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Abstract 

The high cost and long turnaround time of MEMS fabrication necessitate accurate pre-fabrication 
performance prediction. For Z-shaped MEMS capacitive microphones, the lack of a complete 
analytical model for the suspension spring constant hinders systematic optimization and often leads 
to costly trial-and-error fabrication. This work presents a closed-form energy-based analytical model 
for Z-shaped suspension arms using Castigliano’s theorem, enabling explicit derivation of the vertical 
spring constant and its direct link to key performance parameters. Based on this formulation, a 
physically grounded multi-objective optimization framework is established to enhance mechanical 
sensitivity while satisfying resonance frequency and pull-in voltage constraints. Particle swarm 
optimization (PSO) is employed as an efficient search strategy within the analytically defined design 
space. The framework allows reliable evaluation and optimization of microphone performance 
before fabrication, significantly reducing design uncertainty. Simulation results show that, compared 
with both an initial reference design and reported state of the art Z shaped MEMS microphones, the 
optimized structure achieves approximately a threefold improvement in open circuit sensitivity 
while reducing the pull in voltage by nearly 30% without compromising resonance frequency 
constraints. The presented approach offers a systematic, fabrication oriented design pathway 
applicable to a wide range of MEMS microphone structures. 

Keywords: MEMS capacitive microphone; z-shaped diaphragm; analytical modeling; spring 
constant; structural optimization; particle swarm optimization (PSO) 
 

1. Introduction 

Microelectromechanical systems (MEMS) capacitive microphones are widely used in modern 
acoustic sensing applications due to their compact size, low power consumption, and CMOS 
compatibility [1–3]. The performance of these devices is fundamentally determined by the mechanical 
behavior of the diaphragm–suspension system, which directly governs key parameters such as 
mechanical sensitivity, resonance frequency, and pull-in voltage. Designing a microphone structure 
that simultaneously satisfies these conflicting requirements remains a major challenge in MEMS 
microphone development [4,5]. 

Various types of micromachined microphones have different designs, including piezoresistive, 
piezoelectric, and capacitive microphones, which have been investigated in various references [6,7]. 

The capacitive microphones, due to their better performance, such as high sensitivity, low power 
consumption, smooth frequency response in a wide bandwidth, low noise level, stability, and 
reliability, have been extensively studied [8–10] 
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Capacitive microphones are typically composed of a diaphragm that vibrates in response to 
incident sound waves. In conventional configurations, the diaphragm is suspended over a backplate, 
with an air gap between these components allowing for diaphragm displacement. Existing research 
has demonstrated various capacitive microphone architectures. However, the fabrication process 
becomes increasingly complex and expensive when employing thick backplates. Some studies [11–
13] have proposed perforating the diaphragm as an effective solution to mitigate these manufacturing 
challenges while maintaining acoustic performance. 

Furthermore, to improve the performance of the microphone, corrugated, slotted, posted, and 
spring-shaped diaphragms have also been employed [14–21]. 

Among various suspension configurations, Z-shaped spring arms have been proposed as an 
effective solution to enhance diaphragm compliance without significantly increasing the device 
footprint [22]. Several prior studies have reported sensitivity improvement using folded or Z-shaped 
suspensions; however, the majority of these works rely on finite-element simulations, parametric 
sweeps, or empirical trial-and-error approaches. While effective, such methods are computationally 
intensive and provide limited physical insight into the role of individual geometric parameters 
[23,24]. 

Some studies employed the Taguchi method to optimize the pressure sensor structure. This 
statistical-empirical approach utilizes orthogonal arrays and analysis of variance to select the optimal 
parameter combination from a limited set of experimentally tested options within a discrete design 
space. However, the Taguchi method does not guarantee convergence to the global optimum [25].  

For this reason, optimization in MEMS design is not merely a numerical refinement step but a 
necessity for reducing fabrication risk [26,27]. When supported by accurate mechanical models, 
optimization enables designers to evaluate trade-offs among sensitivity, resonance frequency, and 
electrostatic stability prior to fabrication, thereby minimizing reliance on costly experimental 
iterations. In the absence of such models, optimization is often reduced to black-box searches with 
limited predictive value. 

Among existing optimization techniques, Particle Swarm Optimization (PSO) is widely adopted 
in MEMS design due to its high computational efficiency, effectiveness in handling nonlinear design 
spaces, and strong capability to escape local optima. By leveraging population-based stochastic 
search, PSO enables systematic optimization of structural parameters, improving device performance 
and reducing fabrication uncertainty without reliance on gradient-based methods [28–33]. 

From a modeling perspective, the effectiveness of structural optimization is inherently limited 
by the accuracy of the underlying mechanical formulation. In Z-shaped microphone suspensions, a 
complete and transparent analytical derivation of the vertical spring constant, explicitly accounting 
for both torsion and bending deformation mechanisms, has not been fully reported. This gap restricts 
the formulation of physically meaningful objective functions required for systematic optimization. 

In this work, a closed-form, energy-based analytical model is developed to derive the vertical 
spring constant of Z-shaped MEMS microphone suspensions using Castigliano’s theorem. Based on 
this model, a multi-objective structural optimization framework employing particle swarm 
optimization (PSO) is proposed to simultaneously enhance mechanical sensitivity while maintaining 
acceptable resonance frequency and pull-in voltage. The role of PSO in this study is to efficiently 
explore the design space enabled by the proposed analytical model, allowing the identification of 
fabrication-ready, optimized microphone designs before entering the cleanroom. 

The main contributions of this paper are summarized as follows: 

1. A complete energy-based analytical derivation of the vertical spring constant for Z-shaped 
MEMS microphone suspensions. 

2. A physically meaningful multi-objective formulation linking diaphragm geometry to sensitivity, 
resonance frequency, and pull-in voltage. 

3. A PSO-based optimization framework that enables reliable pre-fabrication performance 
optimization of MEMS capacitive microphones, reducing dependence on costly trial-and-error 
fabrication cycles. 
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The article is organized in six principal sections. In the second section, a comprehensive analysis 
is presented: (1) the complete structure of the capacitive Z-shaped microphone, (2) accurate 
mathematical modeling of the spring constant derived through the energy method, and (3) 
calculating of its performance parameters based on spring constant. The third section establishes the 
optimization framework by Definition of Input and Output Parameters in PSO Implementation, 
defining the desired performance parameters for microphone structural optimization, and Specifying 
the allowable design space for component geometry variations. The fourth section introduces the 
basic principles of the PSO, and based on the discussed problem, the objective function is defined. 
Following that, in the fifth section, the optimized results and performance evaluation of the algorithm 
are presented, comparing the performance of the optimized structure with the initial microphone and 
other capacitive microphones designed in recent years. Finally, the sixth section provides a general 
conclusion. 

2. Structure of the Z-Shaped Microphone 

The structure of the MEMS capacitive Z-shaped microphone is depicted in Figure 1, and the 
general specifications of the microphone structure are presented in Table 1. 

 

 
(a) (b) 

Figure 1. Z-shaped Microphone, a) Cross section View. b) Top View of the Diaphragm. 

The geometric and physical parameters listed in Table 1 are derived from an initial 
fabrication-oriented reference design of the Z-shaped MEMS capacitive microphone. These values 
were selected by considering SOI micromachining constraints, mechanical reliability, and 
electrostatic stability. The diaphragm thickness, air gap, and spring-arm dimensions were 
determined based on the baseline layout while respecting lithography limitations and pull-in voltage 
constraints, and the bias voltage range was chosen to ensure compatibility with low-voltage 
electronic interfaces. 

Consequently, the parameters in Table 1 define a realistic and manufacturable design space for 
subsequent analytical modeling and structural optimization, rather than arbitrarily chosen values. 

Table 1. Physical Parameters of the Microphone Structure. 

Specifications Values 
Diaphragm Material Single-crystal Silicon 
Diaphragm Length 300μm 

Diaphragm Thickness 5μm 
Number of Holes 421 

Hole Width 5μm 
Air Gap Thickness 1μm 
Young's Modulus 130GPa 

Poisson's Ratio 0.28 
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As shown in Figure 1, silicon dioxide is used to create an air gap between the diaphragm and 
the backplate, and the diaphragm material is single-crystal silicon. Additionally, to reduce damping 
issues and simplify the manufacturing process, the diaphragm has been perforated. Z-shaped arms 
have also been added around the diaphragm to enhance sensitivity. Due to the hardness and 
mechanical strength resembling steel, single-crystal silicon is an ideal material for many 
microelectromechanical structures. Furthermore, single-crystal silicon can be manufactured with 
almost no stress. However, microphones with single-crystal silicon diaphragms may not provide 
optimal performance due to the thickness of the diaphragm, as high diaphragm thickness leads to a 
reduction in the mechanical sensitivity of the microphone [34,35]. 

The sensitivity of capacitive microphones is positively influenced by an increase in diaphragm 
dimensions, higher supply voltages, a reduction in air gap distance, and decreased residual stress in 
the diaphragm. Due to the inherent trade-offs among various performance parameters, a structural 
design must be developed that achieves an optimal balance between all of these factors. Indeed, the 
implementation of the aforementioned structure with Z-shaped arms enables the designer to achieve 
a microphone with optimal performance characteristics. 

2.1. Mathematical Modeling of Z-Shape Arms Spring Constant 

In this work, a complete closed-form analytical formulation based on the energy method and 
Castigliano’s theorem is presented, providing a transparent and reproducible model for the vertical 
stiffness of the Z-shaped diaphragm suspension. The derived model establishes a direct and 
physically interpretable relationship between structural geometry and mechanical stiffness, making 
it particularly suitable for systematic and performance-aware structural optimization. 

In the subsequent analysis, both residual stresses and extensional stresses are neglected. First, 
the free-body diagram is developed through segmentation of the designated arm, based on the 
diaphragm schematic and arm configuration based on Figure 1. A vertical force Fz is applied to the 
free-ended part of the arm, resulting in a displacement δz. The z-axis orientation was selected to 
represent the vertical spring constant. 

 

Figure 2. Free-body diagram for one of the Z-shaped arms. 

Because of the diaphragm's symmetrical design, the beam's end angle θ₀ naturally stays at zero. 
Rotation is limited through the application of an external bending moment M₀ in the finite element 
analysis. Where each section is described using its local coordinate system. The bending and torsional 
moments for each section (M3, M2, M1, T3, T2, T1) are defined as follows: 

Bending moments of section 1: 𝑀ଵ = M୭ − F୸𝜉 (1) 
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Torsional moments of section 1: 𝑇ଵ = T୭ (2) 

Bending moments of section 2: 𝑀ଶ = 𝑇୭ − F୸(𝜉) (3) 

Torsional moments of section 2: 𝑇ଶ = 𝑀୭ − F୸𝐿ଵ (4) 

Bending moments of section 3: 𝑀ଷ = 𝑀୭ − F୸(𝐿ଵ + 𝜉) (5) 

Torsional moments of section 3: 𝑇ଷ = 𝑇୭ − F୸(𝐿ଶ) (6) 

The ξ-axis is defined parallel to the longitudinal direction of each arm section. The end angle of 
the arm is maintained at zero due to structural symmetry. Rotation is constrained in the analysis 
through application of an external bending moment M₀. For calculation of the arm's strain energy in 
the z-direction, the following expression is derived: 𝑈 = න ቆ𝑀ଶ2𝐸𝐼 + 𝑇ଶ2𝐺𝐽ቇ௅

଴ 𝑑𝜉 (7) 

A combination of Castigliano's second theorem and the zero end-angle condition (θ₀=0) 
produces a functional relationship between the external moment and applied load. 𝜑଴ = ׬ ቀெయாூయ డெయడெ೚ 𝑑𝜉 + య்ீ௃య డ య்డெ೚ 𝑑𝜉ቁ௅య଴ ׬+ ቀெమாூమ డெమడெ೚ 𝑑𝜉 + మ்ீ௃మ డ మ்డெ೚ 𝑑𝜉ቁ +௅మ଴ ׬ ቀெభாூభ డெభడெ೚ 𝑑𝜉 + భ்ீ௃భ డ భ்డெ೚ 𝑑𝜉ቁ = 0 ௅భ଴  

(8) 

For analytical convenience, the following parameter definitions are defined: 𝑆௘ଷ = 𝐸𝐼ଷ (9) 𝑆௘ଶ = 𝐸𝐼ଶ (10) 𝑆௘ଵ = 𝐸𝐼ଵ (11) 𝑆௚ଷ = 𝐺𝐽ଷ (12) 𝑆௚ଶ = 𝐺𝐽ଶ (13) 𝑆௚ଵ = 𝐺𝐽ଵ (14) 

Where E is the Young's modulus, G is the shear modulus, I is the moment of inertia, and J is the 
torsional constant. Consequently, Equation (8) can be expressed in the following form: 1𝑆௘ଷ ൤(𝑀୭ − F୸𝐿ଵ)𝐿ଷ − F୸2 𝐿ଷଶ൨ + 1𝑆௚ଶ (𝑀୭ − F୸𝐿ଵ)𝐿ଶ + 1𝑆௘ଵ ൬𝑀୭𝐿ଵ − F୸2 𝐿ଵଶ൰ = 0 (15) 

Through rearrangement of the equation terms, 𝑀୭ ቆ𝐿ଷ𝑆௘ଷ + 𝐿ଶ𝑆௚ଶ + 𝐿ଵ𝑆௘ଵቇ = 𝐹௭ ቆ2𝐿ଷ𝐿ଵ + 𝐿ଷଶ2𝑆௘ଷ + 𝐿ଶ𝐿ଵ𝑆௚ଶ + 𝐿ଵଶ𝑆௘ଵቇ (16) 

By applying common denominators to both sides, 
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𝑀୭ ቆ𝐿ଷ𝑆௚ଶ𝑆௘ଵ + 𝐿ଶ𝑆௘ଷ𝑆௘ଵ + 𝐿ଵ𝑆௘ଷ𝑆௚ଶ𝑆௘ଷ𝑆௚ଶ𝑆௘ଵ ቇ
= F୸ ቆ2𝐿ଷ𝐿ଵ𝑆௚ଶ𝑆௘ଵ + 𝐿ଷଶ𝑆௚ଶ𝑆௘ଵ + 2𝐿ଶ𝐿ଵ𝑆௘ଷ𝑆௘ଵ + 2𝐿ଵଶ𝑆௘ଷ𝑆௚ଶ2𝑆௘ଷ𝑆௚ଶ𝑆௘ଵ ቇ 

(17) 

The relationship between the bending moment and applied force is obtained as follows: 

𝑀୭ = 2𝐿ଷ𝐿ଵ𝑆௚ଶ𝑆௘ଵ + 𝐿ଷଶ𝑆௚ଶ𝑆௘ଵ + 2𝐿ଶ𝐿ଵ𝑆௘ଷ𝑆௘ଵ + 2𝐿ଵଶ𝑆௘ଷ𝑆௚ଶ2൫𝐿ଷ𝑆௚ଶ𝑆௘ଵ + 𝐿ଶ𝑆௘ଷ𝑆௘ଵ + 𝐿ଵ𝑆௘ଷ𝑆௚ଶ൯ F୸ = CଵF୸ (18) 

Through application of the angular constraint (φ₀), a relationship between the torsional moment 
and applied load is derived as follows: 𝜑௢ = 𝜕𝑈𝜕𝑇௢ = න ൬𝑀ଷ𝐸𝐼ଷ 𝜕𝑀ଷ𝜕𝑇௢ 𝑑𝜉 + 𝑇ଷ𝐺𝐽ଷ 𝜕𝑇ଷ𝜕𝑇௢ 𝑑𝜉൰௅య଴ + න ൬𝑀ଶ𝐸𝐼ଶ 𝜕𝑀ଶ𝜕𝑇௢ 𝑑𝜉 + 𝑇ଶ𝐺𝐽ଶ 𝜕𝑇ଶ𝜕𝑇௢ 𝑑𝜉൰௅మ଴+ න ൬𝑀ଵ𝐸𝐼ଵ 𝜕𝑀ଵ𝜕𝑀௢ 𝑑𝜉 + 𝑇ଵ𝐺𝐽ଵ 𝜕𝑇ଵ𝜕𝑇௢ 𝑑𝜉൰ = 0 ௅భ଴  

(19) 

By solving equation (19) and utilizing equations (9) through (14), the following expression is 
obtained: 1𝑆௚ଷ ൫𝑇௢ − 𝐹௭(𝐿ଶ)൯𝐿ଷ + 1𝑆௘ଶ ቆ(𝑇௢)𝐿ଶ − 𝐹௭2 𝐿ଶଶቇ + 1𝑆௚ଵ (𝑇௢𝐿ଵ) = 0 (20) 

Through rearrangement of the equation (20) terms, 𝑇௢ ቆ 𝐿ଷ𝑆௚ଷ + 𝐿ଶ𝑆௘ଶ + 𝐿ଵ𝑆௚ଵቇ = 𝐹௭ ቆ𝐿ଷ(𝐿ଶ)𝑆௚ଷ + 𝐿ଶଶ𝑆௘ଶቇ (21) 

The relationship between the torsional moment and applied force is obtained as follows: 𝑇௢ = 𝑆௘ଶ𝐿ଷ(𝐿ଶ) + 𝑆௚ଷ൫𝐿ଶଶ൯൫𝐿ଷ𝑆௘ଶ𝑆௚ଵ + 𝐿ଶ𝑆௚ଷ𝑆௚ଵ + 𝐿ଵ𝑆௚ଷ𝑆௘ଶ൯𝐹௭ = 𝐶ଶ𝐹௭ (22) 

Using Castigliano's second theorem, the vertical displacement can be expressed as: δ୸ = 𝜕𝑈𝜕𝐹௭ = න ൬𝑀ଷ𝐸𝐼ଷ 𝜕𝑀ଷ𝜕𝐹௭ 𝑑𝜉 + 𝑇ଷ𝐺𝐽ଷ 𝜕𝑇ଷ𝜕𝐹௭ 𝑑𝜉൰௅య଴ + න ൬𝑀ଶ𝐸𝐼ଶ 𝜕𝑀ଶ𝜕𝐹௭ 𝑑𝜉 + 𝑇ଶ𝐺𝐽ଶ 𝜕𝑇ଶ𝜕𝐹௭ 𝑑𝜉൰௅మ଴+ න ൬𝑀ଵ𝐸𝐼ଵ 𝜕𝑀ଵ𝜕𝐹௭ 𝑑𝜉 + 𝑇ଵ𝐺𝐽ଵ 𝜕𝑇ଵ𝜕𝐹௭ 𝑑𝜉൰ ௅భ଴  

(23) 

By substituting the derived bending and torsional moment relationships into the equation (23), 
the following expression is obtained: δ୸ୀ 1Sୣଷ න (Cଵ − Lଵ − ξ)ଶF୸dξ୐య଴ + 1S୥ଷ න (Cଶ − Lଶ)ଶF୸dξ + ୐య଴ 1Sୣଶ න (Cଶ − ξ)ଶF୸dξ ୐మ଴+ 1S୥ଶ න (Cଵ − Lଵ)ଶF୸dξ +୐మ଴ 1Sୣଵ න (Cଵ − ξ)ଶF୸dξ୐భ଴+ 1S୥ଵ න (Cଶ)ଶF୸dξ୐భ଴  

(24) 

Through integration of Equation (24), the relationship between displacement and applied force 
(Fz) can be derived as follows: 
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𝛿௭  = (Cଵ − Lଵ)ଷ − (Cଵ − Lଵ − Lଷ)ଷ3𝑆௘ଷ 𝐹௭ + (Cଶ − Lଶ)ଶLଷ𝑆௚ଷ 𝐹௭+ (Cଶ)ଷ − (Cଶ − Lଶ)ଷ3𝑆௘ଶ 𝐹௭ + (Cଵ − Lଵ)ଶLଶ𝑆௚ଶ 𝐹௭+ (Cଵ)ଷ − (Cଵ − Lଵ)ଷ3𝑆௘ଵ 𝐹௭ + (Cଶ)ଶLଵ𝑆௚ଵ 𝐹௭ 

(25) 

Using the above relationship, the spring constant of a Z-shaped arm can be readily calculated by 
dividing the applied force by the resulting displacement. K୸ = F୸δ୸              (Gpa.μm) (26) 

Consequently, the diaphragm's spring constant in the z-direction is four times of a single arm, 
as follows: 𝐾௘௤,௭ = 4

൮(Cଵ − Lଵ)ଷ − (Cଵ − Lଵ − Lଷ)ଷ3𝑆௘ଷ + (Cଶ − Lଶ)ଶLଷ𝑆௚ଷ + (Cଶ)ଷ − (Cଶ − Lଶ)ଷ3𝑆௘ଶ+ (Cଵ − Lଵ)ଶLଶ𝑆௚ଶ + (Cଵ)ଷ − (Cଵ − Lଵ)ଷ3𝑆௘ଵ + (Cଶ)ଶLଵ𝑆௚ଵ ൲ 

(27) 

Where its unit is kilo newton per meter (kN/m). Given the potential applicability of Z-shaped 
flexure arms in MEMS component design—including pressure sensors and accelerometers—a precise 
understanding of their spring constant relationship is critically important for performance 
optimization. 

2.2. Mathematical Modeling of the Microphone Performance Parameters 

Given that the arm design ensures uniform deflection of the central diaphragm, and based on 
the spring constant calculated in the section 2.1, the microphone’s performance parameters can be 
derived. 

2.2.1. Resonance Frequency 

One of the key parameters in evaluating microphone performance is the resonance frequency. 
The structure's resonance frequency depends on various parameters including geometry and 
material properties. The diaphragm's resonance frequency can be defined as follows: 

𝑓௥௘௦ = 12𝜋ඨ𝑘𝑚 (28) 

Where k is the diaphragm's spring constant and m represents the diaphragm mass, which are 
calculated as follows: 𝑚 = 𝜌. 𝑣௘௤ = 𝜌.𝐴௘௙௙. 𝑡 (29) 

Where ρ denotes the density, Aeff represents the diaphragm effective area, and t corresponds to 
the diaphragm thickness. By substituting Equations (27) and (29) into Equation (28), the resonance 
frequency of the Z-shaped arm microphone can be determined as follows: 𝑓௥ = 1𝜋

⎷⃓⃓⃓⃓
⃓⃓⃓⃓⃓ለ 1
𝜌.𝐴௘௙௙. 𝑡 ൮(Cଵ − Lଵ)ଷ − (Cଵ − Lଵ − Lଷ)ଷ3𝑆௘ଷ + (Cଶ − Lଶ)ଶLଷ𝑆௚ଷ + (Cଶ)ଷ − (Cଶ − Lଶ)ଷ3𝑆௘ଶ+ (Cଵ − Lଵ)ଶLଶ𝑆௚ଶ + (Cଵ)ଷ − (Cଵ − Lଵ)ଷ3𝑆௘ଵ + (Cଶ)ଶLଵ𝑆௚ଵ ൲ 

(30) 
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2.2.2. Mechanical Sensitivity 

The mechanical sensitivity of the microphone is defined as the diaphragm displacement (W) 
induced by the applied pressure (P). Consequently, the mechanical sensitivity can be expressed as 
follows: S୫ = dwdP  (31) 

The relationship between the applied force (F) and the spring stiffness (k) follows Hooke’s Law. 𝐹 = 𝑘𝑤 (32) 

The relationship between the applied force and the pressure is given by the following equation: 𝑃 = 𝐹𝐴 (33) 

Consequently, the microphone's mechanical sensitivity can be determined as: S୫ = Aୣ୤୤Kୣ୯ = 14 (wୢଶ − na୦ଶ)ቆ(Cଵ − Lୡ)ଷ − (Cଵ − Lୡ − Lୟ)ଷ3Sୣୟ + (Cଶ − Lୠ)ଶLୟS୥ୟ+ (Cଶ)ଷ − (Cଶ − Lୠ)ଷ3Sୣୠ + (Cଵ − Lୡ)ଶLୠS୥ୠ + (Cଵ)ଷ − (Cଵ − Lୡ)ଷ3Sୣୡ+ (Cଶ)ଶLୡS୥ୡ ቇ 

(34) 

2.2.3. Pull-In Voltage 

The pull-in voltage is a critical concept in microelectromechanical systems (MEMS), particularly 
in electrostatic sensors. It is defined as the minimum voltage required to cause the sudden attraction 
(pull-in effect) between diaphragm and back plates within a MEMS microphone. 

For a simple parallel-plate structure with an initial gap distance (d0), the pull-in voltage (Vpull−in) 
can be approximated using the following equation: 

V୮୧ = ඨ8𝑘𝑑௢ଷ27εA  (35) 

Then the pull-in voltage relationship for a microphone with a Z-shaped microphone can be 
calculated as follows: 

V୮୧ =
⎷⃓⃓⃓⃓
⃓⃓⃓⃓⃓⃓
ለ 32𝑑௢ଷ

27εA൮(Cଵ − Lୡ)ଷ − (Cଵ − Lୡ − Lୟ)ଷ3𝑆௘௔ + (Cଶ − Lୠ)ଶLୟ𝑆௚௔ + (Cଶ)ଷ − (Cଶ − Lୠ)ଷ3𝑆௘௕+ (Cଵ − Lୡ)ଶLୠ𝑆௚௕ + (Cଵ)ଷ − (Cଵ − Lୡ)ଷ3𝑆௘௖ + (Cଶ)ଶLୡ𝑆௚௖ ൲ 
(36) 

3. Proposed Method for Optimization of the Microphone Structure 

The term 'MEMS Technology' denotes the combined electrical and mechanical physics, which 
inherently creates design challenges.  Most MEMS fabrication works utilize approximate trial-and-
error processes often resulting in initial designs with incompletely characterized performance and 
non-optimal configurations. 

The optimization method which is presented in this work for the microphone design is an 
attractive area of discussion. The utilization of optimization algorithms with optimal dimensions can 
undoubtedly lead to a significantly improved performance. The design components have been 
optimized using the PSO algorithm. 
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3.1. Definition of Designing Parameters 

The design process is initiated by selecting the initial Z-shaped microphone configuration. Given 
that the performance characteristics of this structure have been precisely modeled through 
computational methods, an optimized design can be systematically achieved using the particle 
swarm optimization algorithm. Certain structural parameters, including diaphragm length and 
thickness, perforation count and width, and air gap dimensions, are maintained as fixed variables 
throughout the optimization process. This particular design incorporates a 300-micron diaphragm. 
The special consideration must be given during the optimization process to ensure the microphone's 
resonant frequency remains outside the audible spectrum (20 kHz). Accordingly, three key 
performance metrics - resonant frequency, pull-in voltage, and mechanical sensitivity - have been 
selected as optimization targets. The pull-in voltage, defined as the critical potential difference 
causing collapse of the movable electrode onto its stationary counterpart, requires particular 
attention.  

As illustrated in Figure 1, the diaphragm is supported by four arms, each comprising three 
beams. Consequently, determining the optimal length and width of these beams is a critical 
consideration in the design process. Figure 3 presents an overview of the proposed model for 
optimizing the Z-shaped microphone. The model employs an optimization algorithm to select key 
geometric parameters of the microphone structure, such as beam dimensions. The examined 
structural parameters include the following: 

Length of the beams=L( Lଵ, Lଶ, Lଷ) (37) 

Width of the beams = W( Wଵ, Wଶ, Wଷ) (38) 

In the proposed methodology, six critical structural parameters are required to be optimized 
through the algorithmic process. The key performance metrics investigated in this study comprise 
the resonant frequency, pull-in voltage, and mechanical sensitivity of the microphone. 

 

Figure 3. Pattern of input and output parameters of the optimization algorithm. 

3.2. Performance Specifications of the Capacitive Z-Shaped Microphone 

The optimization process is performed to determine the optimal structural configuration for 
simultaneously reducing the supply voltage and enhancing microphone’s sensitivity, while adhering 
to the resonance frequency constraint. As specified in Table 2, the target design space for microphone 
performance optimization is defined, with a minimum resonance frequency threshold of 30 kHz 
selected to ensure operation within the audible frequency range. 

Table 2. The target design space. 

Desirable objectives ranges 
Resonance frequency (kHz) 𝑓௥ ൐ 30 

Mechanical sensitivity (nm/Pa) 𝑆௠ ൐ 1 
Pull-in Voltage (V) 𝑉௣ ൏ 9 
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For this structure with a supported diaphragm by Z-shape arms, six design variables (L1, L2, L3, 
w1, w2, w3) are defined. Based on design constraints, the system yields three independent and three 
dependent variables. Independent variables are considered with configuration matrix Xz as follows: X୞ = [wଷ Lଶ wଶ] (39) 

In this design, given the structural constraints regarding the formation of a 5-micron gap 
between the arm and the body, three additional variables dependent on these three main variables 
will be introduced. These relationships are defined as follows: 𝐿ଷ = 𝑤ଶ + 15 (40) 𝐿ଵ = 𝑤ଶ + 5 (41) 𝑤ଵ = 𝑊ୈ + 5 + 𝑤ଶ − 𝐿ଶ − 𝑤ଷ (42) 

WD represents the length of the diaphragm, with 300 microns width. 
The Variation ranges for the independent variables has been determined based on the condition 

that the width of each arm section should vary between 20 and 30 microns, as given in Table 3. 

Table 3. Variation ranges of the independent variables. 

Designing parameters Variation ranges 
L3(μm) -- 
L2(μm) 275-285 
L1(μm) -- 
W3(μm) 20-30 
W2(μm) 20-30 
W1(μm) -- 

The objective of optimization is to achieve a microphone with optimal performance. To evaluate 
microphone performance, three key parameters are analyzed: resonance frequency, mechanical 
sensitivity, and pull-in voltage. Thus, the objective function must be defined in such a way that all 
three mentioned parameters are improved. Mechanical sensitivity has been utilized due to its 
independence from bias voltage. 

4. PSO Algorithm 

The PSO algorithm is initialized with a population of randomly generated particles within the 
search space. The optimization process proceeds through iterative solution updates, where particle 
route are continuously adjusted based on both individual and collective experiences. The flowchart of 
the PSO algorithm is illustrated in Figure 4. 

In this N-dimensional solution space, each particle's position represents a potential solution, 
while its velocity vector determines the direction of exploration. The fitness of each particle is 
evaluated according to the predefined objective function. During the optimization process, two key 
parameters guide particle movement: The personal best solution (pbest) encountered by each 
individual particle is maintained, and the global best solution (gbest) discovered by the entire swarm 
is preserved. 

The fundamental principle of PSO involves the convergence of particles toward optimal regions 
through velocity updates. These updates incorporate: the particle's current velocity, its displacement 
from pbest, its displacement from gbest. 

The velocity adjustment is modulated by random acceleration coefficients at each iteration. 
Following the identification of optimal positions, particle velocities and locations are systematically 
updated according to established mathematical formulations as follows: V୧୩ାଵ = wV୧୩ + Cଵrandଵ൫pbest୧ − S୧୩൯ + Cଶrandଶ(gbest − S୧୩) (43) 
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The velocity of the i-th particle at the k-th iteration, denoted as Vik, is determined by three key 
components: the particle’s previous velocity, its personal best position (pbest), and the global best 
position (gbest) of the swarm. The weighting function (w) controls the inertia of the particle. Cj is the 
weighting or learning factor. A uniformly distributed random number (rand) between 0 and 1 
introduces stochastically, ensuring exploration of the search space. 

The position update is governed by the particle’s current position Sik and its newly computed 
velocity. Conventionally, the acceleration coefficients are set to c1=c2=2, balancing the trade-off 
between individual and social learning. Eq.44 ensures that particles efficiently converge toward 
optimal regions while maintaining diversity in the search process. S୧୩ାଵ = S୧୩ + V୧୏ାଵ (44) 

Where 𝑆௜௞ represents the position of the i-th particle at the k-th iteration.  

Objective Function Definition  

The objective function is formulated based on the analytical spring constant model derived in 
Section 2. The novelty of the proposed optimization lies not in the PSO algorithm itself, but in the 
formulation of a physically grounded objective function that directly links diaphragm geometry to 
key performance metrics, including sensitivity, resonance frequency, and pull-in voltage. This 
approach enables a constrained and physically meaningful optimization of the Z-shaped MEMS 
microphone. 

The optimization objective is to enhance the overall performance of the microphone. To evaluate 
its performance, three critical parameters are considered: resonance frequency, mechanical 
sensitivity, and Pull-in Voltage. Therefore, the objective function must be formulated to 
simultaneously improve all three parameters. The fitness value of each particle is determined by 
evaluating this objective function, with the optimization process aimed at minimizing the function. 
Accordingly, the objective function is defined as follows: 

Z = ඥaଵZି୤୰ + aଶZିୱ୫ + aଷZି୴୮ (45) 

 

Figure 4. Particle Swarm Optimization Algorithm Flowchart. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 December 2025 doi:10.20944/preprints202512.2377.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.2377.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 16 

 

The equations obtained for resonance frequency, mechanical sensitivity, and Pull-in Voltage in 
Section 2 are used to achieve the objective function. In fact 𝑍ି௙௥ is a part of the objective function for 
optimizing the resonance frequency, which is defined as: 𝑍ି௙௥ = ඥ𝑓௥ − 𝑓௥,ௗ௘௦௜௥௘ௗ (46) 

where 𝑓௥,ௗ௘௦௜௥௘ௗ  is the desired minimum frequency, set to 30 kilohertz according to Table 2. The 
coefficient (a1) of Z_fr in Eq.4 is defined in such a way that if   𝑓௥ > 𝑓௥,ௗ௘௦௜௥௘ௗ , this coefficient becomes 
zero. Otherwise, it becomes one. 𝑍ି௦௠ is a part of the objective function for optimizing the mechanical sensitivity of the structure, 
defined as follows: Zିୱ୫ =  ඥS୫ − S୫,ୢୣୱ୧୰ୣୢ (47) 

where 𝑆௠,ௗ௘௦௜௥௘ௗ  is the desired minimum mechanical sensitivity, set to 1 nanometer per Pascal 
according to Table 2. The coefficient 𝑎ଶ  is defined in such a way that if 𝑆௠ > 𝑆௠,ௗ௘௦௜௥௘ௗ , this 
coefficient becomes zero; otherwise, it becomes one. 𝑍ି௩௣  is a part of the objective function for optimizing the Pull-in Voltage and is defined as 
follows: 𝑍ି௩௣ =  ඥ𝑉௣ − 𝑉௣,ௗ௘௦௜௥௘ௗ (48) 

where 𝑉௣,ௗ௘௦௜௥௘ௗ is the desired maximum Pull-in Voltage, set to 9 volts according to Table 2. The 
coefficient 𝑎ଷ is defined in such a way that if 𝑉௣ < 𝑉௣,ௗ௘௦௜௥௘ௗ  , this coefficient becomes zero; otherwise, 
it becomes one. 

Consequently, the Particle Swarm Optimization algorithm is employed to minimize the 
objective function (Z) through iterative adjustment of the arm structure's primary design variables. 
The algorithm's output yields optimized geometric dimensions for the microphone's arms, 
simultaneously satisfying three critical performance criteria: Maintaining the resonant frequency 
within the target operational range, ensuring mechanical sensitivity exceeds the minimum required, 
and constraining the Pull-in Voltage below the specified limit. 

This multi-objective optimization strategy intelligently navigates the design trade-offs, carefully 
balancing between different parameters requirements to deliver superior microphone performance. 
Through an iterative refinement process, the algorithm identifies design configurations that meet all 
critical performance benchmarks while maintaining optimal functionality across operational 
parameters. 

5. Discussion and Results Analysis 

In the design of MEMS capacitive microphones, achieving an optimal balance among resonance 
frequency, mechanical sensitivity, and pull-in voltage is essential due to their inherently conflicting 
nature. Increasing mechanical compliance enhances sensitivity while simultaneously reducing 
resonance frequency and electrostatic stability. Therefore, a systematic optimization strategy is 
required to identify a fabrication-ready design that satisfies all performance constraints. 

From a fabrication perspective, the availability of a closed-form analytical model enables reliable 
pre-fabrication performance prediction, thereby reducing costly trial-and-error iterations and 
mitigating manufacturing risk in MEMS microphone development. 

Based on the analytical performance models derived in Section 2, the microphone dimensions 
were optimized using the multi-objective formulation defined in Equation (4). The target 
performance specifications used to guide the optimization process are summarized in Table 2. By 
explicitly linking geometric parameters to physical performance metrics through the analytical 
spring-constant model, the optimization framework avoids empirically driven parameter tuning. 

The particle swarm optimization (PSO) algorithm was employed to explore the defined design 
space, with a conservative maximum of 200 iterations to ensure adequate global search capability. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 December 2025 doi:10.20944/preprints202512.2377.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.2377.v1
http://creativecommons.org/licenses/by/4.0/


 13 of 16 

 

Convergence of the objective function was achieved within 82 iterations, indicating effective 
navigation of the design space enabled by the proposed analytical formulation. 

The resulting optimized design satisfies the specified resonance frequency and pull-in voltage 
constraints while exhibiting a significant improvement in mechanical sensitivity. These results 
confirm that the observed performance enhancement originates from the physically grounded 
analytical model rather than from algorithm-specific tuning, enabling reliable pre-fabrication 
performance prediction. 

5.1. Evaluation of the Optimized Structure 

The dimensional characteristics of the Z-shaped microphone's support arms are presented in 
Table 4, comparing both the initial design configuration [22] and the optimized parameters obtained 
through Particle Swarm Optimization method. 

Table 4. Initial and optimized dimensions of the Z-shaped microphone. 

Designing Parameters  Initial Structure Optimized Structure 
L1 (μm) 35 35 
L2 (μm) 145 281 
L3 (μm) 45 25 
W1 (μm) 95 22 
W2 (μm) 30 20 
W3 (μm) 95 22 

The performance characteristics of the original and optimized microphone designs were 
compared using the optimal configuration determined by the Particle Swarm Optimization 
algorithm, which results are given in Table 5. 

Table 5. Comparison of the performance of the Z-shaped microphone with the initial and optimized dimensions. 

Z-shaped microphones fr (kHz) VPull-in (V) Soc (mV/Pa) 
Initial Structure [22] 85 10.4 1.75 
Optimized Structure 30.2 3.7 5.4 

It has been observed that, through the selection of optimal design parameters, the open circuit 
sensitivity of the microphone has been increased by approximately three times compared to the initial 
dimensions. Additionally, the pull-in voltage has been reduced to nearly one- third of its previous 
value. 

Notably, it has been stated that all major structural parameters, with the exception of the arm 
dimensions, have been held constant. This suggests that the optimal adjustment of the length and 
width of the arms alone can yield a significantly improved microphone with enhanced performance 
characteristics. 

5.2. Comparison 

To assess the performance of the optimized microphone, its functional parameters are compared 
with those reported in prior studies. Given that different microphones are designed with varying 
objectives, such as minimizing pull-in voltage, enhancing sensitivity, broadening bandwidth, or 
reducing overall dimensions, a comprehensive merit factor must be established to enable a fair and 
meaningful comparison across these key performance metrics. Since all key parameters—including 
bandwidth, open-circuit sensitivity, supply voltage, and diaphragm area—are interdependent, a 
design that yields a higher merit factor is considered preferable. To facilitate a consistent comparison 
of microphone performance across different studies, the Figure of Merit (FOM) is defined as follows: 
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FOM = ௙ೝ.ௌ೚.೎௏್.஺೏  (49) 

In the above formula, 𝑓௥ represents the resonance frequency, 𝑆௢.௖ is the open-circuit sensitivity, 𝑉௕ is the applied supply voltage, and 𝐴ௗ  is the diaphragm area. A comparative analysis of the 
proposed optimized Z-shaped microphone's performance against existing capacitive microphone 
designs is provided in Table 6. 

Table 6. Performance Comparison of Optimized Microphone with Other Works. 

Ref. A (𝒎𝒎𝟐) 𝒇𝒓 (kHz) Vb(V) 𝑺𝒐𝒄 (𝒎𝑽𝑷𝒂 ) FOM 

[10] 0.4356 7.1 14 12.63 14.7 
[15] 1.76 56 39 1.12 0.91 
[22] 0.144 70 10.5 3.16 146 
[18] 0.25 21.5 1.35 9.89 630 
[19] 0.567 39 37 12.58 23.39 
[36] 0.166 100 11 1.3 71.19 

This work 0.09 30.2 2.2 5.4 823 

As shown in Table 6, the optimized Z-shaped microphone demonstrates superior performance 
characteristics, attaining the highest figure of merit among comparable reported in the literature. 

6. Conclusion 

In this paper, a complete energy-based analytical formulation was developed and employed as 
the foundation for performance-aware structural optimization of a Z-shaped MEMS capacitive 
microphone. Given the high cost, long turnaround time, and limited iteration capability of MEMS 
fabrication processes, particular emphasis was placed on pre-fabrication optimization as an effective 
means of improving device performance while reducing fabrication uncertainty. The proposed 
closed-form, physically grounded analytical model enables reliable performance prediction without 
reliance on exhaustive numerical simulations. 

The main contribution of this work lies in integrating the transparent analytical model with a 
model-driven multi-objective optimization framework to address the inherently coupled trade-offs 
in MEMS microphone design. By explicitly capturing the relationships among resonance frequency, 
mechanical sensitivity, and pull-in voltage, the formulated objective function enables a realistic and 
constrained exploration of the design space based on physical performance relationships rather than 
empirical tuning. 

Through systematic optimization of the Z-shaped diaphragm arm geometry, the open-circuit 
sensitivity was increased by approximately threefold, while the pull-in voltage was reduced by 
nearly one-third compared to the initial reference design. These improvements were achieved 
primarily by tuning the length and width of the diaphragm support arms, while all other structural 
parameters were kept unchanged, confirming the effectiveness of the proposed modeling-based 
optimization approach. 

Overall, the presented framework offers a robust and computationally efficient alternative to 
conventional trial-and-error or brute-force simulation-based design strategies. Owing to its 
generality and physical grounding, the methodology can be readily extended to other MEMS 
microphone and sensor architectures governed by coupled mechanical–electrostatic trade-offs that 
require careful optimization under practical manufacturing constraints. 
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