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Abstract 

This article presents the modeling and simulation of bending moments in silicon pedestal cantilevers 

coated with functional materials for N/MEMS resonator applications. Nano- and 

microelectromechanical systems (N/MEMS) play a pivotal role in modern sensing technologies. 

Pedestal cantilever sensors leverage functional materials to achieve high sensitivity and selectivity. 

Coatings such as Ni, Cu-doped ZnO and Zn, Ni-doped CuO enhance performance by tailoring 

piezoelectric and semiconducting properties. Functional materials such as (Ni, Cu)-doped ZnO, Zn, 

Ni-doped CuO, Porous Silicon (P-Si), Conducting polymers (CP), bioceramic (HAp), Ti-B-Si-C-N 

hard nanocomposite and bismaleimide (BMI) polymer coatings were simulated to be applied to the 

silicon-based pedestal cantilevers using MATLAB. The study examined how these materials 

influence the bending moment, natural frequency, and displacement under varying loading 

conditions considering diversified sensing functionalities.  A comparative analysis of these materials 

for sensing different analates under different conditions has been provided.  
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1. Introduction 

In this age of fast-developing technology, research in novel devices is at the forefront. Functional 

materials are being developed to be used in the fabrication of these devices. At the same time, the 

miniaturization of these devices is also being investigated by precision-based methods for their 

making as well as characterization. The solid-state devices in the current scenario take into 

consideration the multifaceted properties of materials and find application in every sector of life 

starting from communication systems, sensors, aerospace, automobile, energy storage, medical 

diagnostics, etc. The physical properties of the component materials are interlinked making the 

systems more versatile. The performance in harsh environmental conditions is another matter of 

concern that is taken care of by making composites or use of protective thin films.  This ongoing 

researches focus on the current scenario of device physics and fabrication techniques based on 

photonic, magnetic, and electromechanical systems and envisages some state-of-the-art designs in 

improving their efficiency and longevity [1-3]. 
 

1.1  MEMORY  DEVICES & DATA STORAGE  

Memory devices are mostly based on surface modification of silicon which can be either in the form 

of thin-film deposition and/or ion beam irradiation. Memristive devices are emerging these days 

which are used in neuromorphic computing and are based on thin films of Transition metal oxides 

compatible with CMOS. Going to lower dimensions 0D, 1D, and 2D leads to advances in the nano 

electronic phenomena, and mimicking a biological neuron becomes more prominent based on Van 

der Waal’s heterojunction-based bio-inspired devices using Artificial Neural Networks (ANN).  

MoS2-based mem transistor and CNT are useful neuromorphic systems used in biosensing. The 

voltage dependence resistance of memristors is sometimes associated with the different phases in 

the material. Memristors based on Si nano crystallites in SiO2 matrix by sputtering which is 

compatible with CMOS and joule heating gets minimized [4-6]   

 



Thin film memristors based on hexagonal boron nitride (hBN) and silicon carbide (SiC) have 

demonstrated efficient binary resistive memory switching, making them advantageous for advanced 

memory devices. The integration of silicon-based piezoelectric nano/microelectromechanical 

systems (N/MEMS) with memristor technology offers enhanced functionality. Nano resistive switch 

properties in these systems have been investigated using nanoindentation, as reported in amorphous 

strontium titanate (a-SrTiO3) perovskite memristors [7,8] 

 

Information storage technologies are advancing, with the potential to store single bits in 

ferromagnetic domains. Researchers have deposited small islands of polycrystalline magnetic thin 

films and extensively studied their properties for use in magnetic storage devices [8] Key mechanical 

properties, such as hardness, modulus, fracture toughness, and wear resistance, are critical for 

optimizing these devices under varying application conditions. Additionally, ion beam irradiation 

studies have revealed its impact on the morphological properties of thin films, offering new insights 

into surface engineering. Investigating the correlation between nanomechanical and surface 

properties is expected to significantly advance the understanding and development of magneto-

N/MEMS-based devices.[9] 

 

1.2 SILICON PHOTONIC DEVICES 

Silicon-based photonics is being investigated for optical communications and optical interconnects 

in microelectronic circuits. Many futuristic devices could benefit from the development of basic 

components such as I/O couplers, modulators, passive functions, and photodetectors. Si is an indirect 

band gap semiconductor with a band gap of 1.1 eV at room temperature and has limitations in 

optoelectronic use. However recent technologies in the nano dimension have overcome this problem 

to some extent.  Due to the compatibility with CMOS in fabrication as well as lower cost, silicon 

photonics has good prospects as next-generation integrated photonics enhances the communication 

system by many folds. With the introduction of optics inside a high-performance chip, the integration 

of photonic components and an integrated circuit (IC) on a common chip has resulted in improved 

IC performance [10]. The integration of dispersive propagation and nonlinear optics on a Si 

Microchip has been studied [11]. Increasing communication speed improves cloud service 

performance [12]. Si photonics must be combined with CMOS in future communication systems. 

RF transistors were coupled with Si photonics by converting a MOSFET into a MOS capacitor ring 

modulator [13]. A SiO2-based blue-violet light-emitting nanocomposite has been developed [14]. 

Pradhan et al. recently developed an on-chip Raman Laser based on Si nanocavity with a lower 

threshold power for lasing action due to optical confinement [15]. Ion implantation with Kr+ and 

As+ causes cubic silicon to become hexagonal and exhibit photoluminescence at 1240 nm, 

increasing its emissivity [16]. 

 

The limitations of lattice mismatch, thermal coefficient, and polarity-induced defects associated with 

III-V/Si heterojunctions have been addressed as a multi-quantum well laser was epitaxially grown 

on Si wafers [17]. EDA tools are used to design Si photonics-based devices such as waveguides, 

splitters, filters, modulators, couplers, and detectors [18]. A silicon nitride-based double micro ring 

resonator also was recently reported [19]. The laser source is a necessary component of silicon-based 

photonic integrated circuits (PICs.) Despite the recent demonstration of a germanium laser, practical 

Si-based light sources remain in short supply. As a result, researchers have concentrated on the 

heterogeneous integration of III-V semiconductors on silicon [20]. Techniques such as adhesive and 

molecular wafer bonding are primarily used to densely integrate III-V semiconductors with silicon 

waveguide circuits. [21-24]. 

 

The active components in photonic integrated circuits are major heat sources. The thermal resistance 

between these components and the heat sink i.e good heat dissipation is required for efficient thermal 

management and will cause a reduction in the operational temperature of the device leading to better 

performance. The SiO2 cladding layers are the major barriers to heat dissipation. Heat bridges of 

conducting materials are created to thermally bypass these layers and are called through-thickness 

thermal vias (TOTV) as shown in Fig 1[25]. Porous Silicon (PS) is an electrochemical derivative of 

crystalline silicon. Due to its nanostructure, the phenomenon of quantum confinement takes place 



in it. This results in its efficient emission of light at room temperature. The microcavities occurring 

in electrochemically synthesized PS have applications in waveguides [26-29]. 

 

1.3 ENERGY STORAGE DEVICES 

When a client needs power the most, energy from renewable sources can be stored in battery storage, 

in battery energy storage systems. As the leading storage technology for large-scale plants, lithium-

ion batteries, which are utilized in mobile phones and electric vehicles (EVs), allow electrical 

networks to guarantee a steady supply of renewable energy. Additionally, beyond Li-ion systems 

and methodologies such as Na-ion, Zn-ion should also be intensively investigated as viable 

alternative. The battery storage technology will make sure that homes and businesses can be powered 

by green energy[30] 

 

Microelectromechanical systems (MEMS) and nanoelectromechanical systems (NEMS) have 

emerged as pivotal technologies in the advancement of miniaturized energy storage devices. Their 

integration into energy storage solutions offers significant benefits, including reduced size, enhanced 

performance, and compatibility with micro/nanoscale applications. This article explores the role of 

MEMS and NEMS in energy storage devices, focusing on their design, materials, fabrication 

techniques, and applications.[31] 

 

MEMS-based energy storage devices, such as microbatteries and microsupercapacitors, are 

engineered to meet the stringent requirements of miniaturized systems. The design process involves 

creating compact architectures that maximize energy and power densities while ensuring mechanical 

stability. Techniques like photolithography and etching are employed to fabricate interdigitated 

electrode patterns on substrates, enabling precise control over device dimensions and performance 

characteristics. [32] 

 

1.4 N/MEMS 

N/MEMS (Nano/Micro Electro Mechanical Systems) are miniaturized devices that integrate 

mechanical and electrical components at micro and nano scales. They are used in sensing, actuation, 

Signal processing etc. Resonators on the other hand are systems that naturally oscillate with a 

specific frequency called resonant frequency. They provide electrical, mechanical acoustical optical 

responses. Tuning fork, cantilever and diaphragms come under the category of resonators. Their 

design, size and material used affect their performance, Nano- and microelectromechanical systems 

(N/MEMS) have transformed modern sensing applications. Si-based pedestal cantilevers, with their 

enhanced sensitivity and reduced noise levels, form the backbone of many N/MEMS sensors. 

Coating these cantilevers with functional materials such as bismaleimide polymers significantly 

improves their stability and performance in challenging environments.[33 -35] 

 

The increasing demand for compact, sensitive, and selective gas sensors has spurred significant 

research in microelectromechanical systems (MEMS). Pedestal cantilever sensors have garnered 

attention due to their high sensitivity and versatility. Integrating porous silicon (Psi) as a structural 

material enhances gas sensing performance owing to its large specific surface area and tuneable 

optical and electrical properties.The properties of nanomaterials and small-scale fabrication 

techniques have envisioned novel devices applicable in daily life as well as specific areas. 

Nano/electro-mechanical systems (N/MEMS) require materials to sustain any operating conditions 

and be more efficient at the same time. New designs in improving the efficiency of these devices are 

being thought of in the form of nanomechanical resonators and the usage of magnetic as well as 

optical materials. The interconnects and the fiber-optic systems are being upgraded for faster 

communications as well as longevity. A huge application of these devices is in the biomedical field 

where biocompatibility is a major issue. [36] 

 

 

1.5 NANOMECHANICAL RESONATORS  

Nanomechanical resonator-based sensing devices are used in medical diagnostics based on their 

high frequency dynamic behavior. Cantilevers fall into the category of Nanomechanical resonators. 

It also resembles a resonator whose shape is like that of a nanowire clamped at one end. As the 



surface to volume ratio of a nanowire resonator increases due to scaling down, the surface stress 

plays a crucial role in the mechanical behavior of a resonator. Piezoresistive MEMS cantilever are 

used for vapor phase analysis of volatile compounds and gas. Studies were done to address the mass 

sensitivity issues and fracture associated with bioceramic and nanocomposite coatings-based 

cantilever resonators. The studies how the sensing performance can be determined or tuned.  A 

cantilever structure fabricated through solid -state lithography and micromachining at nanometer 

dimension which vibrate at a fixed tuneable frequency are called nanomechanical resonators and 

have many technological applications especially as sensors. The frequency of vibration is dependent 

on the mass getting attached with the free end as inversely proportional to √m. Linear resonators 

clamped at one fixed end can be modified by changing the length. There are called resonators as 

they can couple with each other. The separating distance between them is also a deciding factor. Fig 

1 shows a schematic representation of the abovementioned facts. Four resonators marked as R B N 

and G [37 – 40] 

                          

           1.6 Cantilever  

Cantilever beams are critical components in N/MEMS devices, serving as resonators and sensors 

for physical, chemical, and biological analytes The performance of N/MEMS  resonators relies 

heavily on the choice of materials. Recent advances in materials have focused on improving 

sensitivity, stability, frequency tunability, and reducing energy dissipation. The coating of functional 

materials on silicon pedestal cantilevers is a smart addition interms of enhancing and diversification 

of the   sensing abilities of the fabricated device structure. Bending moments, a key factor in 

cantilever design, are affected by material properties such as Young’s modulus, density, and coating 

thickness. This study models these effects and simulates them using MATLAB. Cantilever beams 

are critical components in N/MEMS devices, serving as resonators and sensors for physical, 

chemical, and biological parameters. The coating of functional materials on silicon pedestal 

cantilevers improves their mechanical and sensing properties. The performance of MEMS and 

NEMS resonators relies heavily on the choice of materials. Recent advances in materials have 

focused on improving sensitivity, stability, frequency tunability, and reducing energy dissipation. 

Below are the major material advancements:[41,42] 

 

1.7 Material advancement in N/MEMS resonators  

Silicon-Based Materials like Single-Crystal Silicon (SCS) are widely used due to excellent 

mechanical properties and low internal damping. They are suitable for high-frequency applications 

and large-scale production. Silicon Carbide (SiC) on the other hand posse’s high thermal 

conductivity and resistance to chemical and mechanical wear. They are Ideal for harsh environment 

applications like aerospace and automotive industries. Porous Silicon have the advantage of 

lightweight, possessing tuneable porosity, and high surface area which enhances their sensitivity for 

gas and bio-sensing applications.Porous silicon (PSi) is an emerging material in the field of gas 

sensing due to its high surface area, tunable porosity, and excellent compatibility with 

microfabrication techniques. This article focuses on the development of pedestal cantilever sensors 

fabricated from porous silicon for gas sensing applications. The article covers the fabrication 

process, material characterization, sensing performance, and a detailed mathematical modeling of 

cantilever dynamics. Comparative analyses of PSi-based and bulk silicon cantilever sensors are 

presented to emphasize the advantages of PSi in gas detection. The large surface area of P-Si enables 

the adsorption of more gas molecules, enhancing sensitivity. The functionalization of P-Si with 

chemical groups (e.g., amines or thiols) also improves selectivity for specific gases. PSi cantilever 

sensors can detect trace levels of gases such as NOx and CO2 for air quality monitoring.Detection 

of hazardous gases like methane or ammonia ensures workplace safety. PSi-based sensors 

functionalized with biomolecules enable detection of volatile organic compounds (VOCs) in breath 

analysis for disease diagnosis. Porous silicon-based pedestal cantilever sensors shall offer enhanced 

sensitivity and selectivity for gas sensing applications. The high surface area and tunable porosity 

make PSi an ideal material for detecting trace gases. While challenges like thermal stability and 

fabrication complexity remain, ongoing research promises to unlock the full potential of PSi in 

advanced sensing technologies.[43-52] A comparison of P-Si with bulk silicon is given in Table 3 

 



    Table 3: Comparative analysis of bulk Si and P-Si based cantilevers performances 

 

 
 

 

 

Nanocomposite hard coats integrate ceramic and polymer phases, providing high hardness, wear 

resistance, and thermal stability. ZnO's piezoelectric properties are enhanced by doping with Ni and 

Cu. Ni increases the conductivity, while Cu modifies the defect density, improving sensitivity and 

response time.CuO, a p-type semiconductor, benefits from Zn and Ni doping, which increases its 

surface area, conductivity, and catalytic activity for gas sensing applications[53, 54]. 

 

Zinc Oxide (ZnO) has high piezoelectric coefficient and ease of deposition on substrates. It is used 

in energy harvesting and vibration-based sensors. Aluminum Nitride (AlN) offers better thermal 

stability than ZnO and Is suitable for RF MEMS filters and high-frequency oscillators. Lead 

Zirconate Titanate (PZT) has high piezoelectric performance, ideal for actuation and sensing. It is 

however Limited by environmental concerns due to lead content.[55, 56] 

 

2D Materials like Graphene has exceptional mechanical strength, electrical conductivity, and 

flexibility and finds usage in ultra-sensitive mass and pressure sensors. Molybdenum Disulfide 

(MoS₂) having high Young’s modulus and piezoelectric properties can be applied to flexible and 

stretchable resonators.[57,58] 

 

Nanocomposite Materials like Metal-Oxide Composites (eg.  Ni-doped ZnO, CuO-Zn composites. 

have enhance piezoelectric and sensing properties. Polymer-Based Nanocomposites are lightweight 

and cost-effective materials for bio-MEMS applications. Bismaleimide polymers are high-

performance materials known for their superior thermal stability, chemical resistance, and 

mechanical durability. This article investigates their application as coatings for silicon-based 

pedestal cantilever sensors. The mechanical, thermal, and sensing properties of these sensors are 

studied in detail, with an emphasis on environmental monitoring and biochemical sensing. 

Mathematical modeling of cantilever dynamics is presented, alongside a comparative analysis of 

uncoated and coated cantilevers. They are chosen for their: high thermal stability: Up to 350°C.m 

Chemical resistance (Ideal for corrosive environments) and mechanical properties: for durability 

under stress. They are thermosetting resins derived from maleimide monomers. Their molecular 

structure features strong covalent bonds, imparting high thermal and chemical stability.The Thermal 

Stability imparts resistance to high-temperature fluctuations ensuring consistent sensor 

performance. Apart from being chemically inert (which provides protection against corrosive gases 

and liquids, they are lightweight and Flexible hence do not add significant mass, preserving the 

sensor's resonance frequency.[59- 63] 

 

 

High-Q Dielectrics and Metals Diamond and Diamond-Like Carbon (DLC): have extremely high 

stiffness and thermal conductivity and are used for high-Q resonators operating at GHz frequencies. 

Gold and Platinum Thin Films: are also commonly used for their excellent conductivity in RF 



MEMS resonators, which however have the limitations of increased damping due to high density. 

Vanadium Dioxide (VO₂): shows metal-to-insulator transition properties. enables tuneable 

resonators and reconfigurable RF systems. Ge-Sb-Te Alloys are used in thermal sensors and energy-

efficient MEMS devices. Bio-Compatible Materials like Polydimethylsiloxane (PDMS): make 

Flexible and bio-compatible, used for bio-MEMS devices. Titanium-Based Alloys: are ideal for 

medical implants due to their bio-compatibility and corrosion resistance. Shape Memory Alloys 

(SMAs) like Nickel-Titanium based NITINOL are used for actuators in MEMS. exhibits reversible 

deformation under temperature changes. Magneto strictive Materials: like Terfenol-D, Fe-Ga alloys. 

provide magnetic-field-driven actuation for resonators. Multilayer Coatings: like SiO₂/Si₃N₄ layers 

have the advantages for thermal isolation and mechanical enhancement. Heterostructures with 2D 

Materials: Combination of graphene with traditional semiconductors for improved performance. 

Integration with existing fabrication processes. Trade-offs between sensitivity, stability, and cost. 

Long-term reliability in harsh environments and development of environmentally friendly materials 

(e.g., lead-free piezoelectric) are some of the challenges in Material advancements The enhanced 

integration of 2D materials into standard MEMS/NEMS fabrication. and quantum materials for 

ultra-sensitive applications. continue to drive innovation in N/MEMS resonators, expanding their 

application domains and improving their overall performance. This article explores the synthesis, 

deposition, and performance analysis of bismaleimide polymer coatings on Si-based pedestal 

cantilever sensors. [64-73]. A comparison of the basic properties significant of cantilever-based 

sensing of different functional materials is given in Table 1. The objective of this article is to 

compare the mechanical, thermal, and sensing characteristics of different materials and assess their 

suitability for specific applications. 

 

 

Table 1: A comparison of the physical parameters significant for sensing applications  

        
 

2. Materials and Methods 

Fabrication process includes Nanocomposites coatings developed by physical vapor deposition 

(PVD) like magnetron sputtering on silicon substrates. Doped ZnO and CuO: RF magnetron 



sputtering or sol-gel techniques. A uniform layer of bismaleimide polymer is applied on the Si 

substrate by spin-coating at 3000 RPM. The coating is cured at 200°C for 2 hours to ensure cross-

linking of polymer chains. The cantilever structure is fabricated using photolithography and etching. 

 

Bending moments, a key factor in cantilever design, are affected by material properties such as 

Young’s modulus, density, and coating thickness. This study models these effects and simulates them 

using MATLAB.  

 

The bending moment (M) at a distance along the cantilever is given by: 

M(x) = -F (L - x); where F: Applied force at the free end of the cantilever., L: Length of the 

cantilever.and x: Distance from the fixed end. The deflection y(x) of the cantilever is derived using 

the bending moment and flexural rigidity (E I): 

 

y(x) = F/6EI (Lx3 - x4), where E: Young’s modulus of the material.I: Moment of inertia of the cross-

section, .b: Width of the cantilever.and t: Thickness of the cantilever. The natural frequency (fo) is 

influenced by the coating material:  𝑓0 =
1

2𝜋
√

𝑘

𝑚𝑒𝑓𝑓
 . where k: Spring constant. meff: Effective mass 

of the cantilever. Table 2 below shows the parameters considered for simulation The geometric 

parameters included a cantilever length (L): 200 µm and width (b): 50 µm. The MATLAB codes for 

comparative parameter estimation is given in Appendix A 

 

 

 

Table 2 Modulus, density and coating thickness initialized for simulation 

 
 

The cantilever beam can be modelled as a simple spring-mass-damper system. The governing 

equation for the system is:𝑚�̈� + 𝑐�̇� + 𝑘𝑥 = 𝐹(𝑡), where m is the effective mass of the cantilever. C 

is the damping coefficient; k is the spring constant (related to stiffness) and x is the displacement of 

the cantilever and F(t) is the external force acting on the cantilever. The natural frequency (ωo) of 

the system is given by:𝜔0 = √
𝑘

𝑚
  , 𝑓0 =

1

2𝜋
√

𝑘

𝑚
 and the damping ratio (ζ) and quality factor expressed 

as 𝜁 =
𝑐

2√𝑘𝑚
 and 𝑄 =

1

2𝜁
 respectively.  

 

 

In the resonator dynamics Deflection Resonant frequency Damping factor are the main parameters 

which are again affected by materials selection and design of the system. The deflection Δz,  

occurring in a cantilever due to an applied force F is governed by the mechanical and geometrical 

parameters like elastic modulus (E), beam thickness(t), width(b), length(L) and spring constant 



(stiffness) as ∆𝑧=(4𝐹𝐿3)/(𝐸𝑏𝑡3 )=𝐹/𝐾. A slight alteration is found when the design changes from 

clamped-free structure to clamped -  clamped structure(Fig 3).The deflections can be associated with 

non linear impact parameters δ = (g/L)2  .For  Cantilever structure used in sensing, having a clamped-

free structure,  change in δ and due to which, a variation in sensitivity takes place (Fig ) । Solution 

to this problem has been proposed in the form of pedestal design. 
 

The MATLAB Code for Spring-Mass Model Simulation is given in Appendix B. The fundamental 

resonance frequency changes when the cantilever beam gets coated as 

 

 
where E is the modulus of the material, t the total thickness including the coating thickness and km 

the added mass ratio due to the coating. The deflection (∆z) of the coated cantilever under applied 

force F is then given as Δ𝑍 =
4𝐹𝐿3

𝐸𝑏𝑡3 and the sensitivity (S) being the ratio of deflection to applied 

force is S =
𝛥𝑍

𝐹
=

4𝐿3

𝐸𝑏𝑡3. The parmeters used for the simulation was modulus (E) and density (ρ) as 

given in Table 3 . The geometrical dimensions of the cantilevers however remained unchanged 

 

Table 3: Elastic modulus and density of different functional materials used in Spring-mass model-

based simulation 

 

Material Modulus (GPa) Density (kg/m3) 

Silicon 169 2330 

(Ni, Cu) doped ZnO 100 5600 

(Zn, Ni) doped CuO 70 6300 

Bismaleimide  5 1200 

 

In case of porous silicon (P-Si), the effective mass gets affected by porosity (ϕ) as 𝑚𝑒𝑓𝑓 =

𝜌𝑏𝑢𝑙𝑘(1 −  𝜙)𝑉, and the frequency shift due to gas absorption is Δ𝑓 = −
𝑓𝑜

2

Δ𝑚

𝑚𝑒𝑓𝑓
. 

 

 

3. Results and Discussion 

The simulation shows that the bending moment and deflection are significantly influenced by the 

material properties of the coating. A comparative analysis of the maximum bending moment, max 

deflection natural (resonant) frequency and damping coefficient obtained for the different materials 

is given in Table 4 (a, b) The results obtained from the spring mass model-based simulations are 

given in Table 5 

 

Table 4: (a, b) Comparative analysis of maximum bending moment, maximum deflection and 

natural frequency, and damping coefficient for the different materials used 

 

 

 

 

 

 

 

 

 

 

Table 5. A comparative analysis of resonant frequency, deflection and sensitivity obtained for 

different materials used in pedestal cantilever structures 



 

 
 

The comparative analysis depicting deflection and natural frequency was asper codes given in 

APPENDIX C. The corresponding plots are given in Fig 3(d).The uncoated structure consisting of 

bare silicon had the highest frequency and lowest deflection. The lowest frequency was shown by 

Ni,Zn doped CuO. As stiffness (K) is inversely proportional to deflection and the natural frequency 

is proportional to√ K, a higher deflection infers lower vibrational frequency. The relation can be 

expressed as fo = n /√(F δ) = n /√S where n is a constant n = 1/2π√m. and S = δ/F is the sensitivity 

The mass (m) is therefore a parameter which quantifies intensely the deflection and frequency are 

coupled or how sensitive is the structure. A lower mass will cause higher coupling and therefore 

more sensitive. The BMI polymers showed the highest deflection as being a polymeric having the 

lowest mass amongst all others. 

 

4. Conclusion 

The MATLAB simulation confirms that functional material coatings alter the bending moment, 

deflection, and natural frequency of silicon pedestal cantilevers. The findings highlight the 

importance of material selection for optimizing the performance of N/MEMS resonators in sensing 

applications. This study demonstrates the potential of MATLAB for modeling and simulation of 

functional material-coated silicon pedestal cantilever sensors. The simulation results highlight the 

impact of material properties on resonance frequency, deflection, and sensitivity. MATLAB-based 

analysis provides valuable insights into optimizing cantilever designs for specific sensing 

applications. was observed that, the coatings of high-density materials (e.g., Zn, Ni-doped CuO) 

reduces the resonance frequency however, lightweight coatings like that of bismaleimide polymer 

maintain higher resonance frequencies. The functional materials with lower Young’s modulus, such 

as bismaleimide polymers, on the other hand, exhibit higher deflection and sensitivity. 
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SUPPLEMENTARY/APPENDIX 

 

A. MATLAB codes for estimating the bending moment and deflection in cantilever beams 
 

% Bending Moment and Deflection in Cantilever Beams 

 

% Parameters 

L = 200e-6; % Length (m) 

b = 50e-6; % Width (m) 

t = [2e-6, 1e-6, 1e-6, 2e-6]; % Thickness (m) for different materials 

E = [169e9, 100e9, 70e9, 5e9]; % Young's Modulus (Pa) 

rho = [2330, 5600, 6300, 1200]; % Density (kg/m^3) 

materials = {'Silicon', 'Ni, Cu-doped ZnO', 'Zn, Ni-doped CuO', 'Bismaleimide 

Polymer'}; 

F = 1e-6; % Applied force (N) 

 
% Loop through each material 

for i = 1:length(materials) 

    % Moment of inertia 

    I = b * t(i)^3 / 12; 

    % Flexural rigidity 

    EI = E(i) * I; 

    % Distance along the cantilever 

    x = linspace(0, L, 100); 

    % Bending moment 

    M = -F * (L - x); 

    % Deflection 

    y = (F / (6 * EI)) * (L * x.^3 - x.^4); 

     

    % Plot results 

    figure; 

    subplot(2, 1, 1); 

    plot(x * 1e6, M * 1e6); 

    xlabel('Position along cantilever (µm)'); 

    ylabel('Bending Moment (µN·m)'); 

    title(['Bending Moment for ', materials{i}]); 

     

    subplot(2, 1, 2); 

    plot(x * 1e6, y * 1e9); 

    xlabel('Position along cantilever (µm)'); 

    ylabel('Deflection (nm)'); 

    title(['Deflection for ', materials{i}]); 

end 

 

 

B. MATLAB codes for spring-mass model of cantilevers 

 
% Spring-Mass Model for Cantilever Sensor 

 

% Parameters 

L = 200e-6; % Length (m) 

b = 50e-6; % Width (m) 

t = 2e-6; % Thickness (m) 

materials = {'Silicon', 'Ni, Cu-doped ZnO', 'Zn, Ni-doped CuO', 'Bismaleimide 

Polymer'}; 

E = [169e9, 100e9, 70e9, 5e9]; % Young's Modulus (Pa) 

rho = [2330, 5600, 6300, 1200]; % Density (kg/m^3) 

c = [0.001, 0.002, 0.003, 0.005]; % Damping Coefficient (Ns/m) 

 

% Calculations 



for i = 1:length(materials) 

    % Effective mass 

    m = rho(i) * L * b * t;  

    % Spring constant 

    k = E(i) * b * t^3 / (4 * L^3); 

    % Resonance frequency 

    f0 = (1 / (2 * pi)) * sqrt(k / m); 

    % Damping ratio 

    zeta = c(i) / (2 * sqrt(k * m)); 

    % Quality factor 

    Q = 1 / (2 * zeta); 

     

    % Display results 

    fprintf('Material: %s\n', materials{i}); 

    fprintf('Resonance Frequency: %.2f kHz\n', f0 / 1e3); 

    fprintf('Damping Ratio: %.4f\n', zeta); 

    fprintf('Quality Factor: %.2f\n\n', Q); 

end 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C. Comparative analysis of natural frequency and deflections for different functional materials  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

                                                                                                                                           

 Fig 1. Heat bridges as TOTV for heat dissipation [25]. (b) Cantilever based nanomechanical resonator for 

sensing[40] 

 

 

a. .                        (b).                                             (c)  

 

 

  

    Fig  2 . (a)Cantilever (single clamp -free) (b) double clamped beam and (c) pedestal design 

 

 



 

 

Fig 3 Deflections due to force(weight) applied in (a)clamped free Cantilever beams and (b) Clamped- 

clamped beams (c) sensitivity changes associated with cantilever structure and (d) variations in natural 

frequency and deflection for use of different functional materials in the beam  

 

 

 


