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High-performance acoustic devices are essential to a wide array of modern technologies,

including high-sensitivity detection electronics and industrial devices. In this context,15

two-dimensional (2D) materials emerge as highly promising candidates for next-generation

acoustic sensing, owing to their exceptional properties. However, existing models,

developed primarily for conventional thick membrane materials, are inadequate as they

neglect the significant air-coupled effects that dominate ultrathin 2D diaphragms. Here, we

develop an equivalent lumped element model (LEM) effectively capturing the air-coupled20

response of graphene diaphragm down to the monolayer thickness limit. This model

demonstrates a high accuracy by a maximum deviation from experiment of approximately

2.8% (~0.24 dB) in the 100-20,000 Hz range. By incorporating electrode radiation

impedance, diffracted acoustic pressure, and viscous damping from backplate holes, this

model enables precise optimization of 2D sensor performance. More broadly, this LEM25

framework can be extended to other ultrathin materials, establishing it as a general

approach for modeling air-coupled dynamics in nanomaterial-based systems.

Keywords: two-dimensional materials, acoustic sensor, lumped element model, air-coupled

dynamics
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Highly sensitive acoustic sensors have become vital in a broad spectrum of modern30

technologies ranging from consumer electronics and healthcare1-3 to industrial systems4-6 and

national defense7, 8. To meet the growing demand for high-performance acoustic detection,

acoustic sensors need to achieve high sensitivity, which intrinsically depends on the design of

transducer diaphragms with large diameters with extreme thinness9. This configuration enhances

the diaphragm’s responsivity to weak pressure variations, thus improving the sensor’s ability to35

detect low-amplitude signals10, 11. However, conventional material diaphragms face fundamental

limitations in achieving this configuration. One of the key bottlenecks is the severe degradation

of their mechanical strength when they are fabricated into suspended structures with a large

diameter to thickness ratio12. In this context, two-dimensional (2D) materials such as graphene

provide the ideal properties of atomically thin geometry, exceptional mechanical strength, and40

ultra-low mass, thereby creating unprecedented opportunities for next-generation acoustic

sensing platforms13, 14.

Structurally, 2D material acoustic sensors can be categorized into unsuspended and

suspended architectures. Unsuspended devices, which consist of a 2D material diaphragm on a

thick substrate, such as artificial throats and eardrums15-17 and humidity sensors18-20, offer45

straightforward fabrication and excellent stability. In the thick-film model, deformation is

governed primarily by bending-stiffness. This results in a displacement-dependent acoustic

sensing mechanism, where the response is read out in real time by detecting the diaphragm

displacement through voltage transduction21, 22. However, the thick substrates (e.g., polyimide or

polyethylene terephthalate films) with micrometer-scale thicknesses inherently restrict their50

sensitivity23.

In suspended architecture, the diaphragm is suspended without substrate support, thereby

fully exhibiting the intrinsic properties of 2D materials, such as negligible bending stiffness and

ultralow areal mass density (e.g., ~1×10-14 N·m and ~11 mg/m2 for 5 nm-thick graphene,

respectively)24-26. This configuration with thin diaphragm can support broadband frequency55

response27. The deformation behavior of the thin diaphragm is predominantly governed by

built-in tension (also described as the prestress). Given that the density of the 2D material

diaphragm is comparable to the effective mass loading of the surrounding air (~10 mg/m2)28-30,

the air-coupled effects cannot be neglected for the dynamic response and overall performance of

the 2D material sensors31, 32.60 A
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To accurately predict the performance of the 2D material acoustic sensors, dynamic models

must incorporate air-coupled effects. However, conventional models are mainly based on Wah

theory33, which only focuses on the geometric and material parameters of the diaphragms. As a

result, developing a new modeling approach that accounts for these critical air-coupled

interactions becomes essential. Recently, an added virtual mass increment (AVMI) model has65

been proposed to explain the significant deviation between theoretical predictions and

experimental measurements of the resonance frequency in graphene diaphragms13. Nonetheless,

existing modeling methods, including AVMI, still exhibit limitations in computational time and

predictive accuracy (Supplementary Table S2).

In this work, we proposed an equivalent lumped-element model (LEM) specifically for 2D70

material acoustic sensors. While the LEM has proven effective in capturing air-damping effects

in high-fidelity microphones34, 35, they were developed for stiffness-dominated conventional

diaphragms where such effects are negligible. By accounting for these critical air-coupled effects,

our model achieves high predictive accuracy for the complete frequency response, as confirmed

by experimental results.75

Firstly, the response behaviors of thick diaphragms (Fig. 1a) and thin diaphragms (Fig. 1b)

were compared by applying a simple harmonic oscillator model. Thicker diaphragms are

well-suited for designing displacement-type acoustic response by tailored voltage-based readout

circuits. These circuits directly detect displacement-induced changes in capacitance, arising from

variations in the electrode spacing. As illustrated in the normalized frequency response of a80

typical thick diaphragm (Fig. 1c), the operational bandwidth is restricted to frequencies below

the fundamental resonance frequency f0, with a sharp roll-off thereafter, and confines their utility

to low-frequency regimes. In contrast, thinner diaphragms are more suitable for realizing

velocity-type acoustic transduction through current-based readout circuits. These circuits directly

measure the average velocity of the diaphragm, which is proportional to the incident acoustic85

pressure variation (Fig. 1d). This design yields a flat frequency response from the fundamental

resonance f0 up to the high-frequency roll-off point f1 (Fig. 1d), enabling the broadband detection.

Their relative lower stiffness allows response of weak pressure perturbation, enhancing the

overall sensitivity (Supplementary Note S1).
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In order to accurately describe the acoustic sensor response, the LEM was developed in the90

thin diaphragm regime. The typical structure comprises a suspended 2D diaphragm positioned

between two backplates. Incident waves cause the input sound pressure Pin. Through diffraction,

pressure waves propagate around the frame (with the frame length 2LF) and reach the

diaphragm’s backside, causing the diffracted pressure PD. The acoustic pressure radiated by the

diaphragm’s vibration is PR. While PD and PR are treated as controllable perturbations in95

traditional acoustic sensors, this approximation breaks down for 2D material sensors. FEM

simulations provide reliable evidence for this breakdown (detailed in Supplementary Note S3,

Supplementary Table S3 and Fig. S5a). The simulated sound velocity contours clearly illustrate

that the net driving force on the diaphragm emerges from the complex interplay of incident,

diffracted, and radiated waves (shown in Fig. S5b), which confirms the significant contribution100

of air-coupled effects.

In the LEM framework, the acoustic processes of the system are represented using an

electrical circuit analogy. Acoustic pressure is mapped to voltage, volume velocity (defined as

the membrane velocity multiplied by the effective diaphragm area) to current, and acoustic

impedance (pressure divided by volume velocity) to electrical impedance (voltage divided by105

current). Similar to this mapping, physical elements can be represented as electrical components.

The damping element is represented by a resistor (R), the mass by an inductor (L), and the

compliance element by a capacitor (C) (Fig. S4b). The incident sound force PinS drives the

circuit through the combined influence of the radiation impedance ZR, the characteristic

impedance Zc, the diaphragm mechanical impedance Zm and other circuit components. A110

symmetrical circuit topology is applied to account for the diffracted pressure PD, accurately

describing the low-frequency air-coupled effects (detailed derivation is provided in

Supplementary Note S3).

Air-coupled effects impose a pressure modulation on the membrane vibration and

velocity-type frequency response, generating an added mass madded that significantly affects the115

diaphragm’s fundamental resonant frequencies, given by the following expression13:

f0n=
α0n
2πa

T
μ+madded/S

(1)
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where n denotes the mode index, α0n are Bessel zeros (e.g., 2.405 for n=1), T is the diaphragm

tension, S is the effective area of the diaphragm and μ is the areal mass density of the diaphragm.

The added mass madded effectively increases the total inertial load of the diaphragm, resulting in

a pronounced downward shift in f01 (blue solid line in Fig. 2b) compared to the vacuum120

simulation (black dotted line in Fig. 2b). Furthermore, the coupling effects from PD and PR
effectively suppress the resonant peak and flatten the frequency response of the sensor (blue

solid line in Fig. 2b). These effects are further substantiated by experimental measurements (Fig.

2c). Specifically, the fundamental resonant frequencies of graphene/graphite diaphragms with

thicknesses spanning 1 nm to 200 nm are calculated using the LEM (blue solid line in Fig. 2c),125

Wah theory (gray dashed line in Fig. 2c), COMSOL FEM simulations (cyan circles in Fig. 2c),

and directly compared to the experimental data (pink rectangles in Fig. 2c; detailed parameters in

Supplementary Table S3). These comprehensive comparisons clearly demonstrate that the LEM

delivers the highest predictive accuracy across the entire thickness range. Notably, under

identical conditions, the LEM not only delivers similar precision compared to FEM, but does so130

in substantially reduced computational time (approximately seconds for LEM versus minutes for

FEM).

To fully capture the complete structure of the 2D material-based acoustic sensor, the

proposed LEM framework is extended and refined (Fig. 3a). This further incorporates two

perforated backplates with arrays of small holes (diameter ah) separated by air gaps of thickness135

g on each side. The hole dimensions are maintained much smaller than the operating acoustic

wavelength to ensure the validity of the lumped-element approximations. The dual-backplate

configuration is deliberately chosen to enable the diaphragm to operate in a highly linear regime

while retaining exceptional sensitivity27. Conventionally the small holes act as acoustic conduits.

However, due to the significant air-related mutual coupling between adjacent holes, a more140

accurate description of the effective radiation impedance Ze of the entire backplate is required. To

quantify this behavior, we introduce a filling factor Γ to represent the fractional open area of the

holes on each backplate. Viscous and thermal losses through the holes are fully incorporated into

the comprehensive air-coupling framework. These dissipative effects profoundly influence both

the back pressure PB behind the diaphragm and the backplate radiation pressure Pe from the145

perforated backplates, ensuring an accurate and complete description of the 2D material sensor

behavior (detailed in Supplementary Note S4).A
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Integrating all the air-coupled interactions, we derive a complete equivalent LEM tailored

for audio-frequency graphene-based acoustic sensors (Fig. 3b, with the geometrical parameters

detailed in Supplementary Table S5). To elucidate how these air-coupled effects modulate the150

real acoustic sensor response, we first examine the effective net driving force ΔF=S(Pin-PB)

acting on the diaphragm (Fig. 4a). Due to pronounced diffraction at low frequencies, the

opposing back pressure PB effectively counteracts the incident pressure Pin , resulting in a

markedly diminished real part of the effective driving force in the low-frequency regime (red

dashed line in Fig. 4a). Physically, this manifests as a drastic reduction in the net force on the155

diaphragm, which directly accounts for the characteristic roll-off and flattening of the sensor’s

frequency response at low frequencies. To demonstrate that this flattening of the frequency

response stems directly from the back pressure PB , we compare model predictions with and

without its inclusion (Fig. 4b). The presence of PB dramatically suppresses both the

diaphragm’s vibration velocity (membrane velocity) and the resonance peak amplitude (red160

dashed line in Fig. 4b). In contrast, neglecting PB produces an unrealistic upturn in the response,

which contradicts the established behavior of 2D material acoustic sensors. This profound

influence of PB further emphasizes the necessity of incorporating air-coupling effects in

accurate modeling of the 2D material acoustic sensors.

More importantly, the LEM enables direct optimization of acoustic damping and losses that165

are challenging to precisely control in other models. By intuitively mapping these acoustic

damping and loss mechanisms to specific elements in the electro-acoustic equivalent circuit, the

model enables optimization not only through adjustments to geometric parameters (e.g., the

backplate filling factor Γ), but also by directly assigning values to abstract impedance and

damping components. By tuning the backplate filling factor (Fig. 4c), the damping mechanisms170

driven by viscous and thermal losses can be quantitatively controlled. A higher Γ (increased open

area fraction) significantly amplifies fundamental vibration amplitudes which can be designed

for sensors targeting low-frequency performance. Conversely, a lower Γ enhances resonance

damping, resulting in an extended flat bandwidth more suited for broadband acoustic sensing

applications. Increasing the radius (Fig. 4d) or decreasing the thickness (Fig. 4e) shifts resonance175

peaks toward lower frequencies. It is notable that, for thinner membranes, air damping

effectively suppresses higher-order resonance modes, leading to a smoother, flatter broadband

response (Fig. S8). At monolayer limit (~0.34 nm), for example, a 20 mm diameter diaphragmA
cc

ep
te

d 
M

an
us

cr
ip

t



under 1 MPa prestress can achieve a resonance frequency of ~6 Hz, yielding a simulated

frequency response wider and flatter compared to those obtained with thicker diaphragms.180

Furthermore, the velocity-type frequency response predicted by the equivalent LEM is rigorously

validated against experimental measurements (Fig. 4f). The model achieves high agreement with

the data, exhibiting a maximum deviation of only ~2.8% (~0.24 dB) across the 100-20,000 Hz

audio range.

Leveraging the LEM for design optimization, the fabricated device realizes an extraordinary185

diameter to thickness ratio approaching 106 (80 mm diameter and 100 nm thickness; Fig. S2b).

This achieves a flat bandwidth exceeding 30 kHz, with the sensitivity approaching the highest

values for capacitive acoustic sensors. These results demonstrate the practical utility of the LEM

as a powerful tool for engineering high-performance acoustic sensors. The LEM can also be

extended for high-frequency and large-radiation applications (Fig. S6b), making it suitable for190

aeroacoustic or ultrasonic transduction, such as micro-electro-mechanical systems (MEMS) and

nano-electro-mechanical systems (NEMS) resonators36.

In conclusion, the developed equivalent LEM provides a highly accurate framework for

modeling air-coupled dynamics in suspended 2D material acoustic sensors. By mapping physical

quantities to specific elements in the electro-acoustic equivalent circuit, the LEM enables direct195

prediction and parameter control. This versatile framework holds substantial promise for

extension to the vibration dynamics of other air-coupled nanostructures, offering valuable

guidance and inspiration for future research and device engineering.
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Methods:

Finite element simulations. Dynamic simulations were performed using COMSOL

Multiphysics software, coupling the structural mechanics and pressure acoustics modules to

model bidirectional fluid-structure interactions. The suspended graphene/graphite diaphragm was

defined with prestress (1-8 MPa), Young’s modulus (1 TPa), Poisson’s ratio (0.17), and density270

(2200 kg/m³), with thickness varying from monolayer (~0.34 nm) to 200 nm and diameter up to

100 mm. A 1 Pa plane-wave background pressure field was applied as incident excitation. The

rigid frame and perforated backplates were modeled with appropriate boundary conditions,

incorporating air gaps (0.35 mm), electrode thickness (0.2 mm), and hole arrays. Air properties

included density (1.225 kg/m3) and sound speed (340 m/s). Radiation boundaries simulated275

open-space conditions, while frequency-domain studies swept 20 Hz-100 kHz to compute

velocity responses, resonance frequencies, and air-coupled effects (radiation impedance,

diffracted back pressure, and viscous damping). Mesh refinement ensured convergence at

multi-physical interfaces.

Device Fabrication and Characterization. The 2D material acoustic sensors were fabricated by280

spin-coating graphene oxide (GO) dispersion (2-10 mg/mL, diluted from commercial GO slurryA
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(Hangzhou Gaoxi Technology)) onto oxygen plasma-treated silicon substrates to form multilayer

films (~100 nm thick), followed by chemical reduction in concentrated hydroiodic acid (HI,

Shanghai Macklin Biochemical Technology). The reduced rGO films were detached, floated on

deionized water containing ~0.01 wt% sodium dodecyl sulfate (SDS, Shanghai Macklin285

Biochemical Technology) to reduce surface tension, scooped onto 304 stainless steel rings, dried,

and tensioned via vacuum-assisted transfer to rigid frames (diameter up to 80 mm).

Polypropylene insulating spacers (~0.3 mm thick) and perforated backplates (Cu 2680, 0.2 mm

thick, hole diameter ~0.4-0.85 mm, filling factor ~0.4) were assembled to form dual-backplate

capacitive structures with ~0.125-0.35 mm air gaps, with electrical connections via conductive290

adhesive and encapsulation in glass-fiber-reinforced polycarbonate housing. Initial capacitance

was ~350 pF, measured using an LCR meter (HIOKI IM3536). Acoustic characterization was

performed in a custom anechoic chamber under free-field conditions. The prototype and a

calibrated reference microphone were co-aligned on the acoustic axis. Swept-sine frequency

response (100 Hz-100 kHz) was measured in two segments using segmented loudspeakers295

(YAMAHA HS8 for 100 Hz-20 kHz; Avisoft-UltraSoundGate 116Hme ultrasound speaker for

20 kHz-100 kHz), with signals recorded via a multi-channel acquisition system and analyzed

using FFT. Field uniformity was calibrated to ± 1 dB through closed-loop reference

compensation.
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Figures and captions300

Fig. 1︱Comparison of suspended architectures in 2D material acoustic sensors and their

representative frequency responses. a, Schematic of the suspended thick diaphragm

configuration in acoustic process, showing that the incident sound pressure Pin acts on the

diaphragm. The diaphragm has radius a. The diaphragm’s deflection Aω is governed by thin-plate305

theory for relatively thick films, where bending stiffness dominates vibrational deformation. b,

Schematic of the suspended thin diaphragm configuration, made from 2D materials and

governed by thin-membrane vibration theory, where prestress dominates deflection and damping

effects are prominent, in which prestress dominates the deflection behavior and damping effects

become prominent. c, Displacement-type frequency response of unsuspended devices, by310

designing voltage transduction readout circuit, showing a stable operating bandwidth limited to

sub-resonant frequencies below the fundamental resonance frequency f0. d, Velocity-type

frequency response of suspended devices, by designing current transduction readout circuit,

exhibiting an extended flat bandwidth from the fundamental resonance frequency f0 up to the

high-frequency roll-off frequency f1.315
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Fig. 2 ︱ Velocity-type frequency responses and comparative modeling analysis for

graphene-based 2D material diaphragms. a, Schematic of the acoustic response process in a

2D material acoustic sensor, showing incident sound pressure Pin diffracting around the rigid

frame to generate diffracted sound pressure PD on the diaphragm and outer frame. The320

diaphragm’s vibration produces radiation pressure PR, illustrating air-coupling effects at low

frequencies. The rigid frame has half-length LF, and the outer frame has radius ad. b,

Velocity-type frequency responses of the graphene diaphragm under vacuum (black dotted line)

and air-coupled (blue solid line) conditions. The marked downward shift in resonance

frequencies under air-coupled conditions arises primarily from the added mass effect due to325

acoustic radiation impedance. c, Comparison of predicted and measured fundamental resonance

frequencies ( f₀ ) for graphene-based 2D material diaphragms with thicknesses ranging from 1 nm

to 200 nm. Predictions are shown for the proposed LEM (blue solid line), Wah theory (gray

dashed line), COMSOL simulations (cyan circles), and experimental data (pink rectangles). Wah

theory substantially overestimates f₀ in the sub-200 nm regime owing to its neglect of air-coupled330

damping. In contrast, the LEM yields the closest agreement with both simulations and

experiments, confirming its superior accuracy in capturing air-diaphragm interactions in ultrathin

diaphragms.
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Fig. 3︱Schematic of the 2D material-based acoustic sensor structure and its equivalent335

lumped-element models (LEMs). a, Cross-sectional view of the sensor architecture. Incident

acoustic pressure Pin arrives from the top, diffracts around the rigid frame to produce diffracted

pressure PD , and drives diaphragm vibration to generate backplate radiated pressure Pe from

the perforated back electrodes. The opposing pressure on the backside is PB. Key geometrical

parameters include air gap thickness g, electrode thickness L, hole radius ah, and the membrane340

effective surface area S (with radius a). The perforated backplates feature arrays of small holes

that facilitate acoustic transmission and damping. b, Complete equivalent LEM incorporating

perforated backplate effects. The circuit uses PinS as the source, connected through Zc (scaled

by L/c ) and a 1:Γ transformer (where Γ is the filling factor representing the open hole area

fraction), then to hole impedance Zh (scaled by αL/Zh , with α as the attenuation coefficient),345

electrode radiation impedance Ze, and transformed impedance across the gap Zg, paralleled with

Zm , and symmetrically mirrored on the backside leading to PDS . Additional transformers (1:Γ

and Γ:1) account for area discontinuities and mutual hole interactions.
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Fig. 4 ︱ Dynamic response characteristics, parameter optimization, and experimental350

validation of the equivalent LEM for graphene-based acoustic sensors. a, Frequency
dependence of the effective driving force on the diaphragm, decomposed into real (in-phase) and
imaginary (quadrature) components. In the low-frequency regime, the markedly diminished real
part reflects strong opposition from back pressure PB , resulting in reduced net drive and
suppression of resonance peaks. b, Velocity-frequency responses with (black solid line) and355

without (red dotted line) inclusion of back pressure PB , illustrating that PB is essential for
reproducing the characteristic low-frequency roll-off and flattened bandwidth observed in
ultrathin diaphragms. c, Velocity-frequency responses as a function of backplate filling factor Γ.
Tuning Γ enables precise control of viscous and thermal damping, optimizing low-frequency
response and resonance behavior. d, Velocity-frequency responses for diaphragms of varying360

radius (diameters from 1 mm to 100 mm, at fixed thickness of 20 nm and Γ=0.4) (calculated).
Increasing radius shifts resonance peaks to lower frequencies, broadening and flattening the
response. e, Velocity-frequency responses for diaphragms of varying thickness (200 nm to 0.34
nm monolayer, at fixed diameter of 20 mm and Γ=0.4). Decreasing thickness similarly lowers
resonance frequencies while extending and flattening the bandwidth. The results of Fig. 4a-e365

were calculated by using the proposed LEM framework. f, Comparison of LEM-predicted (blue
line; calculated) and experimentally measured (red dots) velocity-frequency responses for a
fabricated graphite diaphragm sensor. The model shows excellent agreement across the audio
range, with a maximum deviation of only ~2.8% (~0.24 dB).
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