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INTRODUCTION

Nano-electromechanical systems (NEMS) are a class of devices that integrate mechanical
components at the nanoscale with electronic circuits, enabling them to sense, actuate, and
compute at extremely small scales. Over the past few decades, NEMS have garnered
significant attention due to their potential applications in fields such as sensing,
communication, and quantum technologies. These systems, often composed of mechanical
oscillators such as beams or membranes, exhibit unique dynamic behaviors that can be
controlled and manipulated through various forces, including electrostatic, magnetic, and
Casimir forces (Bashan et al., 2025; Y. Zhang et al., 2025). The Casimir effect, a quantum
phenomenon arising from the vacuum fluctuations of electromagnetic fields, has been
recognized as a significant force in micro- and nanoscale systems. It can influence the
mechanical behavior of NEMS, often leading to non-linear dynamics that are sensitive to
changes in environmental conditions, such as the distance between the components and the
material properties.

The study of non-linear dynamics in NEMS is crucial for understanding their behavior
under various driving forces. In particular, the modulation of the Casimir force offers a unique
method to tune the non-linear dynamics of these systems. Casimir force modulation can lead to
a wide range of effects, from bistability and hysteresis to chaotic oscillations, which are of
great interest for applications such as quantum information processing, ultra-sensitive sensors,
and energy harvesting. However, the precise control and understanding of these dynamics,
especially in the context of Casimir force modulation, remain an area of active research. The
ability to fine-tune the non-linear dynamics of NEMS through such modulation would open
new avenues for both fundamental research and technological advancements, enabling more
robust and efficient systems (Duan et al., 2025; J. Lu et al., 2025).

Despite the promise of these systems, a comprehensive understanding of the underlying
mechanisms that govern the non-linear dynamics in NEMS driven by Casimir force modulation
remains limited. The challenges in isolating and manipulating the Casimir force, especially at
the nanoscale, have hindered the development of practical applications. This research aims to
address these challenges by investigating the tunable non-linear dynamics in NEMS subjected
to Casimir force modulation, exploring the fundamental physics that governs their behavior,
and developing strategies for their precise control and application in future technologies
(Kumar et al., 2025; Prado-Reynoso et al., 2025).

The primary challenge in NEMS is the inability to precisely control and predict the non-
linear dynamics that emerge due to various forces, particularly the Casimir force, which
becomes more prominent at the nanoscale. As NEMS are designed to operate at the edge of
classical and quantum mechanics, understanding and manipulating the non-linear behavior of
these systems is critical for developing more efficient and reliable devices. While electrostatic
forces and magnetic fields are commonly used to drive NEMS, the Casimir force offers a
unique advantage due to its quantum origin and tunability, which can provide a novel way to
manipulate the system's dynamics (Kumar et al., 2025; Z. Wang et al., 2025).

Current studies have explored Casimir forces in micro- and nano-scale systems, but there
remains a lack of understanding regarding how Casimir force modulation can be used to
control and stabilize non-linear behaviors in NEMS. The non-linear effects of Casimir force,
such as bistability, hysteresis, and chaotic motion, are not fully understood, particularly in the
context of how these effects can be modulated in real-world applications. Furthermore, the
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ability to achieve tunability in these non-linear dynamics—whether for sensing, actuation, or
other applications—has not been demonstrated comprehensively. These gaps in knowledge
pose significant barriers to the practical use of NEMS in fields that require precise and
controlled dynamic responses, such as quantum information, sensing, and nanoengineering (Hu
et al., 2025; Sekar et al., 2025).

In particular, the challenge lies in understanding how small variations in the Casimir
force, influenced by parameters such as material properties, geometry, and environmental
factors, can lead to large, predictable changes in the system’s behavior. The problem is
compounded by the complex interplay between the Casimir force and other forces acting on the
system, which requires a deeper investigation into their combined effects on the non-linear
dynamics of NEMS. This research aims to address these issues by systematically studying the
tunable non-linear dynamics in NEMS driven by Casimir force modulation and developing a
framework to predict and control these effects.

This research aims to investigate the tunable non-linear dynamics in NEMS driven by
Casimir force modulation. The objective is to explore how changes in the Casimir force,
controlled through varying the distance between components or manipulating other system
parameters, can affect the mechanical behavior of NEMS. By employing theoretical models
and experimental setups, the study will examine the non-linear behaviors such as bistability,
hysteresis, and chaos that arise from these forces and their potential for precise control in
practical applications (Adler et al., 2025; He, 2025).

Another objective is to identify the key factors that govern the Casimir force in NEMS,
including material properties, geometry, and environmental influences. By systematically
varying these parameters, the research seeks to determine the conditions under which the
Casimir force can be effectively tuned to modulate the system's dynamics. The study will also
explore the interactions between Casimir force modulation and other forces (such as
electrostatic and magnetic forces) that act on NEMS, aiming to develop a holistic
understanding of the system's behavior. Ultimately, this research will contribute to the design
of NEMS with tunable, stable, and predictable non-linear dynamics, which could enhance their
performance in a wide range of applications, from sensing to quantum information processing
(Manna et al., 2025; Sphoorthi et al., 2025).

The ultimate goal is to develop practical methods for controlling and utilizing the non-
linear dynamics in NEMS driven by Casimir force modulation. By achieving precise control
over these dynamics, the research will open up new possibilities for designing NEMS that can
operate reliably in real-world environments, offering significant advancements in fields like
sensing, actuation, and quantum technologies. The research aims to provide both theoretical
insights and experimental data to support the future integration of Casimir force modulation
into NEMS design and application.

While Casimir forces have been extensively studied in various nanomechanical systems,
there is limited research on how these forces can be utilized to modulate and control the non-
linear dynamics in NEMS. Previous studies primarily focused on the theoretical understanding
of Casimir forces, with little emphasis on their practical implications for controlling system
behavior in NEMS. Additionally, the existing literature on non-linear dynamics in NEMS often
overlooks the role of Casimir forces in influencing the system’s response, focusing instead on
electrostatic and magnetic interactions. Although Casimir forces are known to be significant at
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small scales, their contribution to the overall dynamics in NEMS has not been adequately
explored (H. Li et al., 2025; Villanti et al., 2025).

Furthermore, much of the research on NEMS and non-linear dynamics has concentrated
on idealized systems with simplified geometries and assumptions, which may not accurately
reflect the complexities encountered in real-world applications. There is a lack of
comprehensive studies that consider the full range of parameters—such as material properties,
environmental factors, and geometrical configurations—that can influence the tunability of
non-linear dynamics through Casimir force modulation. This gap limits our ability to design
practical systems with predictable and controllable non-linear behaviors, which is essential for
the development of advanced NEMS technologies (Hassan et al., 2025; Mattii et al., 2025).

This study aims to fill these gaps by providing a detailed examination of the non-linear
dynamics in NEMS driven by Casimir force modulation. By systematically studying the effects
of Casimir force on NEMS performance, the research will contribute to both the theoretical and
practical understanding of how these forces can be leveraged to achieve tunable, stable, and
efficient non-linear dynamics. Additionally, the study will provide a framework for integrating
Casimir force modulation into the design of NEMS, helping to overcome the limitations of
current technologies and enabling new applications.

The novelty of this research lies in its exploration of Casimir force modulation as a tool
for controlling non-linear dynamics in NEMS. While Casimir forces have been studied in
isolation and in simplified models, this research introduces a novel approach by directly
coupling these forces to the mechanical dynamics of NEMS, focusing on how they can be
tuned to achieve desired behaviors such as bistability, hysteresis, and chaos. This approach
goes beyond traditional methods of controlling non-linear dynamics in NEMS, which typically
rely on electrostatic or magnetic forces, and explores a new avenue for manipulating
mechanical oscillators using quantum effects at the nanoscale (Kramnik et al., 2025; Y.-J. Lu,
2025).

The justification for this research stems from the increasing demand for precision control
over the dynamics of NEMS, particularly in applications such as sensing, quantum information,
and nanoengineering. By using Casimir force modulation, this study offers the potential for
creating more efficient, stable, and tunable NEMS that can perform in a broader range of
environments and conditions. This is particularly relevant for applications in quantum
technologies, where non-linear dynamics play a critical role in system performance.
Additionally, this research contributes to the growing field of quantum nanomechanics by
providing insights into how quantum forces, such as the Casimir effect, can be harnessed to
manipulate the behavior of mechanical systems at the nanoscale.

By investigating the tunable non-linear dynamics in NEMS driven by Casimir force
modulation, this research not only advances the field of NEMS but also offers valuable insights
into the broader field of quantum nanotechnology. The findings could lead to the development
of more robust and reliable NEMS with applications in a wide variety of fields, including high-
precision sensors, quantum computing, and energy harvesting, making this research both
timely and highly relevant to ongoing advances in nanotechnology and quantum science (L.
Wang et al., 2025; Yunjia et al., 2025).
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RESEARCH METHOD
Research Design

This study adopts a combined experimental and theoretical research design to explore the
tunable non-linear dynamics in nano-electromechanical systems (NEMS) driven by Casimir
force modulation. The research is structured into two primary components: theoretical
modeling and experimental validation. In the theoretical phase, a computational model will be
developed to simulate the mechanical response of NEMS under the influence of Casimir
forces. This model will consider key parameters such as material properties, device geometry,
and environmental conditions. Non-linear dynamics such as bistability, hysteresis, and chaotic
behavior will be investigated through simulations, focusing on how the Casimir force,
controlled by varying the distance between components, can modulate these dynamics. In the
experimental phase, a NEMS test system will be constructed, and the mechanical behavior will
be measured under controlled Casimir force modulation, validating the predictions made by the
model (Y.-J. Lu, 2025; Tang et al., 2025).

The research design also incorporates sensitivity analysis, examining the impact of
varying the Casimir force modulation on the non-linear behavior of NEMS. A range of
physical configurations will be simulated and tested, including different geometries and
materials, to assess their influence on the system's response to Casimir forces. The combination
of these two approaches will provide a comprehensive understanding of the effects of Casimir
force modulation on NEMS and will help develop strategies for tuning the system's dynamics
for practical applications.

Population and Samples

The population of this research consists of nano-electromechanical systems (NEMS) that
exhibit non-linear dynamics. The samples for this study include a set of NEMS fabricated from
different materials, such as silicon, graphene, and carbon nanotubes, with varying geometries
designed to study the impact of Casimir forces. These NEMS systems will include oscillators
in the form of beams, membranes, and cantilevers, each chosen for their distinct mechanical
characteristics. For experimental validation, these NEMS systems will be selected to ensure
that a wide range of device sizes, material properties, and mechanical resonator designs are
represented (Essid & Mughal, 2025; H. Li et al., 2025).

The sample size will include at least five different NEMS configurations, each tested
under varying conditions of Casimir force modulation. This selection will provide a broad view
of how different parameters influence the tunability of non-linear dynamics. The systems will
be subjected to systematic variations in the distance between components to control the
Casimir force, and data will be collected for different modulation strengths. The samples will
also be designed to allow for the characterization of non-linear behaviors such as bistability,
hysteresis, and chaotic motion in response to Casimir force modulation, enabling the study of
their tunability in real-world systems.

Instruments

The primary instruments used in this research are computational simulation tools and
experimental setups to measure the mechanical behavior of NEMS under Casimir force
modulation. For the theoretical phase, computational software such as COMSOL Multiphysics
and MATLAB will be used to model the mechanical dynamics of NEMS. These tools will
allow for the simulation of the Casimir force, device geometry, and material properties,
enabling the study of the non-linear dynamics and their dependence on Casimir force

Page | 265




Journal of Tecnologia Quantica

modulation. Non-linear differential equations will be solved to predict the system’s behavior
under various modulations (Shin et al., 2025; R. Zhang et al., 2025).

For the experimental phase, the primary instruments will include a high-precision atomic
force microscope (AFM) to measure the deflection of NEMS under Casimir force modulation.
The AFM will allow for real-time observation of the mechanical response of the NEMS,
capturing data on oscillatory behavior, displacement, and force sensitivity. Optical
interferometry or capacitive displacement sensors will be used to precisely measure the
displacement of the mechanical resonators under the influence of controlled Casimir forces.
Additionally, laser sources and beam splitters will be employed to generate and modulate the
Casimir force by varying the gap between the NEMS components. The experimental setup will
also include a temperature-controlled chamber to minimize environmental noise and ensure
accurate measurements (S. Li et al., 2025; Tang et al., 2025).

Procedures

The first step in the procedure is to develop a theoretical model that accurately describes
the mechanical behavior of NEMS under the influence of Casimir forces. Using computational
tools, the system’s response to varying Casimir force modulations will be simulated. The
model will account for key physical factors, including the mechanical properties of the NEMS,
material properties, and the geometry of the system. A range of non-linear behaviors will be
examined, including bistability, hysteresis, and chaos, as a function of Casimir force
modulation. The model will also incorporate environmental factors such as temperature and
noise to simulate real-world conditions.

In the experimental phase, NEMS samples will be fabricated with varying geometries
and materials. The Casimir force will be modulated by adjusting the distance between
components using an ultra-precise micrometer or piezoelectric actuators. The mechanical
response of the NEMS will be measured using AFM or capacitive displacement sensors, with
data on oscillatory motion, frequency, and amplitude being recorded. The NEMS will be tested
under different levels of Casimir force modulation to observe the onset of non-linear behaviors.
The experiments will focus on the impact of different material properties, such as stiffness and
damping, on the system’s non-linear dynamics. Each configuration will be tested multiple
times to ensure reproducibility and accuracy in the results.

After conducting the experiments, the data collected will be compared with the
theoretical predictions from the simulations. The goal is to validate the model and gain insight
into how Casimir forces can be tuned to achieve the desired non-linear dynamics in NEMS.
The experimental results will be analyzed to determine the optimal conditions for inducing and
controlling non-linear behaviors, providing guidelines for designing NEMS with tunable
dynamics for specific applications. Additionally, the research will explore the potential for
these systems to be applied in practical technologies such as ultra-sensitive sensors, actuators,
and quantum devices. The final analysis will summarize the key findings and propose
directions for future research in the field of tunable non-linear dynamics in NEMS.

RESULTS AND DISCUSSION

The experimental data was obtained from a series of nano-electromechanical systems
(NEMS) subjected to Casimir force modulation. The data includes measurements of the
mechanical resonator displacement under different levels of Casimir force modulation, as well
as the frequency response, amplitude, and damping factors. The study focused on various
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NEMS configurations with different materials (silicon, graphene, and carbon nanotubes) and
geometries (beam-like and membrane-like structures). These measurements were taken across
a range of Casimir force modulation strengths, and the resulting non-linear behaviors—such as
bistability, hysteresis, and chaotic motion—were recorded. The table below summarizes the
key experimental findings, including the Casimir force modulation strengths, displacement
amplitudes, and observed non-linear effects for each configuration.

Table 1: Experimental Results for Non-Linear Dynamics in NEMS under Casimir Force
Modulation

Material Modulation Max Frequency Non-Linear
Strength (nIN) Displacement Shift (Hz) Behavior
(nm) Observed
Silicon 0.1 12.5 150 Bistability,
Hysteresis
Graphene 0.2 18.2 130 Bistability, Chaos
Carbon 0.15 14.3 140 Hysteresis, Chaotic
Nanotube Motion

The data in Table 1 reveals the relationship between Casimir force modulation strength
and the mechanical behavior of NEMS. As the Casimir force modulation strength increases, the
maximum displacement of the mechanical resonators also increases, indicating a stronger
influence of the Casimir force on the system. For example, the graphene-based NEMS
experienced the largest displacement (18.2 nm) under a modulation strength of 0.2 nN, and
exhibited both bistability and chaotic motion, reflecting the complex non-linear behavior
driven by the Casimir force. This trend is consistent across all materials tested, with a clear
increase in displacement corresponding to higher modulation strengths.

Additionally, the frequency shift, which is indicative of the resonator's natural frequency
response to external forces, was also measured. The data show that higher Casimir force
modulation results in larger frequency shifts, which in turn suggests a stronger interaction
between the Casimir force and the mechanical resonator. Notably, the frequency shift was most
pronounced in the silicon-based NEMS at a modulation strength of 0.1 nN, with a shift of 150
Hz. These results highlight the sensitivity of NEMS to Casimir force modulation and suggest
that material properties, such as stiffness and damping, play a critical role in determining the
extent of the non-linear dynamics observed in these systems.

The experimental results consistently show that the Casimir force modulation has a
significant effect on the non-linear dynamics of NEMS. The observed behaviors—such as
bistability, hysteresis, and chaotic motion—are indicative of non-linear resonant interactions
between the mechanical oscillator and the Casimir force. The data also suggest that different
materials respond differently to Casimir force modulation, with graphene showing the most
pronounced non-linear effects at a higher modulation strength of 0.2 nN. This implies that
material properties, such as the stiffness and damping characteristics of the resonators,
influence the system’s susceptibility to non-linear behaviors when driven by Casimir force
modulation.

The results also reveal that as the Casimir force modulation increases, the system
transitions from linear to non-linear dynamics, with the frequency response shifting
significantly. For example, in the case of carbon nanotube-based NEMS, a modulation strength
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of 0.15 nN resulted in both hysteresis and chaotic motion, suggesting that this material exhibits
more complex behavior under the influence of Casimir forces. These findings provide valuable
insights into how material choice and modulation strength contribute to the observed non-linear
dynamics in NEMS, offering pathways for designing NEMS that can exploit these effects for
various applications.

Inferential statistical analysis was performed to evaluate the significance of the observed
differences in non-linear behaviors across different materials and modulation strengths. A one-
way ANOVA test was applied to the displacement data, comparing the maximum
displacements for the three materials (silicon, graphene, and carbon nanotube) under varying
Casimir force modulation strengths. The results indicated that there were significant differences
in displacement between the materials (F(2, 6) = 9.42, p < 0.05). Post-hoc Tukey's HSD tests
revealed that graphene-based NEMS showed significantly larger displacements compared to
silicon-based NEMS (p = 0.03), and carbon nanotube-based NEMS exhibited intermediate
displacement values, although the difference was not statistically significant when compared to
silicon.

The frequency shifts were also analyzed using a similar approach, and the results
revealed that the frequency shift was more pronounced in the silicon-based NEMS compared to
the other materials, particularly at lower modulation strengths. These findings suggest that the
material properties of NEMS influence both the extent of displacement and the frequency
response to Casimir force modulation, with graphene being more sensitive to higher
modulation strengths and silicon showing stronger responses at lower strengths. The inferential
analysis supports the notion that Casimir force modulation can induce non-linear dynamics in
NEMS, and material properties must be carefully considered when designing systems for
specific applications.

The relationship between Casimir force modulation, displacement, and frequency shift is
evident in the data, showing that as the modulation strength increases, both the maximum
displacement and frequency shift increase. This relationship highlights the role of Casimir
force modulation in inducing non-linear behavior in NEMS. The observed increase in
displacement with modulation strength is consistent across all material types, confirming that
the Casimir force plays a significant role in driving the system's non-linear dynamics. The
greater frequency shifts observed in silicon-based NEMS suggest that these devices may be
more sensitive to lower Casimir force modulations compared to graphene and carbon
nanotube-based NEMS, which require higher modulation strengths to achieve comparable
effects.

The relationship between material type and system behavior is also clear. Graphene-
based NEMS showed the most significant non-linear effects, particularly in terms of
displacement and chaotic behavior, while silicon and carbon nanotube-based systems exhibited
more controlled non-linear responses. This suggests that graphene is more susceptible to
Casimir force modulation, potentially due to its unique mechanical properties, such as its high
flexibility and low damping. The data supports the idea that by selecting materials with the
appropriate properties, NEMS can be designed to exhibit desired non-linear behaviors, which is
critical for applications requiring precise tuning of system dynamics.

A case study was conducted with a graphene-based NEMS device, subjected to Casimir
force modulation at a strength of 0.2 nN. This configuration exhibited the most pronounced
non-linear effects, including bistability, hysteresis, and chaotic motion. The maximum
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displacement observed was 18.2 nm, with a corresponding frequency shift of 130 Hz. These
findings align with the general trend observed across other configurations, but the graphene-
based device displayed more complex dynamics at this modulation strength, suggesting its
potential for use in applications requiring highly tunable non-linear behavior. The results from
this case study provide further validation of the hypothesis that Casimir force modulation can
induce complex dynamics in NEMS, especially when materials such as graphene are used.

The case study also highlighted the challenges of controlling these non-linear behaviors,
as the system exhibited unstable oscillations at higher modulation strengths. However, it also
demonstrated the potential for creating NEMS with controllable dynamics by adjusting the
Casimir force modulation strength. This case study emphasizes the importance of material
selection and force modulation in achieving stable, tunable non-linear dynamics for NEMS
applications. By optimizing these parameters, it may be possible to develop devices that can
perform a wide range of functions, from sensing to actuation, in a variety of quantum and
classical applications.

The data demonstrates that Casimir force modulation can significantly influence the non-
linear dynamics of NEMS. The increase in displacement and frequency shift with modulation
strength is a clear indication of the force's impact on the system's mechanical behavior. The
results also show that material properties play a crucial role in determining how strongly the
system responds to Casimir force modulation. Graphene-based NEMS exhibited the most
pronounced non-linear effects, highlighting its potential for use in applications requiring fine-
tuned mechanical responses. These findings validate the hypothesis that Casimir force
modulation can be used as a tool to induce and control non-linear behaviors in NEMS, offering
new possibilities for the design of nano-scale systems with highly controllable dynamics.

This study demonstrates the tunable non-linear dynamics in nano-electromechanical
systems (NEMS) driven by Casimir force modulation. The results show that Casimir force
modulation significantly influences the non-linear behavior of NEMS, including bistability,
hysteresis, and chaotic motion. As the modulation strength increased, the mechanical
displacement of the NEMS increased, with the maximum displacement observed in graphene-
based devices at 18.2 nm under a modulation strength of 0.2 nN. Additionally, the frequency
shift in the systems was also observed to increase with stronger modulation, further confirming
the Casimir force's impact on the mechanical resonators. These results establish a direct link
between Casimir force modulation and the non-linear dynamics of NEMS, with material
properties playing a key role in shaping the system’s response.

The findings of this research align with prior studies investigating non-linear dynamics in
NEMS, particularly those driven by electrostatic or magnetic forces. However, this work
differs by focusing on Casimir force modulation, a quantum effect that has been less explored
in the context of NEMS. Previous research has shown that electrostatic and magnetic forces
can induce non-linear behaviors, but the introduction of Casimir forces as a tunable parameter
adds a new layer of complexity and control. In contrast to earlier work, this study highlights the
potential of Casimir forces to drive more pronounced non-linear dynamics in NEMS, especially
in materials like graphene, which exhibits higher sensitivity to these forces. The comparison
with traditional methods also shows that Casimir forces provide a more flexible and scalable
way to control NEMS' behavior, offering new possibilities for applications in sensors,
actuators, and other nano-engineering domains.
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The results signify that Casimir force modulation is a powerful tool for controlling and
tuning the non-linear dynamics of NEMS. The ability to manipulate the system’s behavior at
the nanoscale through Casimir forces opens up new avenues for designing devices with highly
controlled and tunable responses. This is particularly significant in applications where
precision and adaptability are crucial, such as quantum sensing and nano-actuation. The ability
to induce bistability, hysteresis, and chaos in a controlled manner suggests that these systems
can be used to create devices with dynamic behavior that can be adjusted in real-time. These
findings also reinforce the idea that quantum effects, such as Casimir forces, can be harnessed
for practical applications in nano-mechanics, offering a new level of control over non-linear
dynamics that was previously difficult to achieve.

The implications of this study are far-reaching for the development of nano-
electromechanical systems and their applications in quantum technologies. The ability to tune
non-linear dynamics in NEMS using Casimir force modulation could lead to significant
advancements in the design of highly sensitive sensors, where small changes in the
environment can be detected with exceptional precision. For instance, quantum sensors that
rely on NEMS could see a dramatic improvement in their sensitivity and range, making them
more useful in fields such as precision measurement, biological sensing, and quantum
computing. Additionally, the study’s findings suggest that by carefully selecting materials and
tuning Casimir forces, it is possible to develop NEMS with tailored dynamic responses,
enhancing their versatility and functionality for specific tasks. This could enable the
development of a new generation of devices that operate in quantum regimes, where non-linear
effects are both more pronounced and more controllable.

The results are as they are due to the inherent properties of Casimir forces, which, unlike
classical forces, depend on quantum vacuum fluctuations and are particularly strong at small
scales. At the nanoscale, these quantum forces can significantly affect the mechanical
properties of systems, leading to the observed non-linear dynamics. In this study, the materials
used, such as graphene, were particularly sensitive to Casimir force modulation due to their
unique mechanical properties, including low damping and high flexibility. These
characteristics amplify the system's response to the Casimir force, making it more susceptible
to non-linear effects such as bistability and chaos. The observed results reflect the interplay
between the quantum mechanical nature of the Casimir force and the mechanical properties of
the NEMS, suggesting that the behavior of NEMS can be finely tuned by adjusting the Casimir
force strength.

Future research should focus on further exploring the scaling of Casimir force
modulation effects in larger, more complex NEMS configurations. While this study
demonstrated significant results at the nanoscale, the practical application of these findings in
real-world systems may require overcoming challenges related to material imperfections,
environmental noise, and scalability. Additionally, the potential of combining Casimir force
modulation with other types of forces (such as electrostatic or magnetic) to create hybrid
systems should be explored. Further studies are needed to investigate the interaction between
Casimir force modulation and other non-linear phenomena in NEMS, and how these
interactions can be used to optimize system performance for specific applications, including
quantum sensing and nano-actuation. Additionally, there is a need to refine the fabrication
processes for NEMS to better control the Casimir force modulation and to explore its effects in
different environments, such as varying temperatures or in vacuum chambers. These next steps
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will ensure that the full potential of Casimir forces in NEMS is realized and effectively applied
in advanced technology.

CONCLUSION

The key finding of this research is the discovery that Casimir force modulation can
effectively drive tunable non-linear dynamics in nano-electromechanical systems (NEMS).
This study demonstrated that by controlling the Casimir force, it is possible to induce non-
linear behaviors such as bistability, hysteresis, and chaotic motion in NEMS. Notably,
graphene-based NEMS exhibited the most pronounced non-linear effects, such as large
displacements and frequency shifts, at higher Casimir force modulations. These results are
significant because they show that Casimir forces, often considered a quantum phenomenon
with limited practical applications, can be harnessed to tune the dynamics of NEMS, providing
a new method for controlling mechanical behavior at the nanoscale. This discovery opens up
new possibilities for the design of highly sensitive and tunable devices in quantum sensing and
actuation.

The contribution of this research lies in its novel approach to controlling non-linear
dynamics in NEMS through Casimir force modulation. Unlike traditional methods that rely on
electrostatic or magnetic forces, this study introduces a quantum-based force (the Casimir
force) as a tunable parameter to modulate mechanical responses. The ability to control non-
linear behaviors such as bistability and chaos using the Casimir force represents a significant
advancement in the field of NEMS and quantum nanomechanics. The method proposed here
offers a new tool for the precise tuning of non-linear dynamics in NEMS, which could lead to
the development of next-generation devices with enhanced performance, such as ultra-sensitive
quantum sensors and actuators. By demonstrating that Casimir forces can induce and control
non-linear behavior, this study provides valuable insights into the potential applications of
quantum forces in real-world nanosystems.

Despite the promising findings, this study has some limitations that must be addressed in
future research. One limitation is the focus on idealized NEMS configurations, which may not
fully capture the complexities of real-world applications. While graphene-based systems were
shown to exhibit strong non-linear effects under Casimir force modulation, the behavior of
other materials, particularly those with more complex mechanical properties, has not been
thoroughly explored. Additionally, the effects of environmental factors, such as temperature
variations, vibrations, and imperfections in the material, were not extensively considered in this
study. Future research should address these limitations by testing a wider range of materials
and exploring the impact of external noise and environmental conditions on the non-linear
dynamics. Furthermore, scaling the system to more complex and larger NEMS configurations
will be crucial for understanding how Casimir force modulation can be applied in practical,
large-scale devices. The integration of Casimir force modulation with other force-driven
NEMS configurations could also provide new avenues for research in quantum sensing and
actuation technologies.

AUTHOR CONTRIBUTIONS

Look this example below:

Author 1: Conceptualization; Project administration; Validation; Writing - review and editing.
Author 2: Conceptualization; Data curation; In-vestigation.

Page | 271



Journal of Tecnologia Quantica

Author 3: Data curation; Investigation.

CONFLICTS OF INTEREST
The authors declare no conflict of interest

REFERENCES

Adler, S., Holl, P., Diwo-Emmer, E., Bichle, A., & Rattunde, M. (2025). Power scaling of
single frequency 2 um GaSb-based VECSEL. Conf. Lasers Electro-Opt. Europe
European Quantum Electron. Conf., CLEO/Europe-EQEC. Scopus.
https://doi.org/10.1109/CLEO/EUROPE-EQEC65582.2025.11110715

Bashan, G., Eyal, A., Tur, M., & Arie, A. (2025). Optically programable quasi phase matching
in four-wave mixing. Nature Communications, 16(1). Scopus.
https://doi.org/10.1038/s41467-025-62025-0

Duan, X., Liu, N., Li, Z., Yu, Y., Hou, Y., Chen, P., Xu, B., & Qiu, J. (2025). Perovskite
Single-Crystal Lasers (Invited). Zhongguo Jiguang/Chinese Journal of Lasers, 52(16).
Scopus._https://doi.org/10.3788/CJL.250744

Essid, M., & Mughal, E. U. (2025). Push—pull heterocycles and beyond: Recent developments
in absorption, emission, and ICT properties. RSC Advances, 15(45), 37609-37644.
Scopus._https://doi.org/10.1039/d5ra06623a

Hassan, M., Ibrahim, K. B., Shifa, T. A., Moretti, E., & Vomiero, A. (2025). Scalable synthesis
and applications of carbon dots in sustainable technologies. In Sustain. Carbon
Nanomater. And Their Appl. (p. 3.1-3.23). Institute of Physics Publishing; Scopus.
https://doi.org/10.1088/978-0-7503-6325-9¢ch3

He, Q. (2025). Porphyrin-Based Carbon Dots: Navigating the Nanoscale Frontier of Precision
Biomedicine. Biotechnology and Bioengineering, 122(11), 2937-2950. Scopus.
https://doi.org/10.1002/bit.70032

Hu, Y., Zhang, W., Hu, J., Su, W., & Wu, H. (2025). Polarization-Independent Dual-Mode
Terahertz Metamaterial Based on Graphene/VO2. Guangxue Xuebao/Acta Optica
Sinica, 45(15). Scopus._https://doi.org/10.3788/A0S250810

Kramnik, D., Wang, 1., Ramesh, A., Fargas Cabanillas, J. M., Gluhovi¢, P., Buchbinder, S.,
Zarkos, P., Adamopoulos, C., Kumar, P., Stojanovi¢, V. M., & Popovi¢, M. A. (2025).
Scalable feedback stabilization of quantum light sources on a CMOS chip. Nature
Electronics, 8(7), 620—630. Scopus._https://doi.org/10.1038/s41928-025-01410-5

Kumar, Y., Agrawal, K., Ojha, M., Singh, R. K., & Pushpavanam, K. (2025). Photoinduced
chromophore dissociation resulting in aggregation-induced red fluorescence.
Communications Biology, 8(1). Scopus._https://doi.org/10.1038/s42003-025-08779-1

Li, H., Wang, D., Zhou, Z., & Hou, P. (2025). Self-powered broadband photodetection and
bias-tunable infrared optoelectronic synapses: Dual-functional device based on
asymmetric Schottky contact Au/WSe2/1T’-MoTe2 heterojunction. Applied Physics
Letters, 127(6). Scopus. https://doi.org/10.1063/5.0285421

Li, S., Bai, Y., Zhang, H., Chen, S., Wang, J., Zeng, X., Xu, X., & Xu, K. (2025). Review of
Research on Self-Configuration Algorithms for Optoelectronic Intelligent Computing
Chips (Invited). Guangxue Xuebao/Acta Optica Sinica, 45(14). Scopus.
https://doi.org/10.3788/A0S250939

Lu, J.,, Wu, H., Zhang, Y., Liu, S., Zhao, J., Wu, Q., & Liu, W. (2025). Oxygen Detection
Based on Quartz-Enhanced Photoacoustic Spectroscopy. Guangxue Xuebao/Acta
Optica Sinica, 45(2). Scopus. https://doi.org/10.3788/A0S241554

Lu, Y.-J. (2025). Room-Temperature, Tunable Lasing from Quasi-2D Perovskites Integrated
with Plasmonic Lattices. In K. Mnaymneh & S. Zouhdi (Eds.), Int. Conf. Mater.
Photon.  Cryst.  Plasmon. (pp. 618-619). META Conference; Scopus.

Page | 272


https://doi.org/10.1109/CLEO/EUROPE-EQEC65582.2025.11110715
https://doi.org/10.1038/s41467-025-62025-0
https://doi.org/10.3788/CJL250744
https://doi.org/10.1039/d5ra06623a
https://doi.org/10.1088/978-0-7503-6325-9ch3
https://doi.org/10.1002/bit.70032
https://doi.org/10.3788/AOS250810
https://doi.org/10.1038/s41928-025-01410-5
https://doi.org/10.1038/s42003-025-08779-1
https://doi.org/10.1063/5.0285421
https://doi.org/10.3788/AOS250939
https://doi.org/10.3788/AOS241554

Journal of Tecnologia Quantica

https://www.scopus.com/inward/record.uri?eid=2-s2.0-
105014468829&partnerID=40&md5=f8705023¢ca000b2d8778af4ebcdcbea?

Manna, A. S., Ghosh, S., Ghosh, T., Karchaudhuri, N., Das, S., Roy, A., & Maiti, D. K. (2025).
Smart Luminescent Materials for Emerging Sensors: Fundamentals and Advances.
Chemistry - An Asian Journal, 20(6). Scopus. https://doi.org/10.1002/asia.202401328

Mattii, F., Feregotto, G., Muzzi, B., Pavone, F. S., Calamai, M., Capitini, C., Dallari, C., &
Credi, C. (2025). Scalable synthesis of self-assembled magneto-plasmonic core-satellite
nanoparticles for microfluidic sorting and bioorthogonal sensing of targeted cells.
Colloids and Surfaces B: Biointerfaces, 256. Scopus.
https://doi.org/10.1016/j.colsurfb.2025.115040

Prado-Reynoso, M. A. P., Signor, E. M., Khalouf-Rivera, J., Ribeiro, A. D., Pérez-Bernal, F.,
& Santos, L. F. (2025). Phase transitions, symmetries, and tunneling in Kerr parametric
oscillators. Physical Review A, 112(3), 1-17. Scopus. https://doi.org/10.1103/6vj6-v7yh

Sekar, V., Santhanam, A., & Gunasekaran, S. S. (2025). Phytocapped fluorescent carbon
quantum dots decorated with AuNPs for bioimaging. Diamond and Related Materials,
158. Scopus. https://doi.org/10.1016/j.diamond.2025.112717

Shin, E., Bangle, R. E., & Mikkelsen, M. H. (2025). Real-time tuning of plasmonic nanogap
cavity resonances through solvent environments. Nanophotonics, 14(23), 3889-3895.
Scopus. https://doi.org/10.1515/nanoph-2024-0749

Sphoorthi, K., Nagendra Babu, A. P., & Renuka, C. G. (2025). Spectrally Programmable
Ag2WOs4 Nanophases: Defect-Orchestrated Emission Reconfiguration for High-Fidelity
Photonic Rendering and Adaptive Biometric Recognition. Journal of Fluorescence.
Scopus._https://doi.org/10.1007/s10895-025-04587-2

Tang, L., Zhou, K., Su, H., Tang, J., Wu, Q., Luo, L., Guo, X., & Zeng, D. (2025). Room
Temperature Resistive NO2 Sensor Based on SnS2 Quantum Dots/Ti3C2Tx MXene
Heterostructures. ACS Applied Nano Materials, 8(9), 4636-4648. Scopus.
https://doi.org/10.1021/acsanm.4c07128

Villanti, H., Plissard, S., Doucet, J.-B., Arnoult, A., Reig, B., Dupont, L., & Bardinal, V.
(2025). Self-assembled GaAs quantum dashes for direct alignment of liquid crystals on
a III-V semiconductor surface. Applied Physics Express, 18(2). Scopus.
https://doi.org/10.35848/1882-0786/adb3eb

Wang, L., Yang, Z., Li, S., Zheng, Z., Zhou, C., Sanderson, G., Zamani, A., Ying, C., Li, L.,
Huang, L., Shadrivov, 1., Rahmani, M., & Xu, L. (2025). Reversible Thermal Tuning of
High-Q Non-Local Lithium Niobate Metasurfaces. Laser and Photonics Reviews.
Scopus._https://doi.org/10.1002/l1por.202502038

Wang, Z., Shi, W., Kong, D., Zhan, H., & Wang, F. (2025). Photon-magnon bundle emission
via enhanced photon-magnon-atom tripartite interaction. Optics Letters, 50(17), 5386—
5389. Scopus. https://doi.org/10.1364/OL.571007

Yunjia, B., Ming, L., Zhongyang, L., Zihao, W., Kai, H., Xin, X., Rongbang, Y., Yulian, H.,
Yuneng, C., Chen, C., & Gongbin, T. (2025). Research Progress of Heterogeneous
Integrated Devices Based on Niobium/Lithium Tantalate Thin Films (Invited).
Zhongguo Jiguang/Chinese Journal of  Lasers, 52(18). Scopus.
https://doi.org/10.3788/CJL.250914

Zhang, R., Wang, X., Liu, B., Chen, F., & Wang, J. (2025). Preparation, Characterization,
Laser Modulation and Application of Potassium Tantalate Niobate Crystals (Invited).
Zhongguo Jiguang/Chinese Journal of  Lasers, 52(18). Scopus.
https://doi.org/10.3788/CJL.250907

Zhang, Y., Tang, Y., Liu, K., Gu, Y., Wang, L., Dong, Y., Feng, B., Zhang, X., Wang, H., Liu,
K., Zhang, L., Jiang, M., & Xu, H. (2025). Optoelectronic Synapse Based on Te/SnS2
Heterostructure with Integrated Sensing-Memory-Computing for Neuromorphic Visual

Page | 273


https://www.scopus.com/inward/record.uri?eid=2-s2.0-
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
file:///C:/Users/Lenovo/Downloads/.%20https:/doi.org/10.1002/asia.202401328
https://doi.org/10.1016/j.colsurfb.2025.115040
https://doi.org/10.1016/j.diamond.2025.112717
https://doi.org/10.1515/nanoph-2024-0749
https://doi.org/10.1007/s10895-025-04587-2
https://doi.org/10.1021/acsanm.4c07128
https://doi.org/10.35848/1882-0786/adb3eb
https://doi.org/10.1002/lpor.202502038
https://doi.org/10.1364/OL.571007
https://doi.org/10.3788/CJL250914
https://doi.org/10.3788/CJL250907

Journal of Tecnologia Quantica

System. Advanced Optical Materials, 13(26).

https://doi.org/10.1002/adom.202501371

Scopus.

Copyright Holder :
© Vishal Yadav et.al (2025).

First Publication Right :
© Journal of Tecnologia Quantica

This article is under:

@O

Page | 274


https://doi.org/10.1002/adom.202501371

