
as the initial strain rises, as illustrated in Figure 2(g). This behavior is attributed to the higher storage of potential
energy within the resonator at elevated initial strains.

To validate this finding, the quality factor (Q) of the 2D NEMS resonator was assessed at varying AC driving
voltages. Increasing the δVG applied to the MoS2 resonator in Figure 1 to 2.5 mV, while maintaining other param-
eters constant, and raising VG from 0 to 40 V, allowed for Q determination through spectral fitting (Figure 3(a)).
When δVG is increased from 1 to 2.5 mV at a constant DC voltage, Q decreases due to amplified vibration ampli-
tude leading to increased elongation dissipation. Despite the rise in δVG, the combined effect of increased vibration
amplitude is insufficient to counterbalance the strain growth (Γ < 1012.25), leading to a continued decline in Q. An
additional test has been performed with another doubly-clamped MoS2 resonator (Figure 3(b)) length L = 1.3 µm,
width w = 1.9 µm, and thickness t = 49 nm. δVG set at 1 and 3 mV, respectively, and VG scanned from 0 to 30 V,
revealed the significant decrease in Q when δVG = 3 mV, showing consistency with the simulation results presented
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Figure 4 (Color online) Dependence of Q on AC driving voltage δVG for doubly-clamped graphene resonators. (a)–(c) The dependence of ε

and δz, as well as Q on the δVG, was conducted for sample#1 doubly-clamped graphene resonator with length L = 2.8 µm, width w = 1.4 µm,

and thickness t = 14 nm. (a) The VG was scanned from −20 to 20 V, with δVG fixed at 1 mV. The resonance spectra were then measured for

different VG and an initial strain ε0 = 0.0343% was extracted. The signal amplitude is color-coded, and the red dashed line indicates the fit of

the resonance frequency tuning. (b) Variation of strain with VG for a strain variation of ∆ε = 3 × 10−8%. The vibration amplitude is plotted

as a function of VG by fixing the δVG to 1 mV (blue) and 0.5 mV (red), respectively. (c) The curve of Q as a function of VG, with the scatter

showing the measured data and the dashed line showing the fitted curve using our model. The small plot in the upper right corner depicts

the resonance spectra measured at different δVG, with VG fixed at 7.5 V, and Q decreasing from 3011 to 2290 as δVG is increased from 0.5 to

1 mV. (d)–(f) The dependence of strain and vibration amplitude, as well as Q on the δVG, was conducted for sample#2 doubly-clamped graphene

resonator with length L = 2.8 µm, width w = 1.2 µm, and thickness t = 17 nm. (d) The VG was scanned from −30 to 30 V, with the δVG fixed

at 1 mV. The resonance spectra were then measured at different VG, from which the initial strain ε0 = 0.0312% was extracted. (e) The δVG

was fixed at 1 mV (blue) and 0.2 mV (red), respectively. ε and δz with VG are plotted. (f) The curve of Q with VG. VG was fixed at −26 V,

and Q decreased from 2790 to 1288 as δVG increased from 0.2 to 1 mV.

in Figure 2.

To validate the universal scalability of our model, we systematically characterized multiple doubly-clamped
graphene resonators under controlled electrostatic conditions. For Sample #1, with the AC drive voltage fixed at
δVG = 1 and 0.5 mV, the amplitude-mediated dissipation dominated over strain effects (Γ < 1012.25), resulting
in a consistent Q reduction as δVG increased (Figure 4(c)). This trend persisted across the full VG sweep range
(0 < VG < 20 V), confirming the prevalence of nonlinear phonon coupling in high-drive regimes. Sample #2 further
demonstrated the critical role of drive amplitude in dissipation polarity. At δVG = 1 mV, amplitude dominance
(Γ < 1012.25) again led to a decrease in Q as VG increased, whereas reducing δVG to 0.2 mV shifted the system to a
strain-dominated regime (Γ > 1012.25), where Q increased with VG (Figure 4(f)). This reversible polarity switching,
achieved solely by modulating δVG, underscores the universality of our strain-amplitude sensitivity criterion across
2D material systems. The non-monotonic behavior of the Q factor as a function of gate voltage enables electrical
reconfiguration of the resonator’s performance: a single device can be tuned between a high-Q state (for high
sensitivity and narrowband operation) and a low-Q state (for fast response and wideband operation).

Research indicates that thermoelastic damping depends not only on mechanical resonance frequency and geo-
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Figure 5 (Color online) Dependence of Q on AC driving voltage δVG for doubly-clamped graphene resonators at room temperature.

(a) Optical image of sample#3 with length L = 2 µm, width w = 4.3 µm, and thickness t = 16 nm, sample#4 with length L = 2 µm,

width w = 4.5 µm, and thickness t = 16 nm, and sample#5 with length L = 2 µm, width w = 4.7 µm, and thickness t = 16 nm (serially

connected double-clamped graphene resonators); (b)–(d) The dependence of ε and δz, as well as Q on the δVG, was conducted for sample#3,

sample#4 and sample#5, respectively. (e) Optical image of sample #6 with length L = 2 µm, width w = 1.5 µm, and thickness t = 14 nm.

(f) The VG was scanned from 0 to 25 V, with δVG fixed at 20 mV. The resonance spectra were then measured for different VG. An initial strain

ε0 = 0.0054% was extracted. The signal amplitude is color-coded, and the red dashed line indicates the fit of the resonance frequency tuning.

(g) and (h) The dependence of ε and δz, as well as Q on the δVG, was conducted for the first and second modes of sample#6, respectively. All

samples were tested at room temperature.

metric shape, but also significantly on operating temperature [49]. Therefore, we also conducted Q tests at room
temperature, as shown in Figure 5. Experimental verification confirms that although the value of Q is affected by
increased thermal dissipation, the strain-amplitude antagonism mechanism remains effective at room temperature.
Simultaneously, we used (8) to fit the first and second modes of a doubly-clamped graphene strip (Figures 5(e)–(h)).
While our primary focus is on the first mode, experiments demonstrate that our theory is equally applicable to the
second mode.

Complementary measurements were performed on additional doubly-clamped MoS2 and graphene NEMS res-
onators with varied geometries and material parameters. Devices exhibiting pronounced vibration amplitude de-
pendence on DC voltage ( ∂δz

∂VG
≫ ∂ε

∂VG
) demonstrated a consistent Q ∝ 1/VG trend, whereas those dominated by

strain modulation ( ∂ε
∂VG

≫ ∂δz
∂VG

) showed Q ∝ VG enhancement (refer to Appendix D.3). Systematic analysis re-
vealed that increasing the AC driving voltage δVG to amplify vibration amplitude resulted in higher dissipation
and thermoelastic damping due to enhanced coupling to phonons, leading to a decrease in Q with increasing δVG.
These findings offer valuable insights for optimizing Q in 2D NEMS resonators, suggesting that higher Q can be
achieved by applying large tensile strains and small drive amplitudes, adjusting the initial strain, reducing the
vibration amplitude coefficient b, and lowering δVG. Furthermore, the decrease in loss angles δelong and δflex with
temperature contributes to higher Q at lower temperatures, consistent with prior research [39, 50, 51]. Lastly, our
theory aligns with the dissipative dilution theory [46], providing the method to manipulate Q by adjusting initial
strain and oscillation amplitude to influence the dissipative dilution factor D (refer to Appendix C.2).
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4 Conclusion

In conclusion, this study establishes a dual-parameter engineering framework that resolves the long-standing chal-
lenge of deterministic dissipation control in 2D NEMS resonators. Through coupled theoretical modeling and
experimental validation across doubly-clamped MoS2 and graphene resonators, we demonstrate that the quality
factor (Q) is governed by the antagonistic interplay between static tensile strain (ε) and dynamic vibration ampli-
tude (δz).

Increasing the DC gate voltage VG simultaneously enhances ε through static deflection, which suppresses dissi-
pation, while a larger VG also amplifies the driving force, leading to an increase in δz and an increase in dissipation.
Crucially, we identify a critical strain-to-amplitude sensitivity ratio (∂ε/∂VG)/(∂δz/∂VG) that dictates the polarity
of the Q-VG relationship. When the initial stress of the oscillator is large, the enhancement of the tensile strain by
VG diminishes, in contrast to amplifying the enhancement of the dissipation by δz, which leads to a decrease in Q
with increasing VG. By strategically balancing these competing effects, we achieve programmable Q modulation,
including non-monotonic transitions and a record-breaking tunability range ∆Q/Q = 928%. This capability for
dynamic performance reconfiguration—tuning between high sensitivity and rapid response—is particularly valuable
for next-generation adaptive sensing, communication systems, and on-chip signal processing, where operational
requirements can vary dynamically. This work, therefore, provides a versatile and powerful strategy for the tailored
optimization of 2D NEMS resonators, advancing their application in technologies requiring precision dissipation
management.
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