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Abstract 

High-sensitivity, high-resolution electric field sensors (EFS) find extensive applications 
across multiple domains, including atmospheric monitoring, aerospace, power grid man-
agement, and industrial automation. While conventional electric field measurement tech-
niques suffer from integration challenges and high-power consumption, micro-electrome-
chanical systems (MEMS)-based EFS offer distinct advantages through miniaturization, 
integration capability, and functional intelligence. This research incorporates frequency 
modulation technology into MEMS EFS, leveraging its inherent noise immunity, long-
range transmission capacity, and compatibility with digital systems to enhance measure-
ment precision. The sensor’s lateral and axial symmetry configurations are systematically 
investigated to reveal how asymmetric stiffness perturbations (negatives vs. positives) op-
timize performance, aligning with symmetry principles in MEMS design. Experimental 
results demonstrate that the lateral configuration achieves optimal performance with a 
sensitivity of 0.091√Hz/(kV/m) and a resolution of 1.01 kV/m, whereas the axial configu-
ration yields an average sensitivity of 0.038 √Hz/(kV/m) with a corresponding resolution 
of 2.37 kV/m. The measurement range of the sensor is from −193.4 kV/m to 193.4 kV/m. 
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1. Introduction 
The detection of electric fields is of pivotal importance across diverse fields, includ-

ing atmospheric electrical studies for analyzing lightning formation [1,2], real-time sur-
veillance of high-voltage power grids to prevent equipment failure [3,4], forecasting 
weather by measuring the atmospheric electric field [5], and biomedical engineering for 
monitoring faint cardiac and neural electric signals [6]. The development of the field of 
biochemistry analysis is driven by integrated circuit materials and micro-electromechan-
ical systems [7]. Micro-electromechanical systems (MEMS) electric field sensors have be-
come a research hotspot due to their miniaturized size (typically millimeter-scale), low 
power consumption (micro-watt level), and seamless compatibility with integrated cir-
cuits—distinct advantages over traditional devices such as electric field mills (bulky and 
high-power) and electro-optical sensors (expensive and complex) [8,9]. 
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Among various transduction mechanisms, frequency modulation (FM) stands out 
due to its high resolution and semi-digital output, and the structure based on electrostatic 
coupling has been proven feasible [10], which inherently mitigates electrical drift and 
noise interference—issues that are particularly prominent in amplitude modulation (AM) 
sensors. Specifically, AM sensors’ performance is highly reliant on the precise matching 
of driving and resonant frequencies, as frequency drift-induced mismatch can cause sig-
nificant gain attenuation (e.g., a 67 dB reduction under 5% frequency error) and increased 
nonlinearity, while intricate optimization of excitation frequency parameters (e.g., blue-
sideband excitation frequency) is often required to compensate for such deviations, indi-
rectly reflecting the vulnerability of AM-based sensing schemes to frequency drift [11,12]. 
In addition, emerging sensing mechanisms based on the mode localization of weakly cou-
pled resonators, by reading the changes in the amplitude ratio, have been proven to 
achieve a sensitivity improvement of several orders of magnitude over traditional sensors, 
which provides new design ideas for the development of high-performance FM sensors 
[13]. However, existing FM-MEMS electric field sensors still suffer from critical limitations: 
narrow measurement ranges (mostly <100 kV/m), degraded sensitivity under environ-
mental fluctuations (e.g., temperature variations), and inadequate exploration of key fac-
tors regulating resonant characteristics—especially the impact of perturbation voltage ap-
plication strategies on resonant beam stiffness [1]. Symmetry considerations are central to 
this study, especially in the design of the perturbation model: the lateral configuration 
unidirectionally breaks symmetry to enhance sensitivity, while the axial design maintains 
geometric symmetry to avoid local electric field concentration, and this symmetry miti-
gates nonlinear capacitance variations induced by displacement. 

Recent efforts have focused on optimizing sensor structures like double-ended tun-
ing forks (DETF) and Euler beams to boost performance [14,15]. For instance, Wang et al. 
[2] developed a mode-localized DETF sensor with a resolution of 21.3 V/m, but it failed to 
systematically investigate how perturbation voltage application positions affect resonant 
beam stiffness, leading to suboptimal sensitivity tuning. Similarly, Zhang et al. [3] re-
ported an electrostatic induction-based sensor that exhibits limited dynamic ranges, re-
stricting their use in scenarios requiring wide-field detection (e.g., high-voltage power 
grids). Moreover, most studies simplify perturbation voltage effects as a uniform stiffness 
change, overlooking the distinct influences of lateral versus axial application—this over-
sight results in sensor designs that cannot balance high sensitivity and wide measurement 
range, leaving a critical performance gap in precision engineering applications. This chal-
lenge is particularly pronounced in the context of measuring hybrid AC/DC electric fields 
near modern power transmission lines, where space charge interference and the lack of 
compact, integrated solutions are well-recognized issues [16]. 

To address these drawbacks, this study develops a frequency-modulated MEMS elec-
tric field sensor, aiming to enhance measurement precision, expand measurement range, 
and reduce power consumption through integrated theoretical analysis, COMSOL simu-
lation, and experimental validation. The core novelty of this work lies in the following 
aspect: it systematically explores the influence of perturbation voltage application posi-
tions (lateral and axial) on resonant beam stiffness—theoretical derivation reveals that lat-
eral application induces negative stiffness perturbation (enhancing sensitivity for low 
electric fields) while axial application generates positive stiffness perturbation (extending 
measurement range for high fields). 

The research adopts a comprehensive approach: theoretical derivation of electrostatic 
force models (incorporating parallel-plate capacitor principles to calculate field-induced 
forces), COMSOL simulation to optimize structural parameters and predict resonant fre-
quency responses, lock-in amplifiers (for signal demodulation), and precision power sup-
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plies (for voltage regulation). Key performance metrics, including sensitivity, measure-
ment range, and quality factor, are characterized to validate the design. This study is ex-
pected to provide a theoretical and experimental basis for high-performance FM-MEMS 
electric field sensors, promoting their application in precision monitoring across multiple 
fields. 

2. Theory and Structural Design 
The sensitive structure of the sensor in this study is shown in Figure 1, mainly con-

sisting of driving electrodes, sensing electrodes, a resonant beam, fixed anchors, and other 
components. And the structural parameters are shown in Table 1. The sensing electrodes 
and lateral driving electrodes adopt parallel-plate capacitors; to increase the effective ca-
pacitance area between electrode plates, the axial driving electrodes are designed in a 
comb-shaped structure. This design concept utilizes the fact that the sensitivity of sensors 
can be enhanced by the coming capacitor structure [17]. 

 

Figure 1. Schematic layout of the frequency-modulated MEMS electric field sensor based on elec-
trostatic stiffness perturbation, detailing the comb-shaped capacitor and sense electrodes. 

For resonant motion, a flexural mechanical beam can be described as a mass-spring-
damper vibration system, as shown in Figure 2, where 𝐹௜௡ is the input force, 𝑀௘௙௙, 𝜁௘௙௙ 
and 𝐾௘௙௙ represent the effective mass, the effective total losses in the system, and the stiff-
ness of the resonator, respectively. Using Newton’s second law of motion, the dynamic 
response of a single-degree-of-freedom mechanical resonator can be expressed as 𝑀௘௙௙𝑥ሷ ሺ𝑡ሻ + 𝜁௘௙௙𝑥ሶ ሺ𝑡ሻ + 𝐾௘௙௙𝑥ሺ𝑡ሻ = 𝐹ሺ𝑡ሻ  (1)

Assuming the driving force F(t) balances the system damping to maintain resonance, 
the natural frequency derived from solving the equation is 

𝜔଴ =  ඨ𝐾௘௙௙𝑀௘௙௙ (2)

In frequency-modulated electric field sensors, when the sensor is exposed to the elec-
tric field to be measured, charges are induced on its sensing electrodes, which in turn 
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generate an electrostatic attractive or repulsive force between the resonator and the elec-
trodes. The variation in this electrostatic force leads to a change in the effective stiffness 
of the resonator, thereby causing a shift in its resonant frequency. The following sections 
will further elaborate that an axially applied electrostatic force introduces a positive stiff-
ness perturbation, whereas a laterally applied electrostatic force introduces a negative 
stiffness perturbation [18]. 

 

Figure 2. Schematic of an equivalent mass-spring-damper vibration system for modeling the reso-
nant motion of a flexural mechanical beam. 

Considering the stiffness perturbation ∆𝑘, Equation (1) becomes 𝑀௘௙௙𝑥ሷ ሺ𝑡ሻ + 𝜁௘௙௙𝑥ሶ ሺ𝑡ሻ + (𝐾௘௙௙ + ∆𝑘)𝑥(𝑡) = 𝐹(𝑡) (3)

In a high vacuum environment, if the influence of damping is ignored, the resonant 
frequency derived from solving the equation becomes 

𝜔 =  ඨ𝐾௘௙௙ + ∆𝑘𝑀௘௙௙  (4)

Since the stiffness perturbation ∆𝑘 ≪  𝐾௘௙௙, it can be deduced that ∆𝑓 = 12𝜋 ( 𝜔 − 𝜔଴) 

= 12𝜋ቌඨ𝐾௘௙௙ + ∆𝑘𝑀௘௙௙ − ඨ𝐾௘௙௙𝑀௘௙௙ቍ 

≈ 12𝜋𝜔଴2 ∆𝑘𝐾௘௙௙ 

(5)

Thus, the relationship ∆𝑓 ∝  ∆𝑘 holds. 
The following section calculates ∆𝑘. The stiffness perturbation of the resonant beam 

in the lateral and axial directions originates from the electrostatic force of the lateral par-
allel-plate capacitor and the electrostatic force of the axial comb-shaped capacitor, respec-
tively. 

For a capacitor, the total electrostatic field energy can be expressed as 𝑊௘ = 12  𝐶 (𝑉௉ −  𝑉௕௜௔௦)ଶ (6)

Let x be the displacement and 𝑓௘ be the electrostatic force, then 
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𝑓௘ =  𝜕𝑊௘𝜕𝑥  =  12𝜕𝐶𝜕𝑥  (𝑉௉ −  𝑉௕௜௔௦)ଶ 
(7)

As shown in Figure 3a,b, in the axial force model, the approximate total capacitance 
of each pair of finger electrodes (excluding fringe field effects) is considered to be com-
posed of four different types of parallel-plate capacitors connected in parallel [19]. The 
expression for each capacitor is as follows: 𝐶1 =  𝜀଴𝜀𝑙ଵ𝑙ଶ𝑑ଵ  (8)

𝐶3 =  𝜀଴𝜀𝑙ଵ𝑙ଶ𝑑ଷ  (9)

𝐶2 =  𝜀଴𝜀𝑡௙𝑙ଵ𝑑ଶ  (10)

𝐶4 =  𝜀଴𝜀𝑡௙𝑙ଵ𝑑ସ  (11)

Let 𝑑ଵ = 𝑑ଷ = 𝑑଴, 𝑑ଶ = 𝑑ସ = 𝑑′; 
Considering a small displacement y of the structure in the y-direction (where y is 

much smaller than the spacing of the comb-shaped electrodes), the total capacitance be-
comes 𝐶௔ =  𝑛(𝐶1 + 𝐶2 + 𝐶3 + 𝐶4) = 𝑛 ቆ𝜀଴𝜀𝑙ଵ𝑙ଶ𝑑ଵ + 𝜀଴𝜀𝑙ଵ𝑙ଶ𝑑ଷ + 𝜀଴𝜀𝑡௙𝑙ଵ𝑑ଶ + 𝜀଴𝜀𝑡௙𝑙ଵ𝑑ସ ቇ  = 2𝑛𝜀଴𝜀 ቆ𝑙ଵ𝑙ଶ𝑑଴ + 𝑡௙𝑙ଵ𝑑ᇱ  ቇ 

(12)

 𝐶௔ = 2𝑛𝜀଴𝜀 ቆ𝑙ଵ(𝑙ଶ +  𝑦)𝑑଴ + 𝑡௙𝑙ଵ𝑑ᇱ −  𝑦 ቇ (13)

The partial derivative of 𝐶௔ with respect to y is 𝜕𝐶௔𝜕𝑦 =  2𝑛𝜀଴𝜀 ቆ 𝑙ଵ𝑑଴ + 𝑡௙𝑙ଵ(𝑑ᇱ −  𝑦)ଶ ቇ = 2𝑛𝜀଴𝜀 ൤ 𝑙ଵ𝑑଴ + 𝑡௙𝑙ଵ𝑑ᇱଶ × ቀ1 − 𝑦𝑑ᇱቁିଶ ൨ (14)

Since 𝑥 ≪ 𝑑ᇱ, the term is expanded to the first-order infinitesimal via Taylor expan-
sion 𝜕𝐶௔𝜕𝑦 =  2𝑛𝜀଴𝜀 ൤ 𝑙ଵ𝑑଴ +  𝑡௙𝑙ଵ𝑑ᇱଶ × ቀ1 − 𝑦𝑑ᇱቁିଶ ൨ ≈  2𝑛𝜀଴𝜀 ൤ 𝑙ଵ𝑑଴ + 𝑡௙𝑙ଵ𝑑ᇱଶ ×  ൬1 + 2𝑦𝑑ᇱ ൰൨ = 2𝑛𝜀଴𝜀 ൤ 𝑙ଵ𝑑଴  +  𝑡௙𝑙ଵ𝑑ᇱଶ + 2𝑡௙𝑙ଵ𝑑ᇱଷ  𝑦൨ (15)

Thus, the magnitude of the electrostatic force is 𝑓௘ =  𝑛𝜀଴𝜀 ቆ 𝑙ଵ𝑑଴  +  𝑡௙𝑙ଵ𝑑ᇱଶቇ (𝑉௉ −  𝑉௕௜௔௦)ଶ +  𝑛𝜀଴𝜀 2𝑡௙𝑙ଵ𝑑ᇱଷ (𝑉௉ −  𝑉௕௜௔௦)ଶ 𝑦 (16)

According to Hooke’s law, the stiffness perturbation of the resonator caused by stress 
changes induced by axial force input can be expressed as 
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∆𝑘௔௫௜௔௟ =  𝜕𝑓௘𝜕𝑦 =  𝑛𝜀଴𝜀 2𝑡௙𝑙ଵ𝑑ᇱଷ (𝑉௉ −  𝑉௕௜௔௦)ଶ (17)

As shown in Figure 3c, for the parallel-plate capacitor in the lateral force analysis 
when a small displacement x occurs in the x-direction: 𝐶௟ =  𝜀଴𝜀𝐴𝑑 −  𝑥 (18)

𝜕𝐶௟𝜕𝑥 =  𝜀଴𝜀𝐴(𝑑 −  𝑥)ଶ =  𝜀଴𝜀𝐴𝑑ଶ  ቀ1 − 𝑥𝑑ቁିଶ 
(19)

Since 𝑥 ≪ 𝑑, the term is expanded to the first-order infinitesimal via Taylor expan-
sion: 𝜕𝐶௟𝜕𝑥 =  𝜀଴𝜀𝐴𝑑ଶ  ቀ1 − 𝑥𝑑ቁିଶ ≈  𝜀଴𝜀𝐴𝑑ଶ ൬1 + 2𝑥𝑑 ൰ 

(20)

Thus, the electrostatic force is 𝑓௘ =  𝜀଴𝜀𝐴2𝑑ଶ (𝑉௉ −  𝑉௕௜௔௦)ଶ + 𝜀଴𝜀𝐴𝑑ଷ (𝑉௉ −  𝑉௕௜௔௦)ଶ𝑥 (21)

The lateral force contributes to the “restoring stiffness” of the vibration, so the stiff-
ness perturbation caused by the lateral force is ∆𝑘௟௔௧௘௥௔௟ =  −𝜕𝑓௘𝜕𝑥 =  −𝜀଴𝜀𝐴𝑑ଷ (𝑉௉ −  𝑉௕௜௔௦)ଶ (22)

Considering axial and lateral perturbations separately, the relationship ∆𝑘 ∝ േ (𝑉௉ −  𝑉௕௜௔௦)ଶ holds, leading to ඥ∆𝑓  ∝  േ|𝑉௉ −  𝑉௕௜௔௦|. 
The frequency-electric field relationship was also demonstrated in Reference [20]. 

(a) 

  
(b) 
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(c) 

Figure 3. Schematic of the electrostatic force application model for stiffness perturbation, with axial 
(comb-shaped capacitor) and lateral (parallel-plate capacitor) configurations. (a) Top view and side 
view of the axial configuration. (b) Schematic depicting the comb-shaped capacitor (axial configu-
ration) represented as an equivalent circuit of four parallel-connected plate capacitors. (c) Lateral 
Configuration. 

Assuming 𝑉௕௜௔௦ = 10 V  and 𝑉௉  ranges from −20 V to 20 V, the maximum of (𝑉௉ −  𝑉௕௜௔௦)ଶ is 900 Vଶ. So the axial and lateral perturbations calculated based on struc-
tural parameters in Table 1 are ∆𝑘௔௫௜௔௟ ≈ 3.737 × 10ିହ Nm (23)

∆𝑘௟௔௧௘௥௔௟ ≈ 1.379 × 10ିସ Nm (24)

Obviously, the ∆𝑘௟௔௧௘௥௔௟ is 3.69 times as large as ∆𝑘௔௫௜௔௟, which is consistent with the 
simulation and experimental results. 

Table 1. Structural parameters. 

Structural Parameters Value 
Number of comb fingers: n 38 

The air gap between the teeth of the comb: 𝑑ଵ&𝑑ଷ 2 µm 

The air gap between the end of the comb teeth and the sensing 
electrode: 𝑑ଶ&𝑑ସ 

13 µm 

Width of comb finger: 𝑡௙ 2 µm 
Thickness of comb finger: 𝑙ଵ 25 µm 

The length of the part where the comb teeth are directly facing 
each other: 𝑙ଶ 20 µm 

The gap between sensing electrode and resonant beam: d 4 µm 
The frontal area between sensing electrode and resonant beam: A 120 × 25 μmଶ 

To obtain clearer and more intuitive modal shape diagrams, a 2D model was estab-
lished using KLayout, and a 3D structure was constructed and simulated using COMSOL 
Multiphysics 6.3. The material of the structure was set to silicon. Figure 4 presents the 
finite element simulation model and mode shapes of the resonator and the specific struc-
ture of the comb fingers, with the detailed parameters of the comb fingers provided in 
Table 1. The anchor blocks at the top are fixed, while the mass blocks below the resonant 
beam are allowed to vibrate freely. The Solid Mechanics module was applied for eigen-
frequency analysis, and a refined mesh was selected. 

Boundary loads were used to simulate the electrostatic force of the capacitor, whose 
magnitude was determined based on the theoretical derivation above and the parameters 
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in Table 1. For simulating the axial force, the force was applied to the comb-shaped mass 
blocks at the bottom of the resonator; for the lateral force, the force was applied to partial 
areas on the side of the resonant beam. 

As shown in Figure 4, the simulation results are presented: the modal shapes of the 
first-order, second-order, and third-order modes, where the colors represent the displace-
ment magnitude relative to the equilibrium position. 

The final simulation results show that the first-order resonant frequency is approxi-
mately 175,396 Hz, the second-order is approximately 428,460 Hz, and the third-order is 
approximately 903,625 Hz. In actual experiments, the measured resonant frequency of the 
first-order mode is about 172,016 Hz. The experimental results are in good agreement with 
the simulation results, with a relative error of approximately 1.93%, which fully proves 
the reliability of the simulation. 

 

   
(a) (b) (c) 

Figure 4. Finite element simulation results showing the mode shapes of the first three resonant 
modes of the sensor structure, with key parameters listed in Table1. (a) First mode shape, (b) second 
mode shape, (c) third mode shape. 

3. Experimental Setup 
The resonant frequency and modal characteristics of frequency-modulated MEMS 

devices were obtained through simulation experiments. To measure the practical perfor-
mance of the sensor, including its sensitivity, frequency response, and resolution, a test 
system was established as Figure 5. This system consists of a vacuum pump for providing 
a vacuum experimental environment, a DC power supply, a lock-in amplifier from Zurich 
Instruments, a data acquisition and display computer, a sensor chip, and several connect-
ing wires. The manufacturing of sensor chips is similar to the reported research [15]. 

 

 
(a) (b) 

Figure 5. Complete experimental setup, including the testing setups and sensor chip. (a) Experi-
mental testing setups, (b) sensor chip in the vacuum pump. 
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The sensor chip is placed inside the vacuum chamber connected to the vacuum pump, 
ensuring the experiment is conducted within a pressure range of 0.1 Pa to 0.01 Pa. The DC 
power supply is used to provide a DC bias voltage (𝑉௕௜௔௦ or 𝑉ௗ௖), which is applied to the 
DC bias electrode of the sensor chip. The potential difference between the DC bias voltage 
and the perturbation voltage (𝑉௣) induces an electrostatic force, leading to the static dis-
placement of the sensor. 

The lock-in amplifier can generate an AC perturbation voltage that is applied to the 
driving electrode to drive the sensor operation. Moreover, adjusting the magnitude of the 
AC voltage (𝑉௔௖) allows controlling the amplitude of the sensor’s resonant beam, enabling 
the measurement of different vibration modes. In addition, the lock-in amplifier is used 
for signal processing: the output signal of the sensor is connected to the input terminal of 
the lock-in amplifier, which performs internal demodulation, and frequency-amplitude 
spectra are obtained via the LabONE Q 1.0.2 software installed on the externally con-
nected computer. The experiment mainly adopts the principle of single-variable control. 
The characteristic frequency values under different DC bias voltages and AC driving volt-
ages within the same vibration mode were measured separately, and the corresponding 
sensitivity and resolution were calculated. The specific procedures are as follows: 

Firstly, the relationship between the electric field and the applied voltage was cali-
brated. In this experiment, to ensure the device operates in the linear region, three sets of 
DC bias voltage values were set: 10 V, 15 V, and 20 V. For each set, three AC voltage 
magnitudes were configured: 1 mV, 1.5 mV, and 2 mV. Additionally, the DC perturbation 
voltage for each group was adjusted within the range of −20 V to 20 V, corresponding to 
an electric field intensity range of −193.4 kV/m to 193.4 kV/m. This is the measurement 
range of the sensor. 

The electrostatic force was applied to the lateral and bottom surfaces of the sensor to 
perform lateral and axial measurements, respectively. After determining the variables, 
frequency sweeping was carried out around the characteristic frequency obtained from 
the simulation to acquire frequency-response curves. Based on these curves, the sensitiv-
ity and resolution under different experimental conditions were calculated accordingly. 

4. Results 
4.1. Frequency Response and Sensitivity Analysis 

Frequency response is a fundamental characteristic of MEMS sensors, describing the 
relationship between the resonant frequency, vibration amplitude, and the applied per-
turbation voltage (corresponding to the actual electric field strength). This section focuses 
on the frequency response characteristics of the sensor under different perturbation direc-
tions (lateral, axial) and voltage combinations, providing raw data support for subsequent 
sensitivity analysis. All tests were conducted in a stable low-vacuum environment of 1 Pa, 
consistent with the experimental conditions for subsequent performance characterization. 

The frequency response tests covered three DC bias voltages 𝑉ௗ௖ and three AC drive 
voltages 𝑉௔௖. The reference state corresponded to the condition 𝑉௣ = 𝑉ௗ௖. Under this state, 
the amplitude-frequency curve for lateral perturbation is positioned furthest to the right, 
indicating the maximum resonant frequency, while for axial perturbation, it is positioned 
furthest to the left, indicating the minimum resonant frequency. The corresponding per-
turbation voltage is defined as the reference voltage, and its frequency as the reference 
frequency (𝑓଴). The absolute difference between the resonant frequency at a given 𝑉௣ and 𝑓଴ is denoted as ∆𝑓. This aligns with the theoretically derived sensitivity formula, where 
the applied voltage induces a negative stiffness perturbation in the lateral direction and a 
positive stiffness perturbation in the axial direction. 
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During testing, 𝑉௣  was adjusted from −20 V to +20 V. The amplitude-frequency 
curves at different 𝑉௣ values were acquired using a lock-in amplifier and LabONE soft-
ware, with a focus on analyzing the direction and magnitude of the resonance peak shift 
relative to the reference position. Taking the combination 𝑉ௗ௖ = 10 V, 𝑉௔௖ = 1.5 mV as an 
example, as 𝑉௣ deviates from 𝑉ௗ௖ and ห𝑉௣ − 𝑉ௗ௖ห increases, ∆𝑓 increases. However, the 
amplitude-frequency curve for the lateral direction shifts towards lower frequencies, 
while the curve for the axial direction shifts towards higher frequencies, as shown in Fig-
ure 6. The figure also shows that ∆𝑓 increases nonlinearly with the difference in electric 
field strength from the reference point, which will be further analyzed in the sensitivity 
section. 

Furthermore, the quality factor under axial perturbation is generally higher (15,640.1 
at the reference position), and the peak shift magnitude is less sensitive to changes in 𝑉௔௖ 
(variation less than 10% when 𝑉௔௖ increases from 1 mV to 2.5 mV), indicating superior 
stability of the resonant system. The comparison of frequency responses for the two per-
turbation directions shows that the lateral direction exhibits a more significant leftward 
shift in the resonance peak when 𝑉௣ deviates from 𝑉ௗ௖, laying the foundation for achiev-
ing higher sensitivity. In contrast, the axial direction shows a smaller rightward peak shift 
but a higher quality factor, reflecting better frequency selectivity. These differences are 
directly related to the stiffness perturbation effects induced by the different perturbation 
directions. 

  
(a) (b) 

Figure 6. Amplitude-frequency curves of different perturbation voltages at 𝑉௔௖ ＝ 1 mV and 𝑉ௗ௖ 
＝ 10 V. (a) lateral perturbation, (b) axial perturbation. 

To investigate the influence of DC bias voltage and AC voltage on sensitivity, a volt-
age ranging from –20 V to +20 V (corresponding to an electric field strength from –193.4 
kV/m to +193.4 kV/m following the same electric field generation plate as reference [15]) 
was applied to the metal cover plate, with a step size of 4 V. For each value of 𝑉ௗ௖, in 
addition to the perturbation voltage 𝑉௣ determined by the 4 V step, an additional pertur-
bation at 𝑉ௗ௖ = 𝑉௣ was applied. This aligns with the sensitivity expression derived earlier, 
where such a perturbation results in the maximum resonant frequency shift for the lateral 
direction and the minimum for the axial direction. Three different DC bias voltages 𝑉ௗ௖ 
and three AC driving voltages 𝑉௔௖ were selected. Nine sets of measurements were taken 
for each direction, and the sensitivity for each set was calculated, defined as the change in 
the square root of frequency per unit change in electric field strength. Using the calibrated 
voltage-to-electric field conversion factor, the electric field strength corresponding to each 
perturbation voltage was determined. The sensitivity curve for 𝑉ௗ௖ = 10𝑉  and 𝑉௔௖ =1𝑚𝑉 is shown in Figure 7, with electric field strength on the horizontal axis and ඥ∆𝑓 on 
the vertical axis. To visually distinguish the stiffness perturbations in different directions, 
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the values for the lateral direction are plotted as −ඥ∆𝑓, placing its curve below the hori-
zontal axis, while the axial direction (positive stiffness perturbation) is plotted as ඥ∆𝑓, 
placing its curve above the axis. The figure clearly shows that ඥ∆𝑓 is a linear function of 
E, indicating that the frequency shift ඥ∆𝑓 has a quadratic relationship with the electric 
field strength E. 

  
(a) (b) 

Figure 7. Sensitivity fitting curve diagram of first mode with 𝑉௔௖ is set to 1 mV and 𝑉ௗ௖ is set to 10 
V. (a) Lateral perturbation, (b) axial perturbation. 

Heat maps Figure 8 were then plotted with DC bias voltage and AC driving voltage 
as independent variables and sensitivity as the dependent variable. The results indicate 
that the lateral sensitivity reaches its maximum, while the axial sensitivity reaches its min-
imum, when 𝑉௔௖ = 2 mV and 𝑉ௗ௖ = 15 V. 

 
(a) (b) 

Figure 8. Heat map of the influence of AC drive and DC bias on sensitivity under the first mode. (a) 
lateral perturbation, (b) axial perturbation. 

In summary, the lateral sensitivity is distributed around 0.088 √Hz/(kV/m), and the 
axial sensitivity around 0.038 √Hz/(kV/m) , confirming that the lateral configuration 
yields superior sensitivity. Overall, the optimal sensitivity for the lateral direction is 
achieved at  𝑉௔௖ = 2 mV and 𝑉ௗ௖ = 15 V. The difference in sensitivity between the two 
directions is associated with the symmetry in the perturbation modes, which indicates 
that an appropriate asymmetric design can enhance the sensor’s performance to a certain 
extent, while a symmetric design can ensure the structural stability. 



Symmetry 2026, 18, 270 12 of 15 
 

https://doi.org/10.3390/sym18020270 

4.2. Resolution Analysis 

To investigate the resolution of the sensor, open-loop time-domain data was collected 
for 5 min using a lock-in amplifier under a zero external electric field. The noise power 
spectral density (NPSD) was then calculated via fast Fourier transform (FFT) in MATLAB. 
During the test, the AC bias voltage was set to 𝑉௔௖ = 30 mV, and the average frequency 
noise was computed as 𝐹 = 0.090 Hz/√Hz as shown in Figure 9. Given the nonlinear re-
sponse between frequency offset and electric field intensity in this study, the resolution 
(R) can be calculated using the average frequency noise amplitude ratio sensitivity [21]: 𝑅 = 𝐹𝑆 (25)

For lateral perturbation (DC perturbation voltage applied to the side of the resonant 
beam), the resolution is: 𝑅௟ = 𝐹𝑆௟ = 0.090 Hz/√Hz0.089 √Hz/(kV/m) = 1.01 kV/m (26)

where 𝑆௟ is the sensitivity for lateral perturbation. Similarly, the axial resolution can be 
calculated as 2.37 kV/m. 

A comparison of the noise analysis results for the two perturbation directions in the 
first-order linear region of the sensor reveals that the lateral perturbation achieves a 
smaller resolution, enabling the detection of weaker electric fields. The sensor operates in 
a well-developed electrostatic protection zone, and the laboratory temperature is constant, 
so the environmental noise sources can be ignored. Therefore, it is considered that the 
resolution in the report is the inherent performance of the sensor rather than the limitation 
of the measurement system. 

 

Figure 9. Frequency noise spectral density for the first mode in linear region at 𝑉௔௖ = 30 mV and 𝑉ௗ௖ = 7 V. 

As shown in Figure 10, it is an Allan variance graph of the sensor during an open-
loop test with 𝑉௔௖＝ 30 mV and 𝑉ௗ௖ = 7 V. The figure shows that the sensor in this study 
exhibits excellent short-term stability in the time stability test, with the Allan variance 
reaching a minimum of 0.03722 Hz at τ ＝ 5.730 s. This indicates that the sensor has su-
perior frequency stability and internal noise at this time scale, making it suitable for me-
dium and short-term high-precision electric field measurements on the order of seconds. 
However, the long-term stability needs to be improved. This can be addressed in future 
research by optimizing the signal conditioning circuit [22]. 
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Figure 10. Allan variance plot at 𝑉௔௖ ＝ 30 mV and 𝑉ௗ௖ ＝ 7 V. 

5. Discussion 
This study compared the sensitivity and resolution of the resonator by applying dis-

turbances along the lateral and axial directions, respectively. When the disturbance was 
applied laterally, the sensitivity reached a value of 0.088 √Hz/(kV/m), with a resolution 
of 1.01 kV/m. In contrast, when the disturbance was applied axially, the sensitivity 
reached a value of 0.038 √Hz/(kV/m), with a resolution of 2.37 kV/m. Overall, the lateral 
configuration outperformed the axial one in terms of both sensitivity and resolution, with 
the optimal sensitivity achieved at 𝑉௔௖ = 2 mV and 𝑉ௗ௖ = 15 V. Future research may ex-
plore the performance of the sensor in higher-order symmetric modes and nonlinear re-
gimes. Moreover, the axial sensitivity and resolution differ from the corresponding lateral 
performance by only 2 to 3 times, which indicates that the axial comb-like structure ex-
hibits excellent characteristics in enhancing the sensitivity and resolution of the sensor. 

6. Conclusions 
This study investigated the vibration characteristics of a MEMS sensor in the first-

order linear region by applying disturbances along the lateral and axial directions, respec-
tively. Comparison reveals that the optimal sensitivity is achieved when the disturbance 
is applied laterally under specific DC bias and AC driving conditions. Firstly, a structural 
model of the resonator operation was established, and the range of electric field force as 
well as the sensitivity expression were derived. Subsequently, a three-dimensional model 
was constructed, and the first-order linear resonant frequency was obtained through finite 
element simulation. Based on the simulation results, a complete test system was designed 
and set up. Disturbances were applied along the lateral and axial directions to obtain the 
frequency response under different DC bias voltages and AC driving conditions, and 
time-domain data under zero disturbance were collected. Following this, the frequency 
response and noise were analyzed to determine the sensitivity and noise level, and the 
influence of DC bias and AC drive on these parameters was examined, with the results 
presented in heat maps. The lateral sensitivity was 0.088 √Hz/(kV/m), with a resolution 
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of 1.01 kV/m. For the axial direction, the sensitivity was 0.038 √Hz/(kV/m), with a reso-
lution of 2.37 kV/m. The improvement of axial performance indicates that the comb-like 
structure is conducive to enhancing the sensitivity and resolution of the sensor. This re-
search focuses on the characteristics in the first-order linear region. In comparison with 
other studies, MEMS structures operating in nonlinear regions and higher-order modes 
exhibit superior performance [21], indicating the significant potential of MEMS sensors in 
electric field measurement. 
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