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tural gradient. These configurations illustrate the diversity in structural designs, each enabling

distinct and tunable wave propagation and energy management characteristics in granular networks.

Hertzian contact and deformation of the granules. It represents the deformation of the granules
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Time-domain displacement, frequency response, and phase difference between two granules in
a nonlinear granular network exhibiting Nonlinear Normal Modes (NNMs). The left column
illustrates the in-phase NNM at driving frequency (wp = 0.45), where both masses oscillate
synchronously with zero phase difference, a characteristic of lower-frequency excitation and in-
termittent contact. The right column shows the out-of-phase NNM (wp = 0.73), with masses
oscillating in anti-symmetry (7 phase difference), corresponding to higher frequency excitation
and sustained contact. The responses are obtained under strongly nonlinear conditions with no
static precompression (dp = 0), revealing distinct modal structures governed by Hertzian interac-
tions

Three-dimensional illustration of the Bloch sphere, showcasing its relationship with the Cartesian
coordinate system. This diagram highlights the sphere’s axes and the defining angles—theta (6)
and phi (p)— representing an elastic bit’s state

Experimental setup of the nonlinear granular network. One of the granules is driven by an
ultrasonic transducer. Meanwhile, the lateral transducers record the responses of the vibrating
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Tllustration of the transformation of states of the two-level elastic bit system, represented geomet-
rically on the Bloch sphere. Panel (a) shows the variation of the polar angle 6 with the ratio of
E while keeping the azimuthal angle (¢) constant, illustrating the transition from pure states E;
(6 =0) to E2 (# = ) and various superpositions in between. The initial phase £ was fixed during
this demonstration. Panel (b) focuses on the azimuthal angle (¢) while keeping 6 constant, by
varying & from —7 to 4+ for a set value of £ = 0.5. This panel effectively visualizes the full 27
rotation of ¢ on the Bloch sphere, crucial for the calculation of the Berry phase. The arrows on
the sphere indicate the direction of state vector evolution for different parameter adjustments,
thereby providing a clear visual guide to understanding how external parameters like £ and &
influence the states of the elastic bit

Transformation of the elastic bit states through various quantum-analogue logical gates. Each
panel represents a different type of gate operation: Panels (a) and (b) display the effects of
the Pauli-X and Pauli-Y gates, respectively, showcasing state conversions (|E;) to |E2) and vice
versa) along distinct operational paths. Panel (c¢) depicts the Hadamard gate’s role in mapping
pure states to equal superpositions and conversely. Panels (d), (e), and (f) focus on the phase-shift
gate families—Pauli-Z, S, and T gates, respectively. These gates demonstrate the transformation
of superposed states by altering only one aspect of the complex amplitude’s coefficient, thus mod-
ifying the state’s direction through the azimuthal angle . The specific transformations effected
by each gate are represented through transitions on the Bloch sphere, with arrows indicating the

direction and nature of state changes. System parameters: m =1, k;, = 1, n = 0.003, wp = v2.___
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a laser doppler vibrometer. System parameters: Stiffness, Linear Spring, k; = 15 Ibf /in, Conical
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Nonlinear dynamics of the two-mass / conical-spring oscillator. (a) Measured veloc-
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wq = 65 Hz reveal a strongly asymmetric waveform: energy is shuttled from the compliant to
the stiff end of the graded spring during each cycle, producing the four characteristic stages an-
notated 1-4. (b) Steady-state Fourier spectra of the two masses display a series of harmonics at
integer multiples w,, = nwy (up to n = 5 shown); the monotonic amplitude decay and persistence
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1. INTRODUCTION

1.1. Quantum Systems and Their Applications

Quantum information science represents one of the most significant advancements in modern technology,
offering unprecedented opportunities for revolutionary breakthroughs in computing, communications, and sens-
ing applications [1-5]. This interdisciplinary field leverages the principles of quantum mechanics, exploiting
phenomena such as superposition, entanglement, and quantum coherence to enhance computational capabilities
and security far beyond the reach of classical systems [6-8]. Quantum technologies have demonstrated consider-
able promise in tackling computationally challenging problems across diverse domains, including cryptography,
materials science, pharmaceutical development, and complex optimization problems.

At the heart of quantum information technology lies the quantum bit, also known as a qubit. Unlike classical
bits that encode information strictly in binary states (0 or 1), qubits capitalize on the quantum mechanical
principle of superposition, enabling simultaneous existence in multiple states [9]. This extraordinary capabil-
ity allows quantum systems to accelerate computational tasks exponentially. Quantum algorithms, such as
Shor’s algorithm for integer factorization and Grover’s algorithm for database searches, exemplify this superior
computational power, providing significant speed-ups compared to classical algorithms [10-12]. Additionally,
quantum computing promises substantial advancements in simulating quantum mechanical systems, which will
significantly benefit chemical simulations, materials discovery, and drug development [13, 14].

A new and distinct quantum state that emerges from specific quantitative relationships with initial states is
known as a superposition of these original states. Beyond enabling the superposition of states, the phenomenon
of entanglement—where subsystems become intricately correlated—significantly amplifies the computational
prowess of qubits [15, 16]. Nevertheless, these quantum states are exceptionally fragile, with environmental
interactions rapidly causing decoherence and the subsequent collapse of quantum coherence. Due to this rapid
loss of coherence, it remains exceedingly challenging to reliably create and maintain initial quantum superposed

states for practical applications.

1.2. Granular Systems and Their Application in Quantum Systems

Granular systems, consisting of discrete macroscopic particles interacting through strongly nonlinear contact
forces, represent a compelling domain for exploring quantum-inspired phenomena within classical frameworks.
These systems, composed of particles typically interacting via Hertzian contact mechanics, are uniquely posi-
tioned at the intersection of nonlinear dynamics and classical mechanics, exhibiting rich and complex behaviors
such as solitary wave propagation, nonlinear resonances, and nonlinear normal modes [17].

Unlike traditional linear elastic media, granular systems inherently feature nonlinear interactions due to their

geometry-dependent force-displacement relationships. This intrinsic nonlinearity facilitates dynamic phenomena



closely analogous to quantum mechanical concepts, including the formation of stable superpositions and classical
analogues of quantum entanglement [18]. Such properties make granular media especially promising as platforms
for developing macroscopic quantum analogues—robust systems that can mimic quantum-like behavior at room

temperature and under practical environmental conditions.

1.3. Limitations of the Quantum Mechanical System

Consequently, quantum systems used in practical quantum computing applications typically require strin-
gent environmental conditions, such as ultra-low temperatures near absolute zero, vacuum environments, and
electromagnetic shielding [19-21]. These extreme conditions significantly limit the practical implementation of
quantum systems, thus hindering widespread adoption. Research efforts have successfully demonstrated quantum
superposition experimentally in various microscopic systems, such as trapped ions, Bose-Einstein condensates,
and atomic ensembles, achieving remarkable precision under carefully controlled laboratory conditions [22-24].

Recognizing the significant hurdles presented by quantum decoherence and the challenges faced by topological
quantum computing, researchers have actively pursued alternative strategies involving macroscopic superposi-
tions in classical systems. These macroscopic superposition states, which can be achieved at room temperature
and in less stringent environments, present compelling avenues for robust quantum-like computation [25, 26].
Recent successful demonstrations of macroscopic superposition have included experiments with trapped ions,
atomic ensembles, and mechanical oscillators interacting with spin qubits, opening up possibilities for exploring

quantum-like phenomena on macroscopic scales [27, 28].

1.4. Motivation of the Study

To overcome these limitations, researchers have explored alternative approaches, such as topological quantum
computing (TPC), where the quantum information is encoded using topological properties on a macroscopic
scale. TPC leverages non-Abelian statistics and topological states of matter to create more robust qubits that
are inherently resistant to decoherence [29, 30]. However, recent challenges highlighted by researchers, including
a notable critique by Frolov in Nature, have cast doubt on the feasibility of reliably generating and detecting
topological qubits, such as Majorana particles [31]. The certainty and advancement of TPC techniques have
been limited by this argument, leading to a broader search for stronger and more practical substitutes.

The establishment of acoustic analogues of quantum phenomena has provided additional perspectives for
quantum information science and quantum mechanics applications. Notably, linear elastic systems have been
shown to produce coherent superpositions of classical harmonic waves analogous to spin states in quantum
mechanics [32]. However, genuine quantum-like phenomena in mechanical systems necessitate inherent nonlin-
earity. For instance, generating mechanical non-Gaussian states with unfavorable Wigner functions exemplifies

actual quantum-like behavior in classical systems [33-36]. Approaches involving dissipation, quantum tunnel-



ing in double-well optomechanical potentials, periodic qubit flipping, quantum interference effects, optical field
conditional measurements, and modulated photon-hopping interactions between optomechanical cavities have
successfully produced macroscopic non-Gaussian superposition states [37—45]. These approaches rely funda-
mentally on nonlinear interactions between optical and mechanical degrees of freedom. Recent studies have
demonstrated the experimental generation of macroscopic superposition states using Kerr-type nonlinearities,
where external driving fields are manipulated to induce state transitions [46].

In contrast, limited work has been conducted on utilizing nonlinearity within classical elastic systems for
creating stable macroscopic superpositions of states. Nonlinear granular media represent a promising platform for
this endeavor. Granular media consist of discrete, macroscopic particles interacting through strongly nonlinear
Hertzian contact mechanics, facilitating complex phenomena such as solitary wave propagation and nonlinear
normal modes [47]. These properties enable granular systems to exhibit quantum-like behaviors, including the
remarkably coherent superposition of elastic states and classical entanglement.

Recent experimental and theoretical advancements, including extensive research conducted by the author,
have demonstrated the capability of nonlinear granular chains to sustain coherent elastic superposition states.
These elastic states, inherently robust and stable under ambient conditions, serve as a foundation for developing
“elastic bits,” analogues to quantum bits. Elastic bits exploit the intrinsic nonlinearities of granular particle
interactions, maintaining coherent superpositions and classical entanglement without succumbing to quantum
decoherence.

By harmonically driving a nonlinear granular system composed of two spherical granules, we experimentally
demonstrate that nonlinear normal modes can be expressed in terms of a linear normal mode orthonormal basis
with time-dependent amplitudes [48]. An elastic bit in a nonlinear classical system can create a superposition
of states that is stable at ambient temperature and decoherence-free. Furthermore, since it represents an actual
amplitude rather than a probability amplitude, it can be measured directly in the absence of wave function
collapse. These characteristics enable the experimental realization of an elastic bit, offering a revolutionary
new way to achieve some objectives of quantum information technology by utilizing materials-based quantum
analogues. The present study aims to experimentally demonstrate the possibility of preparing acoustic ana-
logues of superposition states in a nonlinear acoustic granular medium and to manipulate the superposition of
Bloch states. More specifically, by harmonically driving a nonlinear system composed of two spherical granules,
we experimentally demonstrate that the nonlinear normal modes can be expressed on a linear normal mode
orthonormal basis with time-dependent amplitudes. These amplitudes form the components of a state vector
that spans a two-dimensional (2D) Hilbert space parametrically with time. Thus, they serve as analogues of
the qubit-like time-dependent coherent superpositions of states. In addition, we experimentally demonstrate

that the frequency and amplitude of the external drivers applied to the nonlinear system are essential factors



in navigating the elastic Bloch sphere. Most profoundly, since the system under consideration is nonlinear, we
experimentally demonstrate that time allows for the parametric exploration of the superposition of Bloch states.

Ultimately, this research seeks to position granular networks as robust, practical, and widely accessible ana-
logues to quantum computing systems. The investigation aims to foster significant advancements in classical
computing technologies by bridging quantum-inspired capabilities with practical, real-world robustness. Through
the development and validation of elastic bits, this dissertation contributes to a new paradigm in information
science by combining the profound computational advantages of quantum mechanics with the inherent practi-
cality and robustness of classical nonlinear systems, thus opening new frontiers in computing and technological

innovation.



2. BACKGROUND AND TUNABLE CHARACTERISTICS OF GRANULAR NETWORK
THROUGH THEORETICAL AND MATHEMATICAL MODELING

Understanding the unique dynamical properties of granular systems lays the foundation for exploiting their
potential in simulating quantum-like behaviors. These systems, composed of discrete elastic particles, demon-
strate strongly nonlinear interactions, primarily when confined to fixed geometries [49]. We begin by establishing
the foundational definitions and configurations before delving into governing mathematics and its relevance in

emerging quantum-analog applications.

Specification of Granular Network: To study wave propagation and nonlinear phenomena in granular
media, we first define a structured granular network, commonly referred to as a granular crystal. These or-
dered assemblies of elastic particles (typically spherical) interact through direct mechanical contact, allowing
transmission of force through strongly nonlinear Hertzian contact laws [50]. Their spatial arrangement, whether
one-dimensional chains or higher-dimensional lattices, sets the stage for complex dynamics that are not present
in traditional linear systems.

This structural specificity is what enables granular crystals to support phenomena such as solitary waves
and nonlinear normal modes. The elastic nature of the contact and the absence of tensile strength in the
interaction give rise to asymmetric, non-synchronous oscillations across the lattice. The key features of the

granular networks:

e Elastic Particles in Contact: Granular crystals typically consist of elastic spheres arranged system-
atically in linear chains or two-dimensional and three-dimensional lattices. These arrangements provide

direct mechanical pathways for the transmission of force and the propagation of waves [51].

e Asymmetric and Non-synchronous Oscillations: Unlike linear elastic systems, granular crystals
demonstrate highly asymmetric oscillations, where individual granules oscillate independently rather than
synchronously. This behavior arises from the nonlinear interaction forces, resulting in complex wave

propagation and localized energy transfer within the network.

e Fermi-Pasta-Ulam (FPU) Lattice Analogy: Granular crystals exhibit similarities with Fermi-Pasta-
Ulam lattices, renowned for their intricate nonlinear dynamics, including energy localization, wave break-
ing, and the formation of solitary waves. These analogies allow researchers to utilize established knowledge

from nonlinear physics to better understand and predict granular behavior.

e Highly Tunable Dynamics: Granular crystals offer highly tunable mechanical properties through the

manipulation of several parameters, including granule size, material composition, contact geometry, applied



static pre-compression, and environmental conditions. This tunability enables precise control over wave dy-
namics, facilitating targeted applications like energy absorption, signal processing, and novel metamaterial

design.

2.1. Typical configurations of granular networks include:

Building upon the definition of granular crystals, various configurations have been developed to tailor wave

dynamics [52]. Each configuration introduces a distinct mechanical response:

e Homogeneous System: In homogeneous granular systems, identical granules are uniformly arranged,
resulting in consistent and predictable dynamic behavior. Such uniformity allows for simple analytical
modeling and facilitates investigations into fundamental wave propagation phenomena and energy trans-

port mechanisms.

e Diatomic or Dimer Chain: Diatomic chains consist of alternating sequences of large and small granules,
introducing periodic variation in mass and stiffness throughout the network [53]. This periodicity creates
band-gap effects, unique dispersion characteristics, and controlled wave transmission behaviors, which help

filter frequencies, isolate vibrations, and design waveguides.

e Tapered Chain: Tapered granular chains feature a gradual change in granule size along their length. This
structural gradient has a significant impact on local stiffness and mass distribution, enabling precise wave
manipulation, such as energy focusing, shock wave attenuation, and tailored stress wave profiles. These
chains are particularly beneficial in applications that require impact mitigation and energy localization

[54].

e Tapered Dimer Chain: Tapered dimer chains combine the structural gradient characteristics of tapered
chains with the periodic mass variations of diatomic chains. This complex configuration enhances the ability
to control wave propagation, achieve efficient energy trapping, and facilitate targeted wave attenuation.
These structures possess advanced capabilities in applications that require high levels of vibration isolation

and precise energy management [55].
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Figure 1: Typical configurations of granular networks: (Top-left) Homogeneous System consisting of identical
granules uniformly arranged; (Top-right) Tapered Chain with granules gradually increasing in size; (Bottom-
left) Diatomic or Dimer Chain featuring alternating large and small granules; (Bottom-right) Tapered Dimer
Chain combining periodic mass variations with a gradual structural gradient. These configurations illustrate the
diversity in structural designs, each enabling distinct and tunable wave propagation and energy management
characteristics in granular networks.

2.2. Mathematical Background of Granular Systems

Having outlined the structural possibilities, we now transition into a mathematical formalism that governs
granular dynamics. The Hertzian contact law — a nonlinear force-displacement relationship- serves as the core
mechanism dictating how energy propagates within these systems [56]. Using this foundation, we develop discrete
models of motion that capture both linear and nonlinear responses under varying precompression and external

excitation.

2.2.1 Discrete Modeling and Contact Laws

To mathematically describe interactions in granular chains, we employ a discrete mass-spring model, where
each granule is represented as a point mass connected by nonlinear springs. A typical granular system consists of
spherical particles arranged in a one-dimensional (1D) chain, two-dimensional (2D) lattice, or three-dimensional
(3D) array. In most analytical and experimental studies, the one-dimensional chain of granules is the canonical
model due to its tractability and its ability to reveal the essential nonlinear characteristics of the system.

Let us consider a one-dimensional granular chain composed of N spherical particles, each of mass m and
radius R. These granules are aligned such that each particle is in mechanical contact only with its nearest
neighbors. For simplicity, and unless stated otherwise, we consider identical spherical granules of mass m and
radius R. The particles are either under no external compression (zero precompression) or under a uniform
static compressive force Fy leading to a finite precompression at equilibrium. The granules are constrained to
move only along the longitudinal axis (say, the x-axis). Their displacements from equilibrium are denoted as
u;(t), where i = 1,2,..., N, The boundary conditions can be fixed, free, or driven (e.g., by actuators or shakers),

depending on the specific setup.



The Hertzian contact law describes the elastic interaction force between two curved bodies, typically spheres,
when they are pressed together. First formulated by Heinrich Hertz in 1882, this theory forms the foundational
basis for modeling contact forces in granular systems. In the context of granular chains composed of spherical
granules, the Hertzian law quantifies the growth of the contact force as the particles are compressed against one

another.

2.2.2 Geometric Relation

The contact geometry between two granules significantly contributes to the nonlinear behavior. Assuming
spherical symmetry and small deformation, the effective contact radius and Young’s modulus enable us to derive
expressions for the contact area, pressure distribution, and total force, culminating in the Hertzian law. This
geometric relation is essential for accurately modeling the system’s response under compression and plays a
critical role in later perturbation-based expansions of the equations of motion.

When two spheres are pressed together by force, their point of contact flattens slightly, creating a circular
contact area. The deformation or indentation at the contact, J, is defined as the overlap distance from the

undeformed positions. There are some assumptions that the contacting granules are considered:

The contact is at a point under no load condition.

The contact surface is elliptical upon the application of loads.

e Small deformation (small contact area) i.e. § < R.

Sufficiently stiff bead material (linear elasticity).

Speed of wave in chain < speed of sound in bead material (quasistatic).

System of nonlinear springs and point masses

The effective radius R* of the two contacting spheres is defined by:

1 1 1
- - 4= 1
R* Ry + Ry (1)
Where, the effective radius is defined as R* = RI?_FR}%, where Ry and Ry are the radii of the contacting

granules. The effective elastic modulus of the granules can be written as

1 _1—1/12 1—v2

— 2
o E1+E2, (2)

where E; and Fs are the Young’s moduli, and v; and vy are the Poisson’s ratios of the contacting granules.



For a uniform material, the effective Young’s modulus and effective radius can be written as

E R
Efr=—— R = —.
2(1 —v?)’ 2

Bead i+1

Bead i+1
Rit1

Figure 2: Hertzian contact and deformation of the granules. It represents the deformation of the granules at the
contact point.

The geometry of deformation at the contact region can be mathematically described through the relationship
between the indentation §, the radial distance from the center of contact, and the effective radius R*, which
takes the form: § = % This relationship captures the parabolic nature of the deformation profile around the

contact point. Where r is the radial distance from the center of the contact. The geometry of the deformation

of the contact can be written as,

a>=R'6=a=VR* (4)

We have assumed that the contact of the elastic materials is isotropic. The normal stress distribution
under spherical contact is given by Hertzian theory, which yields the following relationships between load and

deformation. The contact pressure distribution p(r) across a circular contact area of a radius a is given by,

r2

P =poy/1- 5. r<a )

Here, pg is the maximum contact pressure at the center. The total load F' acting on the spheres is the integral

of pressure over the contact area:

2m a 2m a 2
F :/ / p(r)rdrdd :/ / poy/1— %rdrdﬂ
0 0 0 0 a
a TZ
F= 27rp0/ r/1— —dr
O a

Solving this equation, we get the total load as:

- 2mpoa’
-3

F
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This nonlinear force-displacement relationship, known as the Hertzian contact law, is essential for accurately
describing the behavior of granular systems. Such systems governed by strongly nonlinear interactions exhibit
complex dynamic behaviors, including the formation of solitary waves, nonlinear normal modes, and distinct
propagation characteristics. These phenomena significantly influence the acoustic response, dynamic load trans-
mission, and energy dissipation properties in granular media, making them particularly interesting for advanced
engineering applications such as impact mitigation, acoustic filtering, and granular metamaterials.

We next quantify the dynamic overlap between neighboring particles as a function of their displacements
from equilibrium. This enables the transformation of geometric deformations into relative coordinates, which are
suitable for modeling forces and motions within the chain. These relationships become especially important when
extending the analysis to include higher-order nonlinear effects and interactions involving multiple characteristic
frequencies.

The foundational principle governing granular dynamics is the Hertzian contact law, describing the force

between two spherical granules compressed by a displacement §:
F =kypo? (®)

where kL is the contact stiffness coefficient, dependent on the geometric and elastic properties of the granules,
and ¢ is the overlap or relative displacement between particles. The Hertzian relationship is inherently nonlinear,
demonstrated by the exponent 3/2, and is unilateral, indicating zero force under tensile conditions (§ < 0). This
constraint ensures granules cannot sustain tension, distinguishing granular materials from traditional elastic

media and giving rise to their strongly nonlinear, non-smooth characteristics.

4 EV2R
= 7E* S SR,
hvp =g EVER 3(1—12) ©)

In a linear chain of granules, the overlap between adjacent particles ¢ and i + 1 can be defined as:
d; = u; — uip1 + 0o (10)

Where u; and w;41 are the displacement of particles i and i + 1, respectively, and §y represents the initial
static precompression. When the chain is initially uncompressed, dg. Thus, the Hertzian contact force between

particles ¢ and ¢ + 1 becomes:

Fi = knp[6i]} = knplui —uip1 + 8] 2 (11)

The operator [x] = max(z,0) ensures that the contact force only exists when the two particles are in contact
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(i.e. when the argument is positive).

2.3. Equation of Motion

By applying Newton’s second law to each granule, we obtain a set of coupled nonlinear differential equations
that govern the temporal evolution of the system. These equations encompass both inertial terms and nonlinear
elastic restoring forces, with damping optionally included to account for energy losses. This formulation sets
the stage for exploring reduced-order models and perturbation approaches that capture essential behaviors,

particularly under harmonic excitation. For the i-th granule, this equation is:

3 3
mil; = knp(wi—1 —u; +60)3 — knp(ui — wip1 + d0) 7 — 1 (12)

Here, m is the mass of each particle, and the subscripts represent the overlaps between adjacent granules.
The equation clearly illustrates that each particle’s motion depends on the relative displacement (compression)

with its neighboring particles.

2.4. Two-Mass Granular Network

With the foundational models established, we simplify the system to a two-mass granular network to examine
specific nonlinear behaviors in greater detail. This minimal model retains the core Hertzian nonlinearity, allowing
for a tractable analysis of wave dynamics, energy transfer, and coherent state formation.

Here, we consider two spherical granules, each with a mass m = %wa?’, where R is the radius and p is the
density of the granules. Let u; and us denote the displacements of the granules from equilibrium. The system
is subjected to external harmonic excitations with magnitudes F; and F5 at a driving frequency wp. The static

precompression applied to the granules is denoted by &y, and the nonlinear stiffness between the granules, arising

EV2R

3(1=v) where E is the Young’s modulus and v is the Poisson’s ratio

from Hertzian contact, is given by knp, =
of the granules. The damping coeflicient 7 models the dissipation in the system [57]. Mathematically, such a

nonlinear system can be modeled by the following equations of motion for the displacements u; and ug [47]:

. iw 3/2 .
miiy = ki [Fre™Pt —ug + 5o]+/ — knp[ur —u2 + 50]1/2 — nuq,
(13)

.. iw 3/2 .
muy = kNL[u1 — Ug + 50}1/2 — kNL [UQ — Fye pt + (50] +/ — Nua.

2.4.1 Harmonic Responses of Granules Across Multiple Orders

Focusing on harmonic excitation, we now expand the system’s response using a Taylor series to reveal
contributions from multiple harmonic orders. By applying perturbation techniques, we express the displacement

field as a power series in a small parameter € capturing zeroth-order (linear), first-order (primary nonlinear), and
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second-order (higher harmonic) responses. We are investigating a granular system composed of two granules.
Considering the one-dimensional motion of the granules, the general mathematical formulation of this two-mass
nonlinear granular system is given by Eq. (13). We expand Eq. (13) by applying a power expansion using the

Taylor series, yielding the following expression:

. i 3/2 .
mi = kNt [Fle“"Dt —up + (50} +/ — kNL[u1 — U2 + 50]1/2 — nuy

Feiwnt _ g, 15/2 wr — us13?
o ity = Fg, 6 [1 + ] =, 62 [1 + } i
50 + 60 +

1+ﬁﬂ¢@—m)ﬂﬂﬁ@—mf3(ﬁww—mf+m
2 50 8 50 48 50

U1 — U2 Ul — U2 ? Uy — U2 8
143 _3 _ 3
+2< do ) 8( do ) 48( do >+

= mﬂl = [%kNL53/2(Fleth — ul) — %kNL561/2(F1€ith — u1)2 — %kNL563/2(Fleith — u1)3 =+ - :|

. 2
= mii; = kN, 53/

— kNL (53/2 — 77iL1

- {%kNLfséﬂ(ul —ug) — %k‘NL561/2(U1 —ug)? — %kNL563/2(U1 —ug)® 4 - } — Ny

. iw 3/2 .
miiy = —kNL [U,g — Fpe™pt 50] / + Enp[ur — ug + 50]3/2 — Nug

_F iwpt 3/2 o 3/2
= m’[tg = _kNL 53/2 |:1 + ’U/2($jej| + kNL 63/2 |:1 + U/150U/2:| - mlg

Hﬁ<w—EﬁWj_stﬂ@me_3<w—&wmf+“.

2 50 8 50 48 50

21+§ Uy —u2\ g U — U 271 Uy — U2 3+”.
2 (50 8 50 48 50

= mi],g = — {%kNL(Séﬂ(ug — Fgeith) — %kNLéal/Z(ug — erith)Q - %kNL663/2(Ug - erith)S + - }

= mily = —kNL 53/2

+ kNL 53/

— Nl

+ {%kNL(Séﬂ(Ul — Uug) — %kNL5()_1/2(U1 —ug)? — %SkNL(SO_S/Q(Ul —ug)® 4+ - } — N
(14)

By assuming k; = %kNL 53/2, ko = f% kNt 60_1/2, and k3 = f% kN1, 50_3/2. We assume the displacement

fields as u; = w10 + €ur1 + €2ur o and uy = ug + €ug 1 + €2ugs. To carry out the asymptotic method, we

introduce a small dimensionless parameter e.
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Table 1: Perturbative expansion of nonlinear granular dynamics for two coupled masses

m(iiy o + €iiy 1 + €%iiy2) = Ky [(Fleith —u1,0) — (u1,0 — UQ,O)]

+eki[(—ui1) — (w1 —uga)] + k1[(—u12) — (u12 — ug2)]

Granule 1

iwpt 2 iwpt
+ Gkg{(Flele — U170) + 6(—2F1€7MD u11 + 2u1,0u171)
2 2
— (u1,0 — u2,0)” — € (2u1,0u1,1 — 2uy,1U2,0 — 2u1 ou2,1 + 2u2,0U2,1)}

+ €%k [(F1e™P" — uy0)® = (u1,0 — u2,0)®] — (1,0 + €tta 1 + €y 2)

miin,o + €lio + €iin2) = ki [(u1,0 — ua0) — (u,0 — Foe'P")]

+eki[(u11 —u21) —u2] + 2k [(u1,2 — u2,2) — u22]

Granule 2

+ 61{?2[ — ('U;Q’() — Fgeith)z + 6(2F2€ithUQ’1 — 2U2’0U/2’1)

2, 2
+ (u1,0 — u2,0)° + € (2uy 0u1,1 — 2u1,1u2,0 — 2u10U2,1 + 2U2,0U2,1)}

—+ €2k3 [(ULQ — UQ70)3 — ('U/Q,O — Fgeith)S] — 77(1.14270 -+ €7:L271 + 627:L272)

Given the nonlinear nature of the system, we employ a regular perturbation technique to obtain approximate

solutions. Introducing a small dimensionless parameter € (with € < 1), we rewrite Eq. (16) as follows:

miy = {k‘l(Fieith — U,l) + ekg(Flei”Dt — U,l)Q + 6k‘3(F1€ith — U1)3 + - }

— |:l€1(’[l,1 — UQ) + Ekg(ul — UQ)2 + Ekg(ul — UQ)S =+ - i| — 6177117
(15)
miy = — [kl(’u,g — FQ@ith) + EkQ(UQ — erith)Q + 6k3(U2 - erith)?’ + - :|

+ {k‘l(ul - Ug) + Ek‘g(’u,l — UQ)2 + ek‘3(u1 — UQ)B + .- } — enlo.

Such that the displacements are expanded as
up =uo+ €urn + €2U1,2 +-- Uz = U2,0 + €Uz1 + 62U272 + -

Since the damping coefficient 7 is assumed to be small, the parameter € is also introduced into the damping
term in Eq. (15). Here, u(1,—1) and w1y for n = 1,2,3,... represent the different orders of displacement
corresponding to different stiffness orders, namely kq, ko, and ks.

Substituting these expansions into Eq. (15) and collecting terms of equal powers of €, we obtain a hierarchy



of equations for each order:

1 miiyg = ki [(F1e™P" —uy0) — (u1,0 — u2,0)] — Ny 0,

miioo = ki [(u1,0 — u2,0) — (u2,0 — Foe™P")] — niia .

61 : mﬂl,l = kl[(—um) - (U171 - u2,1)] + kig [(Flei“’Dt — U1,0)2

14

— (u1,0 — u2,0)*] — N1,

miig1 = k1[(u1,1 — uz1) — uza] + ka2 [(u1,0 — u2,0)* — (us,0 — FQEiWDt)Q] — 2,1

€ mill,g = kl[(—ul’g) — (ULQ — UQ,Q)] + /{‘2[ — 2F16ith’LL1,1 + 2’11,1’0’LL1’1

— (2u1,0u11 — 2u1 1U2,0 — 2U1 pU2,1 + 2U2,0u2,1)} + k3 [(Fleith —up0)® — (w10 — U2,0)3] — 1,2

. twpt
mila o = k1[(u1,2 — ug,2) — Ug,2] + kQ[ZFQB Plug 1 — 2ug guz;1

+ (2uy,0u1,1 — 2u11u2,0 — 2uy oUz 1 + 2u2,ou2,1)} + k3 [(u1,0 — u2,0)® — (uz,0 — F2e™P")?] = nitg 5

(16)

To solve Eq. (16), we assume the solutions of the form uy ,,—1 = nAy ,—1€™*P* and ug 1 = nAg 1"t

So,

Table 2: Time-domain harmonic expansions of displacement, velocity, and acceleration components up to the

second perturbation order for both granules.

Granule 1 Granule 2

ug = Ajgent Uy = Aggeivrt

10 = iwpAiger’ tg9 = iwpAggep?

111,0 = —W%Al’oeith 122)0 — _M%Aloeiwpt
upg = 2A;,e*wnt Upy = 2Ag,e%pt

U, = 4iwDA17162i‘*’Dt R 47:CUDA27162ith
i1 = —8w?A; e?wnt iipg = —8uw Ay e2iwnt
U2 = 3A1’263“‘)Dt Ugy = 3A272€3ith
U2 = iwpAjge3wpt Qs = OiwpAg et
Uy = —27w} Ay g3t Ugg = —2Tw? Ay e3nt

We equate the multi-order vibration modes with the corresponding order of e derived in Eq. (16). Using the
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substitution method, we can obtain the amplitudes A ,,—1) and Az ,,_1). At first, the zeroth-order amplitudes

are calculated as

miiy o = ki [(F1e™P" —uy0) — (u1,0 — uz,0)] — 71,0,
(17)
miig,o = ki [(u1,0 — uz,0) — (uz2,0 — F2e™"")] — nita .

Applying 4y o and ug o from Eq. (16), we obtain the simultaneous equations for the amplitudes A; o and Asg o

as

—mwih Ay ge" Pt =k (Flei‘”Dt — ALoei“Dt) — Kk (ALoei‘*’Dt — Ag,oei“’Dt) — inwpAj ge™Pt,
= —mwh A10e"P" = [k (Fi — A10) — k1(A1,0 — Ag) — inwp A o] eP",
= meQDALO =ki(F1 — A1) — k1(A10 — Azp) —inwpAi o,
= (—mw} + 2k1 + inwp)Ar,0 — k1 Ao g = k1 Y.

Similarly, for the second granule,
—mw%Ag’Oeith = kl (Alyoeith — AQ’Oeith) — kl (Agﬁoeith — Fgeith) — inwDAg’oei“’Dt,
= —mwh Ag,0e" Pt =[—k1 (A2 — F2) + ki(A1,0 — Aa0) — inwp Asz,o] eP",
= —mwhAs g = —k1(Asg — F) + k1(A1,0 — Aao) — inwp Az o,
= _klAl,O + (—mw% + 2k1 + inwD)Ag,o = k1 F5.

We can rewrite the above equations in a compact matrix form as

(—mwQD + 2]€1 + inwD) 7]431 Al,O lel
= (18)
—k1 (—mw? + 2k; +inwp) | | Az, ki Fy
Simplifying, we obtain
Ao 1 (—mw? + 2k1 + inwp) k1 ki Fy
=T 2 ; 2 _ 1.2
Az [(—mw} + 2k1 +inwp) k2] y (—ma, + %1 + inwp) | |F1Fs
Therefore,
A Flkl(—msz + 2kq +i77wD) —I—sz%
Lo [(—mw?, + 2k + inwp)? — k3] 7
(19)
Flk% + Fle (—mwQD + 2]{)1 -+ i?’]wp)
2,0 =

[(—mw?, + 2k + inwp)? — k3]
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For the case of the first-order amplitude, we have

miiy = ki[(—u11) — (w11 — u2)] + ko [(F1eP" — u10)* — (u1,0 — u2,0)*] — 0,1,
(20)

miig1 = k1[(u1,1 — uz1) — uza] + ka2 [(u1,0 — u2,0)? — (ug0 — F2€ith)2] — N2, 1.

Using the substitution method and applying the assumed solutions for u; and ug into Eq. (20), we obtain

—8mw,23A1,1e2“"Dt = k‘1 [—2A1’162zth — (2141,1621th - 2A2,1622th)]

+ k2 [(Fleiwpt o Al,Oeith)Z o (Al Oeith o szoeiwpt)2] o 4iT]wDA1,162ith.

)

Simplifying,

—8mwph A1 = ki[—2411 — 2(A1,1 — A21)] + k2 [(Fy — A1,0)* — (A1,0 — A20)%] — dinwp Ay 1,

= (—Smw% =+ 4](;1 + 4i770JD)A171 — 2](}114271 = k‘g [(Fl — A170)2 — (ALO — A270)2] .

Similarly, for the second granule,

—8mw%A271€2ith _ kl [(2A17162ith _ 2A2’162ith) _ (2A2’1627:wpt):|

+ kg [(ALOeith _ A2 Oeith)Q _ (Ag,oeith _ F2eiwpt)2] _ 4i77wDA2,1e%”Dt.

)

Simplifying,

—8mw%A2,1 = kl[Q(Al’l — A2$1) - 2A2,1] + kg [(AI,O — A2,0)2 + (Az’o — Fg)z} - 4inwDA2,1,

= -2k A1+ (—8mw,23 + 4k + 41'1’](4.]0)142’1 = ko [(ALO — AQ’O)Q + (Ag’o — Fg)g] .
Using the elimination method, we obtain the first-order amplitudes as

2k1]€2 [(ALO — A270)2 + (A270 — FQ)Q] + ]fg [(Fl — A170)2 — (AI,O — AQ,O)Q] (—8771(4]]23 + 4]€1 + 4277WD)

A, =
bt (—8mw?, + 4k + dinwp)? — 4k? ’

A — 2kika [(F1 — A10)? — (A1,0 — A20)?] + k2 [(A1,0 — A2,0)® + (A2 — F2)?] (—8mw}, + 4ky + 4inwp)
T (—8mw?, + 4ky + dinwp)? — 4k2

(21)
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For the case of the second-order amplitude, we have

miiy o = ki[(—u12) — (w12 — uz2)] + ko (—2F1€™ P uy 1 + 2uq gus )
— k2 (2uy pu1,1 — 2ug1ug,0 — 2ug ouz,1 + 2ug0uz1) + k3 [(Fleith —u1,0)® — (u1,0 — U2,0)3] — N2,
ith

miia g = k1[(u1,2 — ug2) — ua2] + k2 (2F2e™P ug 1 — 2uz gug 1)

+ ko (2uy 0ur,1 — 2u1uz0 — 2uy0Us;1 + 2ugouz1) + k3 [(u1,0 — u20)® — (uz,0 — Foe™P")?] — nitg 5.
(22)

Substituting u; and ug into Eq. (22), we obtain

—27mw%A17263i“’Dt = k‘l [(—3A172€3ith) — (3A172€3ith — 3A2,2€3ith)]
+ k2 (*4F16ithA17162ith 4 4A170€ithA11162ith)

_ kg (4A1’0€1thA171621th _ 4A1)1e21thA2,Oezth _ 4A1’OeithA2)1€21th + 4A27OezthA2y1621th)

+ k3 [(Fleiwpt o Al,oeith)B o (Al,oei“’Dt o Azyoeith)B] o 9i77wDA11263ith.
Simplifying,

—2Tmwh Ay 2 = ki[-3A412 — 3(A12 — Aap)] + 4ko(—F1 A1 — A1 1Ay — A1pA2y + Agpda)
+ ks [(Fy — A1) — (Ao — A270)3] — 9inwpAi 2,
= (=2Tmw} + 6ky + 9inwp) A1 2 — 3k1Ag o = dko(—F1 A1 — Ay 1 A1 — A1 oA + AspAszy)

+ k3[(F1 — A10)® — (A1 — As2p)?] .

Similarly, for the second granule,

—27mw,23A27263“"Dt = ]{?1 [(3A1’263zth - 3A2’2€31th) - 3A2,2631th]
+ kg (4F2€ZthA271€2let _ 4A2,061thA27162zth)
+ k2 (4A1,061thA1’162zth _ 4A1’1621thA2’Oezth _ 4A1’OezthA2,1e2zth + 4A2’OezthA2’1621th)

+ k3 [(Alvoeiwpt B A2706ith)3 T (AQ,Oeith _ Fgeith)B] _ 9inwDA2,263ith.
Simplifying,
—2Tmw? Az g = k1[3(A12 — Az o) — 3Ag0] + dka(FoAg 1 + A1 0A11 — A11A20 — A10A21)

+k3[(Aro — A20)° + (Az0 — F2)*] — 9inwp Aa o,

= —3k1 A1 + (—27mw? + 6k1 + Yinwp)As

= dky(FyAs + A10A11 — A1 Ao — A10As) + ks [(Aro — As0)® + (Az — F2)?].
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Using the elimination method, the second-order amplitudes are obtained as

1
Ao = 12k 1 ko (FrA A1 0A1 1 — A1 1A90 — A1 oA
1,2 [(—27mw? + 6k; + 9inwp)? — 9k?] { 1ko(FaAa 1 + A1 oA 1,142,0 1,042,1)
+ 3k1k3((141,0 - Az,o)3 — (A2 — Fz)g)
+ (4ko(—F1 A1) + A1 1 Ao — A1 gAgy + Az pAa )
+ kg((Fl — Al,O)S — (Al,O — A2’0)3))(—27mw% + 6]€1 + 92'770.)[))]. ( )
23
1
Ay g = 12k 1 ko(—F1 A A1 1A50 — A1 oA As oA
2,2 [(727mw% + 6k1 + 9inwp)? — Qk%} { 1hko(—F1A11 + A11420 1,0421 + A2 2,1)

+ 3kiks ((Fy — A1,0)® — (A1,0 — As)?)
+ (4k2(FaAz1 + A1,0A11 — A11A20 — A1,0421)

+ kg((ALo — A270)3 + (AQ’O — FQ)B)) (727mw,23 + 6k1 + Qinwp)} .

We can replace the common terms with vy, 2,73, 01,02, 03, 04, 05, 06, giving the amplitudes in the generalized

compact form as

Table 3: Amplitude coefficients at successive harmonic orders.

Fikyy1 + Fok? _ Rk + Bolim

A = Az =
212 Vi~ ki
A 2k1kooy + korya0o Ayy = 2k1kooa + kaya0
T TR
12k1koos + 3k1kzos + 4kay3o6 + k3304 12k1koog + 3k1ksoy + 4kay3os + k3ysos
Arp = 5 3 Az = 5] 2
V3 — 9k{ 12 — 9k?
where,
v = (—mw% + 2k1 + ir]wD) ,
Yo = (—Smw% + 4k, + 4i77wD) ,
Y3 = (—27mw,23 + 6k1 + 9i17wD) ,

o1 = (A1 — A20)? + (A2 — 1),

o9 = (Fy — A10)® — (A10 — As0)?,

o3 = [(A10 — A2,0)° + (A2 — F2)*],

oy = (Fy — A10)® — (A10 — Asp)?,

05 = (FpAg1 + A1 A1 — A1 A0 — A1 pA21),

06 = (—F1A11 + A1 420 — A1 0A21 + Az pAs ).
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Here, A(;,,—1) and A1) represent the amplitudes of the granules at the characteristic frequency nwp.
For example, A; and Az denote the amplitude response at the driving frequency wp, while Ay 1, Az 1, 41 2,
and Aj 5 represent the higher-harmonic amplitudes at the other characteristic frequencies (2wp, 3wp) due to
the nonlinear terms in Eq. (16).

The perturbation technique thus reveals the amplitude hierarchy corresponding to each harmonic frequency
nwp of the nonlinear network in Eq. (16). In the present study, we have limited the perturbation expansion to
the second order in €. The zeroth-order amplitude represents the linearized term, while the first- and second-
order amplitudes describe the nonlinear response of the system. However, this approach can be systematically

extended to include higher-order terms if required.
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3. DEFINITION AND DEMONSTRATION OF NONLINEAR NORMAL MODE IN CLASSI-
CAL GRANULAR MEDIUM AND CONTROL THROUGH EXTERNAL EXCITATION

The study of oscillatory dynamics in nonlinear systems is a cornerstone of understanding energy transfer, wave
behavior, and coherent structures in a wide range of physical media. In granular systems, where interactions are
inherently nonlinear and non-cohesive, traditional linear modal analysis falls short of capturing the full dynamic
richness. This necessitates the introduction of Nonlinear Normal Modes (NNMs), a generalization of linear
normal modes tailored to nonlinear and often discontinuous systems. Nonlinear Normal Modes provide a robust
framework for analyzing complex vibratory behaviors where superposition is no longer applicable and modal

interactions become energy-dependent and structurally rich.

3.1. Definition and Mathematical Foundations

In linear systems, a normal mode is defined as a synchronous oscillation where all degrees of freedom oscillate
harmonically at a common natural frequency. These modes are orthogonal and form a complete basis for
representing the system dynamics. In contrast, Nonlinear Normal Modes (NNMs) are defined as families of
periodic solutions in nonlinear dynamical systems where all state variables exhibit the same periodicity, though
not necessarily in a synchronized or sinusoidal manner.

Mathematically, consider a general autonomous, conservative, discrete mechanical system governed by
i+ f(u) =0, (24)
where u € R"™ is the displacement vector and f(u) denotes the nonlinear restoring force. A Nonlinear Normal
Mode is a periodic solution u(t) = ¢(t) such that:
(i) @(t) is a T-periodic function for some T > 0;
(ii) All system components oscillate with the same fundamental frequency w = 27 /T

(iii) The trajectory lies on a two-dimensional invariant manifold in phase space, parameterized by the amplitude

and phase of the oscillation.

Unlike linear modes, NNMs are not orthogonal, and their frequencies vary with energy. The mode shape

itself can deform as the amplitude increases, leading to modal bending, bifurcation, and localization phenomena.

Characteristics in Granular Media. Granular crystals—especially those composed of identical or alter-

nating elastic spheres—serve as ideal testbeds for exploring NNMs due to the inherent Hertzian nonlinearity in
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their contact mechanics. The governing contact force between two granules is expressed as

F = kxi(6 + 60)%/2, (25)

where kyr, is the nonlinear stiffness, § is the dynamic overlap, and §yp represents the static precompression. This
interaction law gives rise to nonlinear and often non-smooth equations of motion, particularly in the absence of
precompression (the so-called sonic vacuum regime).

Under weak precompression, the system supports weakly nonlinear NNMs, where the frequency dependence
on amplitude remains moderate. Conversely, when precompression is minimal or absent, the system becomes
strongly nonlinear—energy transfer among degrees of freedom becomes highly nontrivial, frequently exhibiting
mode localization or energy trapping.

A defining characteristic of NNMs in granular media is the breakdown of modal superposition. In linear
systems, any linear combination of normal modes also satisfies the governing equations [58]. However, in gran-
ular chains, the nonlinear coupling between neighboring contacts induces strong modal interactions, leading to

complex behaviors such as energy exchange, spectral broadening, and modal modulation.

3.2. Classifications of Nonlinear Normal Modes

In granular chains, Nonlinear Normal Modes (NNMs) can be categorized according to their phase relationships
and spatial symmetries. These classifications provide insight into the underlying energy transfer mechanisms

and the degree of mode localization [59].

1. In-Phase NNMs: All particles oscillate synchronously with identical phases. These modes are typically
associated with longitudinal oscillations, in which the compression and extension of inter-particle contacts
occur uniformly along the chain. In weakly nonlinear regimes, such as in-phase motion, it closely resembles

the acoustic branch of linearized systems.

2. Out-of-Phase NNMs: Adjacent particles oscillate with alternating phases—typically 7 radians out of
phase. These modes correspond to optical-like branches in diatomic granular systems or to higher-order in-
ternal oscillations in homogeneous chains. As the amplitude increases, their frequencies deviate significantly

from the linear optical limit, exhibiting strong amplitude—frequency coupling.

3. Localized NNMs (Discrete Breathers): Under strong nonlinearity and spatial discreteness, the system
can sustain spatially localized periodic oscillations, often referred to as discrete breathers. In these modes,
vibrational energy remains confined to a few granules, without significant radiation to neighboring sites.
Such breathers can persist over long timescales and represent a fundamental mechanism of energy trapping

in nonlinear lattices.
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The existence and characteristics of these NNM types depend sensitively on system parameters, including
static precompression, mass distribution (e.g., in dimer or trimer chains), and boundary conditions. For instance,
in heterogeneous lattices, symmetry breaking and mass contrast can facilitate mode localization, while increased

precompression tends to restore delocalized, weakly nonlinear behavior.

3.2.1 Energy Dependence and Frequency—Energy Plots (FEPs)

One of the defining features of Nonlinear Normal Modes (NNMs) is the nonlinear relationship between
oscillation energy and frequency. As the system energy increases, the frequency of a given NNM deviates from
its corresponding linear value, often exhibiting bifurcations or modal transitions. This amplitude-dependent
frequency shift arises from the intrinsic nonlinearity of the restoring forces and serves as a key diagnostic of
nonlinear dynamical behavior [59].

Such dependencies are commonly visualized through Frequency—Energy Plots (FEPs), which map the oscil-
lation frequency w as a function of the total energy E of the mode. In granular systems, the characteristic

structure of an FEP can be summarized as follows:

e The in-phase NNM generally defines the lower-frequency bound of the FEP.
e The out-of-phase NINM delineates the upper-frequency limit.

e Between these two branches lies a propagation zone, where the oscillations are extended and propagate

along the lattice.

e Beyond the out-of-phase branch lies an attenuation zone, where responses become spatially localized or

decay rapidly.

e FEPs not only reveal the nonlinear evolution of modal frequencies but also help identify parameter regimes

where specific NNMs dominate, coexist, or undergo bifurcation.

The slope and curvature of an FEP provide direct insights into the stiffness softening or hardening behavior
of the system. For instance, a positive slope (dw/dE > 0) indicates a hardening nonlinearity, while a negative
slope corresponds to a softening regime. In experimental or numerical studies, FEPs serve as essential diagnostic

tools for tracking transitions between modal families and detecting the onset of localization or chaos.

3.3. Nonlinear Normal Modes in a Classical Two-Mass Granular Network

Building upon the general classification of Nonlinear Normal Modes, we now examine their manifestation in a
simple yet representative nonlinear granular network consisting of two interacting granules. Despite its apparent

simplicity, this minimal model captures the essential physics of NNMs and allows for analytical tractability [60].
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The two-granule system incorporates Hertzian contact nonlinearity and weak dissipation, governed by the
equations introduced in Sec. 2.4. By applying perturbation analysis and modal projection, the model reveals

two fundamental NNM families:

e The in-phase mode, corresponding to a symmetric oscillation of both masses where the inter-granular

compression remains nearly constant.

e The out-of-phase mode, representing antisymmetric oscillation in which one granule moves against the

other, producing alternating contact compression and rarefaction.

These two NNMs form the backbone of the nonlinear dynamic response in granular dimers, serving as
mechanical analogues of the acoustic and optical branches in diatomic lattices. As the excitation amplitude
increases, the two branches deviate from their linear counterparts, displaying characteristic frequency shifts
and energy exchange phenomena. This system, therefore, provides a compact framework for investigating the

transition from linear modal behavior to fully nonlinear oscillations and mode coupling.
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Figure 3: Time-domain displacement, frequency response, and phase difference between two granules in a non-
linear granular network exhibiting Nonlinear Normal Modes (NNMs). The left column illustrates the in-phase
NNM at driving frequency (wp = 0.45), where both masses oscillate synchronously with zero phase difference, a
characteristic of lower-frequency excitation and intermittent contact. The right column shows the out-of-phase
NNM (wp = 0.73), with masses oscillating in anti-symmetry (7 phase difference), corresponding to higher fre-
quency excitation and sustained contact. The responses are obtained under strongly nonlinear conditions with
no static precompression (dp = 0), revealing distinct modal structures governed by Hertzian interactions.

Together, these two Nonlinear Normal Modes (NNMs)—the in-phase and out-of-phase modes—demonstrate
how even a simple two-particle granular system governed by nonlinear, unilateral Hertzian contact laws can
exhibit rich, energy-dependent modal structures. The nature of coupling, the absence of tensile strength, and
the frequency-dependent excitation all contribute to the emergence of these distinct behaviors. Notably, the
level of static precompression plays a critical role in determining the system’s degree of nonlinearity. When
precompression is absent (g = 0), the system operates in a highly nonlinear regime, where contact is intermittent
and inter-particle forces vanish upon separation. Conversely, introducing static precompression smooths these

interactions, shifting the dynamics toward a weakly nonlinear regime where continuous contact yields nearly
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harmonic motion. These distinctions are essential for understanding the system’s modal behavior, resonance
structure, and energy transmission characteristics.

From this point onward, we analyze how varying levels of nonlinearity—from weak to strong—affect the
dynamical response of the system and influence phenomena such as mode localization, energy trapping, and
classical analogs of modal superposition.

The in-phase NNM is defined by the synchronous oscillation of the two granules, such that both masses reach
their maximum and minimum displacements simultaneously. This behavior is evident in Fig. 3 (left column, top
subplot), where the red and blue displacement curves, corresponding to masses 1 and 2, rise and fall in unison.
This synchronized motion reflects the symmetric nature of the mode, implying that the relative displacement
between the masses remains minimal. Consequently, contact between particles becomes intermittent or near-
contact in nature due to the non-tensile Hertzian interaction. This periodic engagement and disengagement of
neighboring particles is a hallmark of the in-phase mode in uncompressed granular networks.

In the middle subplot of Fig. 3 (left column), the frequency-domain response is shown via the amplitude
spectra of both masses. Both exhibit resonant peaks at the same frequencies, confirming that they are being
excited and responding coherently. The persistence of multiple strong harmonics further signifies the nonlinear
contact interaction, as higher-order harmonics naturally arise from the nonlinear force—displacement law. The
bottom subplot, which shows the phase difference between the two mass responses across excitation frequencies,
reinforces this observation. A near-zero phase difference across both the fundamental and harmonic resonances
confirms that the oscillators are synchronized, establishing the in-phase modal structure.

In contrast, the out-of-phase NNM represents a fundamentally different oscillatory state characterized by
antisymmetric motion. Here, one mass moves in the opposite direction to the other—when one granule reaches
its peak, the other attains a trough. As shown in Fig. 3 (right column, top subplot), the displacement curves
of the two masses are nearly perfect mirror images of each other. This anti-symmetric behavior implies that
the relative displacement between the granules is maximized during the oscillation cycle, ensuring continuous
contact and force transmission even in the absence of precompression. The resulting smooth energy exchange
between particles is a defining signature of the out-of-phase configuration.

The middle subplot of Fig. 3 (right column) presents the corresponding frequency-domain response. Similar
to the in-phase case, a strong resonant peak is observed; however, it is centered at a higher frequency. This
frequency elevation reflects the higher energy associated with the out-of-phase configuration, which typically
emerges under stronger excitations or larger amplitudes. Both masses still respond coherently at the same
frequency, but their motions are opposite in sign. This is corroborated in the bottom subplot, where the phase
difference remains consistently close to 7, confirming anti-phase synchronization—a defining feature of this NNM.

Collectively, the in-phase and out-of-phase NNMs illustrate how even a minimal two-particle granular network
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can embody the essential characteristics of nonlinear modal behavior. The combination of Hertzian contact non-
linearity, finite precompression, and unilateral force constraints yields a rich energy-dependent modal landscape.
These two modes form the foundational framework for interpreting modal superposition, energy localization,
and phase-encoded information transport in larger granular arrays. In subsequent sections, these fundamental
NNMs will be mapped onto mechanical analogues of logical bit states and extended to demonstrate higher-level

dynamical logic operations in nonlinear metamaterial architectures.
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4. ILLUSTRATION OF ELASTIC BIT: MATHEMATICAL MODELING OF THE CLASSI-
CAL ANALOGOUS SUPERPOSITION OF STATES COEFFICIENT OF COMPLEX AM-
PLITUDE

4.1. Eigenmodes of Granular Network

To implement the orthonormal basis of the total displacement field U , we obtain the linear eigenstates
from the zeroth-order displacement response of the granular network [61, 62]. From Eq. (19), by taking the
real part of the stiffness matrix K, the eigenmode frequencies are calculated from det(K) = 0, which gives
the eigenmode frequencies as w2, = \/ki/m and wd, = \/(3k1)/m. To obtain the eigenstates, we apply the

eigenmode frequencies as given in Eq. (19).

When wp = wo1 = v/ k1/m,
—mkl/m + le —kl Al,O kl —kl Al,O
=0 = =0,
—kl —mk1 /m + 2]€1 AQ)O —kl kl AQ’O
L (26)
1 =1 [Aip
= k =0.
-1 1 Ao
;0 . .
Both equations yield the same results, namely, 4, = Az . So, ! x . After normalization, we get
AQ’O 1
1
the eigenstate corresponding to wgy as F1 = %
1
When wp = wo2 = +/(3k1)/m,
—m(3k1)/m + 2k —k1 Al,O —k1 —k1 Al,O
=0 = =0,
—k1 —m(3k1)/m +2k1| A2 —k1 —ki| |A20
L (27)
—1 —1| Ao
= k =0
—1 —1| [Asg
. . Ao . .
So, the equations give A; g = —A3. Thus, x . After normalization, we get the eigenstate
A2,0 -1
corresponding to wgo as Fy = % . These F7 and F> demonstrate the eigenstates of a linearized granular

-1

network. These are the corresponding in-phase and out-of-phase modes of the system.

The investigation of classical systems that replicate quantum phenomena presents a fascinating new avenue for
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understanding how complex systems behave when subjected to external influences. A method for understanding
the dynamics of displacements in a granular system (represented by u; and ws) under external forces was
introduced in the preceding section. These displacements were represented as the sum of linear and nonlinear
modes, each with a unique frequency, w,. Our perturbation techniques enabled us to derive these frequencies.

The displacements u; and ug are roughly represented as follows:

3 3 3 3
wr =3 " Hugy =D €A e un =Y g =) e A et
n=1 n=1 n=1 n=1
(28)
where € denotes a small parameter dictating the strength of the nonlinearities. These modes reflect the
granular system’s response to external excitations at different characteristic frequencies. For each frequency,
the displacement field can be expressed in a linear normal mode basis with complex coefficients, leading to the

following expression:

nA(l,n—l) . .
e = (« + b, e
niwpt ( n |E1> 6n |E2>) niwpt (29)
nA(27n71)
1
Here, £ = % and Ey = % represent the in-phase and out-of-phase eigenmodes of the lin-
1 -1

earized granular system. The coefficients «,, and (,, are complex amplitudes corresponding to the contributions
of each eigenmode E; or s, respectively. These coefficients satisfy the normalization condition |a,|? +|3,|* = 1.
When «,, = 1, 8, = 0, and vice versa, the system is in a pure eigenstate—either E; or Fs. In other cases, a
linear superposition of these eigenmodes occurs, forming a superposition state.

While the nonlinear modes do not directly contribute to the orthonormal properties of a system, the combi-
nation of F; and Fs forms a complete orthonormal basis for the granular system. Therefore, using the analogy
to quantum mechanics, we apply Dirac notation for the state vectors, as shown in Eq. (29). This representation

enables us to calculate the coefficients «,, and [,, from the displacement field:

A n—1) + A@n-1)
\/§ )

An—1) — A@n-1)
V2

571:

Qy =

(30)

Using Eq. (30), we get:
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alzikl(Fl_FFQ) ﬂlzikl(Fl_Fé)
V2 (m— k) V2 (i + k)
1 k2(01+02) 1 kg(O’l—Ug)
= ————>" = """ 24
2= 73 (e — 2k) %= 5 (e 2h) 24
s — 1 4k2(0’5+0’6)+k3(03+04) By = 1 4k2(06—05)+k3(04—03)

V2 (73 — 3k1) 7 V2 (73 + 3k1)

In this context, Dirac-ket notation is employed to concisely and effectively capture the state of the classical
granular system as it evolves under external driving forces. Because the system’s response can be projected
onto a two-dimensional Hilbert space formed by the in-phase and out-of-phase eigenmodes, this notation offers a
structured way to represent the state as a time-dependent superposition of these modes. Using |E1) and |Es) as
basis vectors, the complete vibrational state |¢)(t)) becomes a compact expression that preserves both amplitude
and phase information.

This formulation is potent because it mirrors the language of quantum systems, allowing the classical system
to be analyzed using tools developed for quantum mechanics, such as coherence, normalization, and phase
relationships. In this case, it means that the nonlinear oscillatory response of the granular network can be
represented as a single evolving state vector. This representation allows for a direct analogy to qubit behavior
and enables the exploration of classical superposition, coherent control, and geometric phase accumulation within
a well-defined mathematical framework. Using these definitions, we can express the total displacement field as
a linear superposition of £ and Es, leading to the following form:

1
. uy 3 e Yndy ) _—
U= _ MWD

Ug n=1 6(”*1)7“4(27”_1)

60 [041 |E1> + 51 |E2>]€ith + 61 [042 |E1> + BQ |E2> ]62ith + 62 [0[3 ‘E1> + 53 |E2>}63ith

[a(t) |Ex) + B(1) |B2) ]

3
2 6(n—l)oénenuupt
t) _ n=1
\/‘ Z?L:l 6("_1)()67167”"th

3
Z E(n_l)ﬁnenith
B(t) = et 2"

2
3 - i 2 3 - i 2
Zn:l eln 1)anenzth +‘ Zn:l eln 1)/8”6711th

Here, &( and,
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2
3 —1)B eniwpt
‘ En:] en ) ne’’

On that basis, the modal contribution in the mode superposition of the total displacement field can be written

in the form of a column displacement state vector [¢) [32, 63]:
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Z |a |2+|5 | |e®)

= Bezwn - _
" Zla|2+lﬂl2 o0

) = (32)

where ¢, = tan™! (W) and ¢ = tan™! (ﬁ), m is the mass of the granule, 5 is the system
damping, and w; and wy are the eigenfrequencies of the in-phase and out-of-phase modes of the eigenvectors of
the linearized granular system. The vibrations of the granules are represented by Eq. (31) projected into the
two possible modes of vibration. The components of Eq. (31) are dependent on each other through the phase
and form a coherent superposition of states in the space of two possible forms of vibration; since in-phase (E7)
and out-of-phase (E3) vibration modes are physically distinguishable independent states [64, 65]. Moreover, the
components of Eq. (31) physically correspond to superposed states, i.e., the characteristics of a pure in-phase
eigenstate for ¢3 — ¢, = 0 and the characteristics of a pure out-of-phase eigenstate for ¢g — ¢, = 7. In contrast
to classical mixed states or classical nonseparable combinations of longitudinal and torsional/shear modes, the
superposition of states in Eq. (31) is coherent through the phase. We define coherent states as those that retain
their superposition characteristics, ensuring that the F;, and Fs eigenstates have a constant phase and exhibit
interference at a given time instant. Moreover, over time, the coherent state remains coherent, but its phase
relation evolves dynamically.

The time-dependent coefficients é(t) and 5(t) are normalized such that their total magnitude remains unity.
Interestingly, while the coefficients «,, and §,, are time-independent, the coefficients &(t) and g (t) evolve, reflect-
ing the coherent nature of the system. As they change in time, these coefficients determine the relative phase
between the states, demonstrating how the granules’ vibrational response can exhibit quantum-like behavior
even in a classical system.

The behavior of this system resembles that seen in quantum mechanics, where a quantum bit, or qubit, is
defined as a superposition of two basis states. In quantum mechanics, a unit vector that characterizes a pure state
is used to represent a qubit’s state in a two-dimensional Hilbert space. The superposition of the eigenmodes Ey
and Fs can also be represented by a unit vector in a two-dimensional complex vector space, which is comparable

to a qubit and can be used to model the elastic bit in this classical system.

4.2. Time-Independent Formulation of Elastic Bit

By employing the elimination and substitution method on the simultaneous amplitude equations, we derive

the complex amplitude solutions A; ¢ and As o in Eq. (21)-(23):
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B FlkL(—mw% + 2kp, +inwp) + sz%

A
! (—mw? + 2k, +inwp)? — k%
(33)
A2 _ Flk% + ng‘L(—mw% + 2kL + inwD)
(—mw?, + 2k, + inwp)? — kF
1
We apply k;, = k1. Using the complex amplitudes (A; and As) and the linearized eigenstates |E1) = %
1
1
and |Ep) = & , we can express the displacement field of the granules through the superposition of the
V2 g g
state coefficients o and f:
I KO A 1 . . . _—
U= = Pt = ———=(a|Ey) + B|E2))e™"" = (a|Ey) + B|E2))e™ ", (34)
Uy Ay Vlal? + (82
which leads to the following relationship:
Ay 1 |a+8
= — . (35)

AQ \/5 Ck*ﬂ

Substituting the complex amplitudes (A; and A,), we obtain the superposition state coefficients « and §:

_ A+ Ay _ kp(F1 + Fy)
V2 ﬁ(—mw%JrkLJrinwD)’ (36)
36

. AlfAQ . kL(Fl*FQ)

p= V2 ﬁ(—mw%—kSkL —|—i77wD)'

4.3. Bloch States and 3D representations of the Superposition of States

With the two possible forms of eigenmode vibration (|E;) and |Es)), the displacement field vector U of the

coupled granules, utilizing the coefficients of the complex amplitudes, can be expressed as follows:

U=al|E)+B|E) = U=rye |E) +rge’s |Ey), (37)

where r, and rg are the magnitudes of the complex amplitude coeflicients o and /3, respectively. These states
are represented in polar space as 7, = cosf and rg = sin, where 6 is the polar angle, indicating the angle of

the superposition states with respect to the z-axis of a Bloch sphere, as shown in Figure 4 [32, 66].
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y

Figure 4: Three-dimensional illustration of the Bloch sphere, showcasing its relationship with the Cartesian
coordinate system. This diagram highlights the sphere’s axes and the defining angles—theta (#) and phi (¢)—
representing an elastic bit’s state.

In Figure 4, the z-axis of the Bloch sphere represents the pure states |E;) and |Es), referred to as the polar
angle. Multiplying both sides of Eq. (37) by the global phase e~*= allows us to represent the displacement field

as U’ = e~ %=U. The state space of the granular system can then be represented accordingly:

U' = ro |E1) + 16978 |By) = U = cos |Ey) +sinf e |Ey), (31)

Here, the phase difference between the complex amplitude coefficients is referred to as the azimuthal angle
¢ = & — &, which signifies the rotation of the states in the x—y plane, as depicted in Figure 4. To limit the
ranges of both angles, we use a half-angle of the polar angle 6 to represent the state on the Bloch sphere. Since

the global phase does not alter the superposition of states, we can determine the displacement field as

- 0 ; 0
U= cos(2> |E1) + e'? sin<2) |Es), 0<60<m, 0<¢p<2r. (38)

By the linear combination of |E;) and |Es) in Eq. (38), we can express the displacement field vector in terms
of the Bloch sphere angles 6 and ¢. The modal contribution of the displacement vector U is described in a
column state vector |¢), either through the superposition coefficients « and 3, or through the Bloch sphere

angles 6 and ¢:

w=|"]= (3) (39)

= f
iogin( 2~
15} e 51n<2>

The time dependency of the polar (§) and azimuthal (¢) angles is based on the nonlinearity of the system.
If we consider a linearized system based on the zeroth-order amplitudes of the granules A; o and A o, the Bloch

states will be time-independent. Time dependency occurs when the system is nonlinear. In the later section, we
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will show both the time-dependent and time-independent Bloch states:

cos<é(t)>

2

= _ , 40

19 (t)) ot Sin<9(t)> (40)
2

where

o(t) = 2005_1(\d(t)|), o(t) = arg(d(t)) — arg(@(t)).

These angles, 6(t) and @(t), describe the superposition of the two eigenmodes |E1) and |Es) as a time-
dependent combination. Hence, the polar angle é(t) represents the relative magnitude of the eigenmodes, and
the azimuthal angle ¢(t) encodes the phase difference between them. Thus, the Bloch sphere provides a geometric
representation of the elastic-bit state space, with the north and south poles corresponding to the pure states
|E1) and |E5), respectively. Any other point on the sphere represents a superposition of these two states. The
evolution of these angles on the Bloch sphere reveals the underlying dynamics of the elastic bit’s state, showing

periodic oscillations that mirror the quantum behavior of a qubit under external influence.

4.3.1 Experimental Procedure

We develop an experimental setup to observe the evolution of Bloch states and the accumulation of the Berry

phase. Figure 5 illustrates a driven nonlinear granular network that creates an elastic bit.

( Controller & Data W
L Acquisition System J

A

Wave Function

Generator
Oscilloscope
Voltage A L
Ampltfier
Asin(wpt) 4
\ Ultrasonic
-~
Transducer

Figure 5: Experimental setup of the nonlinear granular network. One of the granules is driven by an ultrasonic
transducer. Meanwhile, the lateral transducers record the responses of the vibrating granules.
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The elastic granular beads in the experimental setup depicted in Fig. 5 are driven harmonically. Precompres-
sion is applied by the soft plastic material, which functions as a vise jaw and lessens vibrational transmission. At
a fixed voltage amplitude of 120 V,,_,, the external driving frequency (wp) is swept from a lower value of 2kHz
to a higher value of 8 kHz with an increment of 100 Hz. Adaptable to varying frequencies and amplitudes are
the nonlinear granular beads (52100 Alloy Steel: McMaster-Carr 9528K33, 1-inch diameter, Young’s modulus
210 GPa, density 7810 kg/m?). One transducer (V133-RM Olympus IMS) at one end of the system drives it. An
amplifier (PD200, 60W high-bandwidth, low-noise linear amplifier) and a waveform generator (B&K Precision
4055B) are used to drive the transducer. Responses are recorded using three comparable transducers. Record
transducers are positioned with one in the longitudinal direction and two in the lateral direction. To reduce
recording errors, the signal responses from the three recording transducers are averaged over 512 time series
using a Tektronix MD03024 Mixed Domain Oscilloscope. Custom algorithms based on MATLAB are used to
control and process the generation of signals with different frequencies and amplitudes, as well as to record and
process these signals and data. A bench vise is used to fix the initial displacement, dy, between the centers of
the granules and provide a uniform compression force, Fj, at both ends of the system. At a steady state, the
granules’ lateral detecting transducers respond. To the best of human vision, the granules are guaranteed to be
center-to-center aligned. The natural frequency of the vise holding the setup can cause mechanical disturbance
in the system. We filtered the data using a low-pass frequency of 175 kH z to account for environmental noise
after processing the data for a sampling frequency of 999.89 kH z. To obtain the pure response of the signal data,
the resulting signal is processed up to 25 kHz. This can be used to determine the signal-to-noise ratio (SNR)
of the existing system. One metric for assessing a signal’s quality in the presence of noise is the signal-to-noise

ratio (SNR). It stands for the power ratio of the signal to the noise in acoustics.
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5. THEORETICAL AND EXPERIMENTAL DEMONSTRATION OF CLASSICAL ANALO-
GOUS QUANTUM SUPERPOSITION OF STATES AND THE QUANTUM ANALOGOUS
LOGIC GATE

Through the operation of the system, we can observe the formation of elastic bits. Here, we will explore
how to control the superposition of states in the theoretical formation of elastic bits. Later, we will present a
comparison between the theoretical and experimental formation of the time-dependent superposition of states

in a nonlinear granular network.

5.1. Theoretical Control of the Superposition of States in Linearized Network

To investigate these aspects, we apply an external harmonic excitation, driving both granules with differing

force amplitudes. The driving force takes the form:

Fi=E+(1-8)e%, F=E—(1-&)e%. (41)

Equation (41) shows how the system is driven so that the ratio of the two pure states (£) of the linearized
granular system and their phase difference () determine the amplitudes of the external forces. External signal
generators can be used in experiments to change these parameters. We will demonstrate how different superpo-
sitions of the |E;) and |Es) states can be obtained by adjusting the drivers’ frequency and amplitudes F; and
F5. We will then be able to examine their corresponding state vectors on the Bloch sphere. Therefore, we will
show that, despite system (13) being homogeneous, the external drive enables controlled state superpositions

within the elastic-bit framework.
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Figure 6: Illustration of the transformation of states of the two-level elastic bit system, represented geometrically
on the Bloch sphere. Panel (a) shows the variation of the polar angle 6 with the ratio of E while keeping the
azimuthal angle () constant, illustrating the transition from pure states Ey (6 = 0) to E3 (6 = 7) and various
superpositions in between. The initial phase £ was fixed during this demonstration. Panel (b) focuses on the
azimuthal angle (¢) while keeping 6 constant, by varying & from —7 to + for a set value of £ = 0.5. This panel
effectively visualizes the full 27 rotation of ¢ on the Bloch sphere, crucial for the calculation of the Berry phase.
The arrows on the sphere indicate the direction of state vector evolution for different parameter adjustments,
thereby providing a clear visual guide to understanding how external parameters like £ and £ influence the states
of the elastic bit.

To investigate the behavior of the elastic bit on the Bloch sphere, we adjust the parameters £ and & as
described in Eq. (41). Fig. 6 shows how these changes affect the polar angle () and azimuthal angle (p).
We can visually trace the evolution of these angles onto the Bloch sphere. This visualization demonstrates
how varying £ and £ influences the superposition states of the elastic bit, revealing the range and nature of
superposition states achievable through parameter manipulation. The Bloch sphere thus serves as a valuable
tool for comprehending how different parameters alter the system’s states.

To investigate scenarios where the azimuthal angle ¢ remains constant while the polar angle 8 varies, we keep
¢ fixed and adjust the ratio of £. At 8 = 0, a pure state of |E;) is achieved, and at 6 = 7, a pure state of |Es)
is obtained (see Fig. 6a). As 0 changes from 0 to 7 (Fig. 6a), it signifies the generation of any superposition of
states, incorporating both pure states |E1) and |E5). The superpositions (|E1)+|E»))/v/2 and (|Ey) +i|E2))/v2
are realized when the initial phase ¢ is 0 and 7/2, respectively. The superposition (|E;) — |E2))/v/2 is observed
when £ = 7.

We then explore another scenario where 6 is fixed and ¢ varies, achieved by different parameter adjustments.
As demonstrated in Fig. 6b, by setting £ = 0.5 and varying £ from —7 to +7, we observe a constant # while ¢

completes a full 27 rotation.
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5.2. Quantum Analogous Logic Gate

Following the detailed illustration of a two-level elastic bit on a Bloch sphere, we concentrate on using and
modifying these representations in real-world scenarios. Revisiting Fig. 6, we noticed that the pure states Ej
and Fs manifest under different driving parameters. Equation (38) reveals that these pure states occur at polar
angles 6 of 0 and 7, respectively, while the azimuthal angle ¢ indicates the phase difference between F; and Fs.

Further, the equal superpositions of states, (|E1) + |E2)) /v2 and (|E;) +i|E2)) /v/2, are represented on the
Bloch sphere at coordinates (0, ¢) = (7/2,0) and (7/2,7/2), and the opposite of these states are represented by
(|E1) — | E2)) /V2 and (|E;) —i|Es)) /v/2 located at (0, ) = (7/2,0) and (7/2,27/3). These superposed states
are achieved through combinations of £ and &, induced by external excitations.

To demonstrate the convertibility to superposed states and the manipulation of these states on the Bloch
sphere with an elastic bit, this section describes how these states change and illustrates the use of several
quantum-analogous logical gates. Like the classical logic gates found in conventional computers, the logic gates
are crucial to quantum-analogue computing. They are unitary operators that use the concepts of superposition
and entanglement to permit state changes, which are essential for the operation of algorithms inspired by quan-

tum mechanics [67]. Here we demonstrate the quantum-analogous gate in the elastic bit and its corresponding

unitary transformation matrix, which has basis states of E; = % and Ey = %
1 -1

In Fig. 7, we illustrate the transformations of elastic bit states through quantum-analogue gate operations
as follows: (i) from one pure state to another (Fig. 7a-b), (ii) from a pure state to a superposition of states, or
vice versa (Fig. 7c), and (iii) from one superposition of states to another (Fig. 7e—f).

Specifically, the Pauli-X gate (Fig. 7a) converts the state |E;) to |Es) and vice versa, representing a bit flip
in the quantum analogue system. In contrast, the Pauli-Y gate (Fig. 7b) transforms |E1) to i |FE2) and |Ea) to
—i|E1), and vice versa. This indicates that the Pauli-X and Pauli-Y gates alter the state |E1) to |Es) along
different trajectories, signifying distinct operational paths.

The corresponding transformation matrices for these state changes are:

1 0 1 0
|E1) = |Es), |E2) = |E1) ,
0 -1 0 -1
and
0 = 0
|Ey) = i|Ey), |E2) = —i|Ey)
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1 0
The unitary operation represented by the matrix serves as the quantum-analogue counterpart to

0 -1
the classical NOT gate, commonly known as the Pauli-X gate in quantum computing. Unlike the transformation

0 1
matrix used in quantum mechanics, our analogous system employs a different matrix. This change arises

10

1
because the computational bases in a true quantum system are |0) = and |1) = . However, in our

1
elastic bit system, we have defined the bases as |E;) = % and |Fy) = L . Furthermore, within

1 \/571

the {|E1),|F2)} basis, the Pauli-Y matrix is denoted by
—i 0
The Hadamard gate, as illustrated in Fig. 7c, transforms the pure states. Specifically, it maps |E;) to
(|E1) + |E2))/vV?2 and |Es) to (|Ey) — |E2))/v/2. This transformation signifies the mapping of a pure state to a

linear combination of superposed states, and vice versa, through the Hadamard matrix % as follows:
1 -1
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Figure 7: Transformation of the elastic bit states through various quantum-analogue logical gates. Each panel
represents a different type of gate operation: Panels (a) and (b) display the effects of the Pauli-X and Pauli-Y
gates, respectively, showcasing state conversions (|F1) to |F2) and vice versa) along distinct operational paths.
Panel (c) depicts the Hadamard gate’s role in mapping pure states to equal superpositions and conversely.
Panels (d), (e), and (f) focus on the phase-shift gate families—Pauli-Z, S, and T gates, respectively. These gates
demonstrate the transformation of superposed states by altering only one aspect of the complex amplitude’s
coefficient, thus modifying the state’s direction through the azimuthal angle ¢. The specific transformations
effected by each gate are represented through transitions on the Bloch sphere, with arrows indicating the direction
and nature of state changes. System parameters: m = 1, k, = 1, = 0.003, wp = v/2.

The Pauli-Z, S, and T gates (demonstrated in Fig. 7d—f) are instrumental in transitioning from one super-
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posed state to another. These gates modify only one aspect of the complex amplitude’s coefficient: they alter

the state’s direction through the azimuthal angle ¢ by m, 7/2, and /4, respectively. The Pauli-Z gate, often

referred to as a phase flip, uniquely affects the linear equal superposition of states. While it leaves |E1) and | Es)

states unchanged, it transforms the state (|E1) + |E2))/v/2 into (|Ey) — |E2))/v/2 and (|Ey) + i|E2))/v/2 into
0

(|E1) —i|E5))/v/2, and vice versa, as can be seen through the following transformation matrix (vefer to
10

Fig. 7d):

0 11 |E) +|Bs) _ |By) — | Es)
10 V2 V2o

0 1] By +i|Bs) _ |Ey) —i|Ey)
10 V2 V2o

The other set of gates, as shown in Fig. 7e and Fig. 7f, belongs to the phase-shift gate family. These
gates function by mapping the superposition of states. Specifically, they map the state (|Ey) + |E2))/v2 to
e(|E1) + |E2))/V/2, and the state (|E1) +1i|E2))/v/2 to e@(|Ey) +i|F5))/v/2, where o represents the phase
shift. The same applies to their opposite counterparts. For the S gate (Fig. 7e), o = 7/2, and for the T gate

(Fig. 7f), 0 = w/4. The operations of these gates are as follows:

0 11 |Ey) +1Es) em/z‘Eﬁ + |Es) 0 L |By) +i|Bp) :em/z‘Eﬁ +i|Es)
i 0 V2 V2o i 0 V2 V2o

0 1] |E1) + |By) _ ginyalEn) +|B2) 0 1] |E1) +i|Ey) _ ginyalE1) +1]Es)

cit/d o V2o cin/4 V2 B V2

o

The transformation matrix operation, which changes one state into another, is used to illustrate the elastic
bit’s quantum-analogue gate operation in this section. We demonstrated these states using Bloch spheres
in the previous section. To change states, we evolve the initial phase £ and the state ratio £. Therefore,
comparable state transformation can be accomplished by both external excitation manipulation and quantum
gate operation. Using gate operations, we demonstrate that our elastic bit—created from the linearized granular

network—adheres to the quantum-analogue interpretation.
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5.3. Manipulating the State Evolution in Nonlinear Network

From Eq. (40), we observe that the polar 6(t) and the azimuthal @(t) angles depend on the complex co-
efficients &(t) and B (t), which are themselves influenced by the external driving forces, frequency, and static
precompression. Hence, the evolution of the elastic bit’s state is governed by the external driving parameters,
including the amplitudes F; and F3, the driving frequency wp, and the static precompression 6g. By adjusting
these parameters, we can control the path that the elastic bit takes on the Bloch sphere. Fig. 8 illustrates this
by showing the evolution of the elastic bit’s state for different driving conditions. The external drivers influence
both the polar and azimuthal angles, and variations in these parameters lead to different trajectories on the

Bloch sphere.
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Figure 8: Time-Dependent State Evolution of Elastic Bits. The time-dependent evolution of the elastic bit’s
state, represented on the Bloch sphere, under a specific set of driving frequencies and amplitudes, highlighting
the continuous loop and periodic return to the initial state. The polar angle () remained nearly constant,
indicating that the system’s evolution occurred predominantly along the equator of the sphere. Panels (a) to
(c) show the effects of varying external stimuli like frequency on the system’s varying state evolutions.
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Figure 8 shows that the azimuthal angle $(¢t) makes a complete 27 revolution in one full period. In contrast,
the polar angle é(t) variation is negligible, indicating that the state primarily evolves around the equator of the
Bloch sphere. As a result, the state of the elastic bit evolves continuously over time. This means that the state
vector undergoes periodic motion along the surface of the Bloch sphere, returning to its initial state after each
cycle. Here, time permits the parametric exploration of paths on the Bloch sphere without the need to change
the external drivers’ parameters. In contrast, our previous work has shown the time-independent evolution of
the elastic bit states by adjusting the external driver parameters. Furthermore, Fig. 8 illustrates that different
evolutions of the states on the Bloch sphere can be achieved by varying external parameters. In Fig. 8, we present
three cases in which the elastic bit undergoes rotations around different axes on the Bloch sphere; however, after
a certain duration or angle, the state vector returns to its original position. This periodicity is essential for the
calculation of the Berry phase, a topological quantity that characterizes the evolution of the state vector over

time.

5.4. Time Response in Granular System Setup

We tune the peak-to-peak voltage to fix the amplitudes of external excitations in order to experimentally
observe different nonlinear responses in such a damped-driven, essentially nonlinear granular system. However,
the external driver’s frequency (wp) fluctuates between 100 Hz and 20 kHz in increments of 10 Hz, with a
resting period to achieve a steady state. We experimentally obtain Fig. 9a, which displays the time series of
the transmission amplitudes recorded by the detecting transducers of each granule at steady state for various
combinations of driving conditions (frequency and amplitude). The Fourier sum of the linear and nonlinear
modes, each with a distinctive frequency, constitutes the transmission amplitude field shown in Fig. 9a. The
temporal Fourier transform (FFT) of the granule’s amplitude, presented in Fig. 9b, makes this clear. We set a
threshold of 1% of the maximum amplitude to remove noise and identify the system’s dominant characteristic
frequencies. For every dominant characteristic frequency, we also compute the phase difference between the
granules.

For instance, we observe in the left panel of Fig. 9c¢ that the phase difference between granules is nearly zero

for the driving frequency w = wp = 9.85 kHz, corresponding to the lowest dominant characteristic frequency.

This suggests that the amplitude field of the granular system can be described by the state |Fp) = %

at the characteristic frequency w = wp = 9.85 kHz. Conversely, when the driving frequency is altered to
wp = 9.05 kHz, we observe that the phase difference between the granules is close to 7 at the lowest dominant

characteristic frequency w = wp = 9.05 kHz, as shown in the right panel of Fig. 9c. The amplitude field at this

1
characteristic frequency can therefore be described by the state |Eq) = %

-1
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Next, we observe in both the left and right panels of Fig. 9a that the phase difference between granules is

neither 0 nor 7 at the second and third higher harmonics, 2wp and 3wp. Therefore, the corresponding states

can be described as combinations of |E7) and |Es).
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Figure 9: Time Response of two granular network due to different driving frequencies. (a) Amplitude
versus time recorded by the detecting transducers of each granule at steady state, revealing rich nonlinear
responses of the system. Left panel: driving frequency wp = 9.85kH z and driving amplitude 100 V,,_,; Right
panel: driving frequency wp = 9.05 kHz and driving amplitude 100 V,,_,,. (b) Temporal Fourier transform of the
granules amplitudes, and (c) phase differences between granules; revealing the combinations of |E;) and |Es)
eigenstates associated with each characteristic frequency.
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5.5. Classical Analogous Superposition of States of Nonlinear Network

To experimentally create an elastic bit in a classical nonlinear granular system that can generate a time-
dependent superposition of states, we utilize a setup similar to that described in Ref. [48]. It is known that the
nonlinearity of the granular system can be controlled by adjusting external driving parameters such as frequency,
amplitude, or static precompression [18]. In our theoretical analysis, as shown in Eq. (40), we demonstrate that
when the two granules are subjected to static precompression and driven at a specific frequency, the nonlinear
vibrational mode can be expressed in a linear normal mode orthonormal basis (|E;) and |E»)) with time-
dependent Bloch states 6(t) and ¢(t). These Bloch states constitute the components of a state vector in the
two-dimensional Hilbert space of the elastic bit, allowing the system to explore this space parametrically over
time along closed periodic paths.

Following these theoretical procedures, we use the same orthonormal basis of the elastic bit to map the
experimental displacement fields to the Bloch states  and . This mapping enables us to track the evolution
of the states through the Bloch representation, thereby providing a direct correspondence between theoretical

predictions and experimentally observed coherent state dynamics.
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Figure 10: Experimental manifestation of elastic bit evolution. (a) Time evolution of the moduli of
the complex amplitudes, &(t) and S(t), corresponding to two mutually orthogonal states, |E;) and |Eg). The
vertical lines labeled (i), (ii), and (iii) correspond to three distinct time instants: (i) ¢1, (ii) ¢2, and (iii) t¢3,
where t3 > to > t1. (b) Trajectories on the Bloch sphere showing the cyclic evolution of the elastic bit’s states at
various driving frequencies, illustrating the rotational paths traced by the system’s state. The distinct trajectories
highlight the path dependence of the evolution. The amplitude of the external driver remains constant, while
the frequency is varied to alter the cyclic path.

From the FFT plot of Fig. 9b left panel, we see that the amplitude a; of frequency w is the dominant
term, and it corresponds to pure |E;) eigenstate since at that frequency the phase difference is almost zero (cf.
Fig. 9c left panel). Hence, in Eq. (31), we expect that the coefficient &(t) will be dominant in comparison to
the coefficient /3 (t), as is also confirmed in Fig. 10a left panel. Fig. 10a, we observe the time dependencies of
the modules of the complex amplitudes,@(t) and §(t), of two mutually orthogonal states |E;) and |Es). Next,
if we move to a different driving frequency, we observe from Fig. 10a right panel that it is possible to vary
the coeflicients of the coherent superposition of states significantly. In Fig. 10a right panel, we see that for
the case of driving frequency w = 5.3kH z, the coefficient 3(¢) dominates, which can be inferred from the right

panels of Fig. 9b-9c since F eigenstate dominates at the first dominant characteristic frequency. Hence, the
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elastic bit states live in a 2D Hilbert space, and through the driving parameters, we can navigate the Hilbert
space significantly. An elastic bit is, therefore, a classical analogue with respect to superposition of a qubit-the
critical component of quantum computing platforms. Fig. 8 illustrates the experimental cyclic evolution of the
elastic bit’s states, represented as rotations on the Bloch sphere at different driving frequencies while keeping
the amplitudes of the driver’s constant. Compared to Fig. 6, Fig. 8 navigates a broader range of the Bloch
sphere and creates twists within a single cyclic evolution. Additionally, Fig. 8 displays distinct trajectories,
likely due to the inclusion of higher-order harmonics beyond the third order in the theoretical calculations used
for Fig. 8. These higher harmonics introduce unique combinations of amplitude and phases, resulting in these

unique trajectories.

5.6. Experimental Realization of Hadamard Gate

As seen in Fig. 10a, time allows the system to tune the superposition of states created by the two eigenmodes.
Hence, the passage of time is equivalent to applying a unitary transformation to the superposed states. To
illustrate this point, let us focus on the time instant ¢; labeled (i) in the right panel of Fig. 10a. For such an
instant, using Eq. (32), the modal contribution in the mode superposition of the displacement state vector can

be written as:

L aleithl + % azeiQWDtl + ﬁ a36i3th1
|w> _ ‘Ck1| \V4 |042| + |ﬁ2| ‘Oé3| + |ﬁ3| (42)
1 ) 1 ) ) )
= iwpt - 2wpt = A.piBwpt
] RV e LY roiea A

However, in the above equation, a;; = 0, since the phase difference between granules is close to 7 at the lowest

dominant characteristic frequency wp, as illustrated in the right panel of Fig. 9c. Hence, at this characteristic

1
frequency, the amplitude field can be described by the state Fy = % . Therefore, the superposition of
-1

states can be written as:

_ 10.0007 - 0.0193 4 _
U= (|E1) + | Es)) = (0.0194e7/2) | Ey) + (0.9998¢~7/4) | E,)

0.7565 — 0.6538i (43)

0 ; 0
= cos3 |E1) + e'? sin§ |Es); O=m, p=—

al

With an estimated uncertainty of 7/20 in 6 and 37 /50 in ¢, which depends on the amplitude threshold value
used for selecting dominant characteristic frequencies (cf. Fig. 9b). The state corresponding to time instant ¢;
of Fig. 10a (right panel; Eq. (42)) is also depicted in Fig. 8 on a Bloch sphere. A linear combination of the |E;)

and |Es) states with complex coefficients is represented by a point on this sphere (Fig. 11a). Similarly, the state
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corresponding to time instant ¢o of Fig. 8 (right panel, labeled (ii)) can also be written as:

0.5354 — 0.476¢

.l
Il

(|E1) + | E2)) = (0.716e /%) | By) 4 (0.698e°™/4) | Ey)
—0.5344 + 0.4486i (44)

0 ) 0
ECOS§ |E1>+ewsin§ |Ea); 0=75, o=

The state is again represented in Fig. 11b on a Bloch sphere. A Hadamard gate ‘rotates’ the initial state of
Eq. (43) (labeled (i)), which is almost a pure state |E2), to a superposition state of the form Eq. (44) (labeled

(ii)) through the transformation:

1 (11 0.007 — 0.01931 0.5354 — 0.4763
% — . (45)
1 —1] [0.7565 — 0.6538:¢ —0.5344 + 0.4486:

1 1
The transformation matrix % is the usual Hadamard gate. If we apply the Hadamard gate to the

1 -1

state (ii), we return to the initial pure state |E3) at time instant ¢t3 (labeled (iii)).

|E1) |Ey)
= _ |E1) —|Ep)
V=7
|E) + | Eo) |Ev) +i|E2) |En) +ilE2)
V2 —my V2 V2
| E2) | Es)
(a) (b)

Figure 11: Classical analogue of Hadamard gate on Bloch sphere. The Hadamard gate ‘rotates’ the
initial pure state |Es) (a) (also labeled (i) in Fig. 10a, right panel) to a superposition of states (b) (also labeled

(ii) in Fig. 10a, right panel) through the unitary transformation % E _11]
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6. FORMATION OF SCALABLE LOGICAL ELASTIC BIT THROUGH THE NONLINEAR
RESPONSE OF MASS-CONICAL SPRING MODEL

6.1. Nonlinear Response of the Mass—Conical-Spring Oscillator

A two-mass/two-spring dimer comprising a conical inter-spring and a linear driver spring provides the minimal
mechanical lattice that can host elastic bits whose dynamics echo the recently established acoustic phi-bit
platform [68]. In what follows, we show, step-by-step, how the nonlinear force-displacement law of the conical
spring endows it with a high-dimensional harmonic spectrum that, when recast in Hilbert space, supports

Bloch-sphere logic.

6.1.1 Experimental Platform and Measurement Protocol

To prepare a logical elastic bit in a classical nonlinear system, we designed an experimental setup consisting of
a one-dimensional mass-conical spring model composed of two masses and two springs. We record the response of
both masses in a stable region. The schematic illustration for creating the logical elastic bit and its superposition
of states in the two mass-conical spring model is depicted in Fig. 12. Here, we seek to experimentally explore
the response of two mass (Multipurpose 6061 Aluminum: McMaster-Carr 1610T624, 3/4 inch diameter, 1/2
inch length) connected with a conical spring (302 Stainless Steel: McMaster-Carr 1692K918, 0.375-inch length).
One of the masses is connected to a linear compression spring (Zinc Plated Music-Wire Steel, McMaster-Carr
9657K309, 1 inch length) which is connected to the vibration exciter (LDS-210) to drive the system. We send
signal to the vibration exciter using an Arbitrary Waveform Generator (B&K Precision 4055b) from 15 Hz
to 150 Hz at 3V,_, amplitude, and the excitation amplitude is amplified by 20 through amplifier (Bruel &
Kjaer Type 2706). The responses of the masses are recorded through a Scanning Laser Doppler Vibrometer
(Polytec PSV-600F) and processed using a MATLAB-based algorithm. The system is placed on a base (Amazon
Natural White Teflon PTFE) and machine oil (Amazon 3-IN-ONE 10038) is used for reducing the friction of

the vibration. The experimental setup is devised for longitudinal vibration direction.
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Laser Doppler
Linear Spring Conical Spring ; Vibrometer (LDV)

Vibration Exciter

Asin(wqt)

Figure 12: Schematic Illustration of Mass Conical Spring System. Two identical cylindrical masses (m) are
connected with a conical spring. Harmonics drive Asin(wgt) excites the mass 1 through a linear spring. The
responses of the masses are recorded in the direction of the external vibration through a laser doppler vibrometer.
System parameters: Stiffness, Linear Spring, k; = 15 lbf/in, Conical Spring, k. = 22 Ibf/in. Mass, m = 10g.

We excite the system on varying frequencies with a fixed amplitude and record the responses after achieving

stability. One of the frequencies (wy = 65H z) is studied in this case, and it is shown in Fig. 13.

6.1.2 Time-Domain Dynamics: Asymmetric Energy Shuttling

Figure 13a illustrates a representative response of the two-mass system driven at wy = 65 Hz. At the
beginning of the cycle, the shaker displaces Mass 1 toward Mass 2, shortening the conical spring so that both
masses accelerate in the positive-velocity direction under compression. As the base motion reverses, the spring
passes through its neutral length and is pulled into tension; because the active-coil diameter is narrower on
the Mass-2 side, the tensile stiffness rises sharply, and the stored elastic energy migrates toward that end of
the oscillator. During this interval, Mass 2 continues to move while Mass 1 momentarily hovers near rest, a
clear signature of energy localization that corresponds to the plateau marked “3” in the time trace. When the
external forcing changes sign once more, the spring relaxes back into compression, momentum is transferred
back to Mass 1, and the sequence begins anew. The pronounced left-right asymmetry confirms that the graded
stiffness of the conical spring—mnot merely geometric nonlinearity—governs the energy flow. Similar asymmetric

phenomena have been reported in nonlinear granular media for nonlinear normal modes response [5§].
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Figure 13: Nonlinear dynamics of the two-mass / conical-spring oscillator. (a) Measured velocity—time
histories of Mass 1 (blue) and Mass 2 (orange) at a representative drive frequency wy = 65 Hz reveal a strongly
asymmetric waveform: energy is shuttled from the compliant to the stiff end of the graded spring during each
cycle, producing the four characteristic stages annotated 1-4. (b) Steady-state Fourier spectra of the two masses
display a series of harmonics at integer multiples w, = nwyq (up to n = 5 shown); the monotonic amplitude
decay and persistence of higher-order peaks confirm a robust, amplitude-dependent restoring force. (¢) Absolute
phases of each harmonic for both masses with respect to the shaker reference clock (a common time origin), from
which the evolving phase difference A¢i2(n) discriminates in-phase (A¢ = 0 rad) and out-of-phase (A¢ = 7 rad)
contributions, providing the modal information used in subsequent Bloch-sphere reconstructions. All data were

Frequency (Hz)

acquired after transient decay, with the shaker excitation amplitude held constant at 60 Vj,p.
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6.2. Frequency-Domain Signatures and the Harmonic Arrangement

Fast-Fourier transforms (FFTs) of the steady-state signals (Fig. 13b) exhibit a hierarchy of peaks |C}']; j =
1,2 of each mass at harmonic n of w, = nwy (with n € N and w, the driving frequency), indicating measurable
nonlinearity in the restoring force. Because coils sequentially contact under compression, stiffness increases with
displacement, and the higher-order harmonic contents create spectral modes from which the elastic bits are

constructed.

6.3. Modal Phase Topology

Figure lc plots the absolute phases ¢}; j = 1,2 of each mass at harmonic n with respect to the shaker
reference clock (a common time origin). From these, we can calculate the phase difference A¢y, = @7 — ¢%

between the masses that discriminates modal content: for n = 1 the masses move nearly in-phase (Agl, ~ 0),

corresponding to the linearized in-phase eigenmode |E7) = % ; at n = 2, the phase difference approaches

1

2

1
m, matching the out-of-phase mode |F3) = \% ; and at n > 2, Aqﬁggﬁ) # 0 or m, indicating that such
1

harmonics can be regarded as controlled superpositions of |E;) and |E3).

The modal structure revealed through the harmonic content at a fixed drive frequency is fully consistent with
the behavior observed in the fundamental response under a frequency sweep. When the excitation frequency
is varied from 15 Hz to 150 Hz, the system exhibits the same in-phase |E;) motion at low frequencies, a clear

progression toward the out-of-phase | F5) motion in the upper band, and mixed-mode behavior in the intermediate

region.
~ 3|
<
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Figure 14: Phase difference change of masses due to the driving excitation frequency at the first characteristics
frequency component of each excitation. The transition of the phases is indicating shift from |E7) to |E3) mode.

Figure 14 highlights how the driven response migrates between the two linear eigenmodes as the excita-
tion frequency is swept. At low frequencies, the measured phase difference A¢i2(wy) remains close to zero,

demonstrating that the masses oscillate nearly in-phase, consistent with the |E;) mode. As the drive frequency
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approaches the system’s higher characteristic band, the phase difference rises smoothly toward =, signaling a
transition into the out-of-phase |F3) mode. In the intermediate region, the phase difference deviates from both
0 and 7, reflecting a response that is neither purely in-phase nor purely out-of-phase. This behavior corresponds
to a controlled mixture of the two eigenmodes, shaped by damping, mass asymmetry, and the intrinsic nonlinear-
ity of the springs. Collectively, the frequency-dependent evolution of A¢is demonstrates that the mass—spring
system naturally accesses |E1), |Es), and their superposed combinations across different regions of the drive

spectrum.

6.4. Hilbert-Space Representation of the Nonlinear Response

The in-phase and out-of-phase eigenvectors form the complete orthonormal basis (|E2) and |E3)). A finite-
amplitude excitation populates higher harmonics w, = nwy so that the measured velocity field of the two-mass
system can be written as

V(t) = = [vo(t) [B1) + ¢n(t) | B2) . (46)

V2

Because multiple w,, coexist, the complex coefficients ¥g(t) = Zn21¢o,n€iw’Lt and ¥q1(t) = Zn21 Py et
acquire an explicit time dependence. Here, 1o, = 3[|CT|e'®t + [CR|e'?2], b1, = L[|C]|eT — |Clei??],
obtained directly from the instantaneous Fourier amplitudes |CT'5| and phases ¢7 5. Equation (46) provides a
tunable superposition analogous to a qubit wavefunction but realized in a purely classical medium. Writing
(o, 91) = (cos(g)7 el Sin(g)) maps the state onto the Bloch sphere, whose trajectory therefore realizes what
we term a physical elastic bit [32, 48]. The angles 6 (polar) and ¢ (azimuthal) define a Bloch vector. In
the linearized limit (small forcing, or intentional nonlinear-stiffness cancellation) each mass vibrates at the
single drive frequency w = wg. Setting n = 1 in the series collapses the sum so that ¥o(t) = 1o 1" and
¥1(t) = 11 1€ rendering the modulus and relative phase of the coefficients time-independent. The Bloch
vector is static and can be moved adiabatically by sweeping wy. This regime supports early demonstrations
in granular chains [32]. If the system is nonlinear, harmonic mixing introduces beat frequencies and hence the
Bloch vector precesses. Waiting for an appropriate interval enacts rotations identical to single-qubit gates [48].

Section 2 establishes that: (i) the conical spring provides nonlinearity that creates multiple harmonics;
(ii) each harmonic possesses a well-defined modal phase inherited from the linear eigenvectors; and (iii) the
entire response can be projected onto a two-level Hilbert space parameterized by 6 and . These facts lay the

groundwork for logical elastic bits discussed in the next section.

6.5. Logical Elastic Bits: Spectral Partitioning for Programmable Qubit Analogues

Although physical elastic bits encode qubit-like states, extracting ¢o(t) and ;(¢) in Eq. (46) demands a

full spatial Fourier analysis of every mass—a rigorous requirement for large arrays of masses. To resolve that
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bottleneck, we introduce the logical elastic bit, defined not by the sum of all harmonics but by blocks of the

spectrum.

6.5.1 Spectral Grouping Formalism

We partition the ordered set (w,,) into P blocks of g frequencies. The total velocity field is then written as

a partial Fourier sum,

P gp
=3P B+ @) (B, o= Y et k=01 (47)

p=1 n=g(p—1)+1

Each block ( (()p ), wgp )) therefore behaves as an independent two-level system—a logical elastic bit. The Hilbert-
space dimension grows as 2F while the physical degrees of freedom scale only linearly with the number of
masses. Because logic resides in the spectral rather than spatial domain, a single two-mass oscillator can host
multiple logical bits concurrently. Segmenting the first four harmonics into g = 2 groups, for example, creates
P = 2 elastic bits and therefore a four-state mechanical system—already sufficient to implement CNOT-like

gates demonstrated in acoustic ¢-bit arrays [69, 70].

6.6. Static versus Dynamic Logical States

Logical bits inherit the dynamical richness of their physical elastic-bit counterparts. If all w,, within a block
are equal (e.g., degenerate sidebands in a driven-damped system), then w(()p ) and ¢§p ) are constant and the
logical Bloch vector is fixed—ideal for memory. Harmonics of differing orders cause predictable precession on
the Bloch sphere. By waiting for a set time, one can realize rotations equivalent to Pauli-X, Hadamard, or phase
gates without additional control.

The logical-bit architecture leverages three experimental facts. First, nonlinearity ensures that higher-order
harmonics remain phase-coherent with the excitation, preserving superposition integrity. Second, the relative
amplitudes of those harmonics are tunable through driver amplitude, precompression, or modest geometric
tweaks, yielding a convenient control dial for gate synthesis. Third, unlike true qubits, elastic bits operate at
room temperature and are immune to decoherence; signal-to-noise—not phase collapse—sets the performance
ceiling. Using frequency-domain partitioning and Hilbert-space mapping, we build a scalable mechanical platform

that captures the logic of multi-qubit quantum circuits while operating in the classical regime.
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Figure 15: Fourier projection pipeline from time series to modal coefficients and Bloch representation, splitting
into time-independent and time-dependent cases depending on frequency pairing.

The partitioning of the frequency components and the formation of the static and dynamic logical states is
shown in the schematic flowchart presented in Fig. 15. We will discuss the time independent and dependent

cases of logical states in the later sections.

6.6.1 Single Logical Elastic Bit: Gate-Level Control

We now zoom in on one logical elastic bit (g = 1), assembled from a chosen pair of harmonic components

(Wm,wn). The modal superposition is

|Clm | et giwmt ~ B

= Wo |E1) + 91 |E2>} (48)
|C§1 |ez¢>£‘ eiwnt

Equation (48) is the gateway from real-space motion to an abstract Hilbert space and immediately exposes three

experimentally relevant control knobs: the amplitude ratio |C7"|/|C%|, the phase difference Ay = O — &%,
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and the detuning Awy,,, = |wm — wy|. Carrying out the orthogonal projection yields the complex coefficients:

B 1 sn Cm s0m n .
1/}0 — E|C§,|62¢2 ezwnt |:|C’1n||ez(¢1 7¢2)62(wm7wn)t + 1:|7
2
- o o TIOT]
Uy = —=|Cy|ei?z giont [—e’(% 92) gilwm—wn)t _ 1] (49)
V2 (&

From Eq. (49), it is clear that the single elastic-bit coefficients can be static or dynamic depending solely on

the spectral pairing.

Time-independent case (w,, = w,): When both basis amplitudes are drawn from the same harmonic, the

relative factor e?(“m~“n)* hecomes unity, and a common factor e’*»* multiplies both terms. This factor cancels
in the normalized Bloch coefficients, so 1), reduces to a constant complex number fixed by the drive frequency
and damping. In Bloch-sphere language, the state vector sits at a fixed latitude 6 and longitude ¢; sweeping wq

steers it adiabatically without inducing Bloch vector precession.

Time-varying case (w,, # w,): Mixing two distinct harmonics introduces the beating term e*(“m=«»)t caus-
ing 1[)0 to precess on the Bloch sphere. The geometric path traced out by the Bloch vector is governed by A@,uy,
and the detuning Aw,,,. This precession underlies the classical analogues of quantum gate operations—Dbit-flip
(Pauli-X) and Hadamard rotations—observed in other quantum-analogue platforms [69]. Because time itself
acts as the gate clock, no additional control is needed—an advantage over optomechanical qubit analogues that
require feedback control [71].

The tuning parameters have clear physical roles. The amplitude ratio |C7"|/|C¥| redistributes spectral
energy between the in-phase and out-of-phase components; when this ratio equals unity, # = 7/2 and the state
becomes an equal superposition—the mechanical analogue of a qubit |+), defined as |+) = (|0) + [1))/v/2 in
the {|0) = |E1), |1) = |E2)} basis. The phase difference A¢ = ¢7* — ¢% merely shifts the azimuthal angle ¢,
implementing a Z-rotation on the Bloch sphere. Finally, the detuning Awy,, = |wm — wn| sets the precession
rate: for Aw,,, = 0 the state is time-independent, whereas any nonzero detuning causes periodic evolution with

period T' = 270 /| Awpn .

Time-Independent States of a Single Logical Elastic Bit

A logical elastic bit becomes time-independent when its two basis amplitudes are drawn from the same
harmonic of the measured velocity field. In that degenerate limit, the modal coefficients 1/70 and 7]11 in Eq. (49)
reduce to constants because w,, = wy; the common exponential factor e’*“»! multiplies both basis terms and
cancels in the normalized Bloch coefficients, so only their complex amplitudes remain time-independent.

Consequently, after removing this global phase, Eq. (3) collapses to a pair of time-independent complex
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numbers, leaving the external drive frequency wy as the sole tuning knob. By adiabatically sweeping wy, we can
translate the Bloch vector smoothly over the sphere without inducing internal precession—exactly the classical
analogue of adiabatic qubit manipulation.

Similar static-phase superpositions have been demonstrated in acoustic ¢-bits and in macroscopic pendulum
dimers, underscoring the universality of the underlying phase-locking mechanism across disparate classical qubit

analogues [68, 72, 73].
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Figure 16: Frequency-dependent Bloch angles of time-independent logical elastic bits. Polar ()
and azimuthal (¢) angles extracted from the complex modal coefficients of three distinct elastic bits—Bit 1
(Wm = wn = wq), Bit 2 (W, = w, = 2wg), and Bit 3 (w,;, = w, = 3wy)—are plotted as functions of the
external drive frequency wy. (a—c) Experimental trajectories for Bits 1-3 show a continuous sweep of 6 from the
north pole (pure in-phase mode) toward the south pole (pure out-of-phase mode) as wy approaches each bit’s
characteristic eigenfrequency; at resonance, ¢ executes a quantized 7 jump that signals a phase flip of the modal

basis |E1) and |E3).

Figure 16 tracks the polar (f) and azimuthal (¢) angles for three elastic bits whose complex coefficients were
extracted at the characteristic frequencies w,, = w, = wq, 2wy, and 3wq.
Bit 1 (W, = w, = wg; Fig. 16a): At low wg, we calculate § ~ 0, identifying the in-phase eigenmode.

Increasing wy drives a monotonic rise in ; near the second linear eigenfrequency, § — 7, signaling the out-of-



58

phase mode. Between these endpoints, 6 sweeps continuously, creating controlled superpositions of |E;) and
|E). The azimuthal angle ¢ jumps by 7 as wy crosses resonance, a signature of a modal phase flip between |E1)
and |E3).

Bits 2 and 3 (harmonic pairs at 2wy and 3wg; Fig. 16b,16¢): Both bits constructed from higher harmonics
display analogous trajectories. For Bit 2, ¢ flips by 7 near wy =~ %(wres,g — Wres,1), While 6 simultaneously
approaches 7. Bit 3 follows a similar pattern at wy ~ %(wrew — Wres,1)- These results confirm that higher-order
harmonics inherit the same Bloch-sphere topology as the fundamental frequency, enabling multi-bit registers
within a single mechanical oscillator.

Although the oscillator is driven across a frequency range of 15 Hz to 150 Hz, the azimuthal angle ¢ phase
flip occurs at distinct frequencies dependent on each bit. Since the phase flip is the quantity of primary interest,
Fig. 16 displays the frequency range over which each bit exhibits this phase-flip behavior. Consequently, the
driving frequency ranges presented in Fig. 16 represent these characteristic regions for each individual bit.

Although each logical elastic bit is constructed from a disjoint spectral block, disjoint frequency support alone
does not guarantee dynamical independence because all Fourier components are generated by the same nonlinear
oscillator. In an ideal periodic signal with infinite observation time, Fourier components at different harmonics
are orthogonal; however, in practice, finite-time estimation introduces spectral leakage and line broadening, which
can create apparent cross-talk between adjacent blocks if the spectral resolution and windowing are insufficient
[74]. Moreover, intrinsic nonlinearity can produce genuine inter-block coupling through harmonic energy transfer,
internal resonance, and phase-coupling mechanisms (e.g., triad-type interactions), so the multi-bit state need
not factorize even when blocks are non-overlapping in frequency. Because the coefficients vy and 7 in Eq.
(49) are functions of harmonic amplitudes and phases produced by the same nonlinear dynamics, the measured
multi-bit state is not guaranteed to be of tensor-product form. The experimental Bloch angles in Fig. 16 reflect
these regimes directly: in frequency intervals (26-30 Hz) where third bit shows strong evolution of 03(w,;) and
©3(wg) while the other two bits remain nearly stationary, indicating effectively weak cross-talk. Conversely,
intervals where multiple bits evolve simultaneously, consistent with stronger nonlinear coupling across spectral
partitions. Thus, spectral partitioning supports multiple logical elastic bits in one resonator, but their effective
independence is an operating-regime property set by (i) spectral isolation in estimation and (ii) the strength of
nonlinear inter-harmonic coupling.

In the next section, we show that a linearized two-mass/two-spring model with viscous damping reproduces

the trends of the first elastic bit with closed-form expressions for 6(wy) and p(wg).
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6.6.2 Theoretical Model

The experiment exhibits clear nonlinear behavior due to the conical spring, the analytical formulation used
below retains the linear stiffness terms. Figs. 13 and 16 clearly show that the experimental mass-conical spring
system exhibits nonlinear behavior. Because the conical springs behave differently in tension and compression,
the motion over each vibration cycle can be separated into tension and compression segments. To model this,
we use the following nonlinear formulation in which the restoring force includes higher-order displacement terms

arising from the graded coil geometry. Thus, the governing equations of motion are written as

maeff ’l.:Ll — kl (Feiwdt _ ul) — k2 (U1 — UQ) — ]{; (u1 — Ug)i_ — klzl (U1 — Ug)i — 77’[141, (50)
mgﬁ iy = —ko (UQ - Ul) + k‘lz (u1 — U/Q)i + k’g (u1 — UQ)i — N Us.

Here, m$® and m$T include the distributed mass of the springs based on m®® = m + my /3 [75]. Because
mass 1 connects to both springs, we write m$T = m +my, 1 /3 +my, 2/3, whereas for mass 2, m§ = m +my, 2/3.
The variables u; and us represent the displacements from equilibrium, F' and wy denote the drive amplitude and
frequency, and 7 represents viscous damping. k; is the stiffness of the linear spring connecting mass 1 to the
shaker, and ks is the nominal stiffness of the conical spring. The terms k) and k% represent the quadratic and
cubic nonlinear stiffness components. The Heaviside function ()4 ensures that the nonlinear terms are activated
only under compression.

Given the nonlinear nature of the mass—conical spring model, we employ a regular perturbation technique
to obtain an approximate solution. Introducing a small, dimensionless parameter € (¢ < 1), Eq. (5) can be
rewritten as

The nonlinear model can be rewritten by introducing a small dimensionless parameter € (e < 1) such that

the nonlinear stiffness contributions enter at O(e). Thus, the equations of motion take the form

m$T iy = ky (Fe™ —uy) — kg (w1 — ug) — ek (ug — up)® — ekl (uy — up)® — i, 51)

mgﬂ ’ng = —kg ('LLQ — 'LL1) + Ek/Q (u1 — ’LLQ)2 + 6/6/2/ (u1 — ’LLQ)3 — UUQ

As the springs behave differently when it is tension or compression, we can divide the equation of motion
into two different sections. In each vibrating period, there are compression and tension regions. Conical spring
behaves nonlinearly when it is in compression. k; and k; are the quadratic and cubic nonlinear stiffness terms.

Relative Motion in Compression and Tension:

A(t) = uo(t) —vo(t) = (Ag — Bo)e™* (52)
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Here Ag and By are the amplitude response of the masses. This is the complex quantity with time varying

real and imaginary parts, but the physical displacement is the real part:
Re[A(#)] = Re[(Ag — By)e'] (53)

Spring is in:

Tension when Re[(Ag — Bo)eiwdt] >0
Compression when Re[(Ap — Bo)eiwdt] <0

Let,
C = Ay — By = |C|e"® = Re[A(t)] = |C| cos(wat + ¢) (54)

Since cos is always symmetric and oscillatory, it always spans both positive and negative values, unless
|C| =0, ie., Ag = By. We want:
Re[(Ag — Bp)e™?'] > 0 for all t.

That’s only possible if:
Im[Ap — By] =0 and Re[dyo— Bo] >0

And the exponential has no time-varying sign. So, the real part of the oscillation is constant and strictly positive.
But this contradicts the nature of the harmonic forcing unless the two amplitudes are equal and real. So, in
general: The spring is in compression during half the period and in tension during the other half, unless the
phase and amplitude of Ay and By are tuned to suppress one side.
Let:
A(t) = (Ag — By)e™! (55)

= Re[A(t)] = Re[C] cos(wgt) — Im[C] sin(wgt)

So, define:
Re[A(t)] = Rcos(wqt + ¢), R =1C]|

Spring is in tension:

cos(wgt + @) > 0= wat + ¢ € (—g, g)

Spring is in compression:

3
cos(wat + @) <0 = wat + ¢ € <72T, ;)
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Asymptotic Perturbation Solution of displacement:
Uy = uy,0 + €uy, + €2u1,2, Uz = U2, + €U 1 + 2ug (56)
Applying the solution to Eq. (51). We get,

m?ﬂ(ﬁ,Lo + 67:61’1 + 627:61’2) = kl(Feiwdt — Ui, — €Ul — 62’LL1’2)
— ks [(ul,O —ug,0) +€(ur,r —u21) + 62(u1,2 - Uz,z)}

2
— ek [(u1,0 — u,0) + €(ur,1 —uz1) + € (u12 — n2)]

- 62]5/2/ [(Ul,o —ug )+ €(ur1 —ug1) + 62(“1,2 - U2,2)]3
— (1,0 + €ty 1 + €201 2) (57)
m&¥ (iig,0 + eiig + €2iln2) = —ko [(u2,0 — u1,0) + €(ugy —u11) + e (ugo — uy,2)]

— ek [(uz,0 — u1,0) + €(uzy — u11) + € (ug 2 — U1,2)]2

— kY [(Uz,o —u1,0) + €(ugy —un) + 62(“2,2 - U1,2)]3

— (g, + €tlig1 + €2U22)

Let’s consider:
Ay = Uy,0 — U2,0, Ay = Ui,1 — U2,1, Ay = Uy,2 — U222
Ignoring the higher power terms of €, for mass 1, we get,
miff(ﬁl,o + ety 1 + 62’[&172) = kl(Fei‘”dt — U1 — €Ul — 627.14172)

— ka(Ag + €A1 + €2 Ay)
— ekh(Ag + eA1)? — 2K (Ag)?
— (1,0 + €tiy,1 + €1 ,2) (58)

m‘iﬂ(ﬁl,o + 6’&1’1 + 62’[&1’2) = [k‘l (F@iwdt — ulyo) — kgAO — 777..14170]
=+ 6[—]€1U1,1 — k‘gAl — k‘éA% — 77111,1]

+ 62[—]6111,1’2 — kQAQ — Qk/Q(AoAl) — Ifg(Ag) - ’I]'L.LLQ]

Let’s consider:

Ay = U2,0 — U1,0, Ay = U2,1 — U1,1, Ay = U2,2 — UL,2

For Mass 2, we get,
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m;ﬂ?(ﬁlo + 6’&2,1 + 62’&2,2) = [—kg(Ao) — 1711270]
+ €[~k Ay — KYAS — 1i21] (59)
+ 62[—k2A2 — 2ké(AOA2) — k’gAg — 77’[1,272]

The Equation of Motion for each order of displacement is,

€ m§Tiy g =k (Fe™a —uy o) — ko (u1,0 — u2,0) — 110
mSﬁﬁz,o = —ko (u2,0 — u1,0) — N2,0

el om§Tiy g = —kyuy g — ko (ugq —u1a) — K (ugo — U2,0)2 — i
m$¥iiy 1 = —k (u21 — u1,1) — kb (uz,0 — u1,0)? — itz

Let’s consider the solution of the displacement term as,

. - Twgt . - twgt
Ut p—1 = twgCh p_1€", Uz p—1 = twgCo p_1€"

iwgt iwqt

. 2 . 9
U1 p—1 = —wyCi p_1€"“", lig 1 = —wzCapn_1€

We apply this in the equation, then we get,
—mﬁﬂw?iCl,oei‘*’dt = kl (Feiwdt — 01706iwdt) — kg (Cl,oeiwdt — Cgp@iwdt) - inwdCLOeiwdt

= —m$Tw2C 0 = k1 (F — Ch0) — ka(Cro — Ca) — inwaCi o
= (—m$Tw] + k1 + ko + inwa)Cho — koCao = ky F
—mgﬂw?ZCg,oei‘“dt = ko (Cl,oei“’dt - ngoei“dt) - inwdC’QVOei”dt
= —m$Tw3Ch0 = ka(Ch 9 — Cay0) — inwaCao
= —koCr0 + (—mgﬂwg + ko 4+ inwg)Cap =0

The amplitude of zeroth order displacement is,

le(—mgﬂw?i + ko + inwq)
Cro = off, 2 : off, 2 : 2
(—m§tw3 + k1 + ko + inwa) (—m§ w3 + ko + inwa) — k3
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o kiko F
o — . -
* (—m'iffwﬁ + ki + ko + and)(—mgﬂwg + k2 + inwa) — k3

For the case of first order amplitude, we get,
miﬂﬂl,l = —kjur1 — ka(ugy —urn) — ky(uio — U )? — N1
msiiy 1 = —ko(ua1 — u11) — kh(ug,0 — u1,0)? — iz
Using substitution method and applying solution of u; and uq, we get,
f8miﬁw3017162i“’”’t = *kl(20171622'“)'”)*]{32(2017162iwdt72027162iwdt)*klg(CLoeiwdt702,062'(”’#)274’L'7]u)d017162iwdt
= —8m{TWiCh 1€ = —ky (201 1)€* ™" — 2ky(Ch 1 — C1)e*™ " — k5 (Ch g — Ca0)?€* 4" — dinuwaCy e

= —8m?HUJ3C111 = —leC’Ll — 2]62(0171 - 0271) — ké(cl,() — 02’0)2 — 4i77wdC171
= (—8m‘iﬁw§ + 2kq + 2k + 4inwd) 01)1 — 2]{)20271 = k‘é(Cl)o — 02,0)2
And
—SmEHwng,lemdt — —]{12(20271€2iwdt _ 201,1€2iwdt) _ k’Q(Cgpei“’dt _ Cl,Oeint)2 _ 47;7](4}610271622-“)‘126
= —SmSngCg’le%“’dt = —k2(20271 — 201)1)€2iwdt — k/2(0270 — 01)0)2€2iwdt — 4’L'77wd02)162iwdt
= f8m§ﬂpw3C’271 = 2]'{12(01’1 — 0271) — k‘IQ(CZO — 0170)2 — 4i17wd0271
= —2]€201’1 + (—SmEHw?I + 2ks + 4inwd) 0271 = ké(cl,o — 02’0)2

Using elimination method, we get,

ky(Cro — Ca,0)% ((—8m§Tw? + 2k + dinwg) + 2k2)

C =
b (—8m$§Tw2 + 2k + 2ko + dinwy) (—8mSTw?2 + 2ky + dinw,) — 4k3
Chr — k’é(cl,o — 0270)2 ((—8m§ﬁw3 + 2kq + 2k + 4inwd) + 2k2)
2UT (C8mSTw2 4 2%y + 2Ky + dinwa) (—8mSFw + 2ky + dinwy) — 4k3

1 Wy

To elucidate the measured trends for Bit 1, we linearize the two-mass, two-spring dimer:

m§Tiiy = ky(Fe™® — uy) — ko(uy — ug) — niy,

mgﬂﬂg = kz(ul — ’U,Q) — 77@2.
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Here, m$T and mSf include the spring mass via m®® = m + my/3 [75]. Because Mass 1 is connected to
both springs, m$T = m + mi1/3 + My 2/3, whereas for Mass 2, mst = m + my2/3. uy and ug represent the
displacements of the masses from equilibrium. F' and wy denote the driver amplitude and frequency, respectively,
7) represents viscous damping, k; is the stiffness of the linear spring connecting the first mass to the driver, and
ko is the stiffness of the inter-mass conical spring.

Assuming harmonic motion u; = C1e™?t and uy = Che™4! with complex amplitudes C; and Cs, substituting
into Eq. (60) yields the algebraic system,

The linearized model for the mass—spring system is considered in Eq. (60), and the assumed harmonic ansatz

for the displacement fields is

Uy = Clelwdt, Uy = Cgezwdt.
The first and second derivatives with respect to time are

Twgqt

det, iLQ = iwdCQG , ﬂl = 7&)2016“‘)’“, ’i,lg = 7&)3026“”‘1)5.

’[Ll = iwdC’le
Substituting these expressions into Eq. (60) gives

_ m(iﬁw?lcleiwdt =k (Feiwdt _ Cleiwdt) — ko (Cleiwdt _ Czeiwdt) _ inwdClei‘“dt,
_ eff 2 iwgt __ _ _ _ s wgt

= —mj w;Cie = [kl(F C1) — ko(Cr — Co) mwdCl]e ,

= —m§"WiCy = ki (F = C1) = ka(Cy — Cs) — inwaCh,

= (—mﬁﬁwfl + k1 + ko +inwg)Cy — koCy = kq F. (61)
— mgﬁwgCgei‘”dt = ko (Cle“’dt — C’gei“}dt) — inwgCae™it,

= —m§TwiCyeat = [k2(Cr = Cs) — inwdCQ]e“"dt,

= —mSTWiCy = ky(Cy — Cy) — inwyCs,

= —koCq + (—mgﬂwg + ko + inwy)Cy = 0.

Solving the above equations yields the amplitude responses of the two masses and the eigenmode frequencies.

ki F (—mgﬂwg + ko + inwd)
(*mﬁﬁwg + k1 + ko + inwd) (fmgﬂrwg + ko + inwd) — k%’
B keyko
(=m§Tw? + ky + ko + inwq) (—m§Tw? + ko + inwg) — k3

Cy =
(62)
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The algebraic solution of the masses are written as the stiffness matrix as,
—mﬁﬂwfl + k1 + ko —ko
7]62 —mgﬂrw?i -+ Ifg

The eigenmode frequency is taken as the determinant of the stiffness matrix as det(K) = 0. This can be
implemented by taking the real part of the stiffness matrix as (the eigenmode of the system does not come from

the damping provided in the system),

—m‘fﬂwg + k1 + ko —ko
det =0,
—ko —m%ﬁwfl + ko

(—mS§Tw2 + ky + ko) (—mSTw? + ky) — k2 =0,

mSEmsTwd — mSTkaw? — mST (k) + ko)w? — k2 =0,

m§TmsTwy — wi (m§Tky + msTky +mSTka) + ko (k1 + ko) — k3 = 0,
mSTmsted — w2 (m?ﬂkg +mSTky + mgﬂl@) + kiko = 0.

Using the quadratic formula ¢ = BEV/B*=44C ng_“c, the two roots of Eq. (63) yield the eigenmode frequencies,

STy + m3 (ks + ka) £ 1/ [Tk + m (ky + k2)]” — dmsTsTy ks
Wo1,02 = omett :
1
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mgﬁ ( )

Substituting these into the stiffness matrix provides the corresponding eigenvectors, or eigenstates, of the

dimer:

PR e TR
1*\/51) 2*\/5 _1

Applying the amplitude responses C7 and Cs to this orthonormal basis, the vibrational state vector of the

system is written as

4 1 1 1 1 1 | %o+
U= | | =wl|B) +4i|E) = —sdo | | +=0 = > . (65)
02 0 1 1 2 \/§ 0 . \/Q 1 ) \/§ ¢0_w1

We can calculate the coefficients of the superposition of states from the orthonormal basis of the eigenstates
(¥(0,ay and (1 qy) for the linearized model at the fundamental characteristics of the masses. This can be written

as
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o = C1+ Cy _ i le(—mgﬁwg + ko + inwd)
V2 V2 [ (—mSEw? + k1 + ko + inwa) (—mSTw? + ko + inwg) — k2
n kiko ]
(—m?ﬂwg 4+ ki + ko + inwd)(—mgﬂwfl + ko + inwg) — k3
. i [ le(—mgﬁwg + ko + inwd) + k1ko F }
V2 [ (—mSEw? + k1 + ko + inwa) (—mSTw? + ko + inwy) — k2
1 [ le(—mgﬂw(g + 2ks + inwg) ]
V2 [ (—m§Tw2 + k1 + k2 + inwa) (—m§Tw? + ko + inwa) — k3]’
(66)
by = @ _ 1 [ le(—mgﬁwg + ko + inwy)
\/i \/§ _(—m?ﬂwi + kl + ]ﬂg + inwd)(—mgﬂwg + kz + inwd) — k%
kiko
(—mS§TWE + Ky + kg + inwa) (—m§Tw + ko + inwg) — k3
1 Wy 1 2 + inwa) (—ms wyg + K2+ inwa) 2
o i |: le(fmgﬂrwﬁ + kQ + inwd) — klng :|
\/5 (—m‘fﬂwg + ]fl + kz + inwd)(—mgﬂwg + k‘g + inwd) — k%
1 [ k1 F(—m$tw? + inwa) ]
V2 [ (—mStw? + k1 + ko + inwa) (—mSTw? + ko + inwg) — k2]’

1o and 7 represent the coefficients of the superposition of states at the driving frequency (wg). The
Bloch states angle can also be derived from the coefficients such that, = 2cos™!(|¢pg|). From Eq. (66), let

D = (—mS§Tw? + k1 + ko + inwa) (—msTw? + ko + inw,y) — k2. So, the simplified equation becomes,

1 kW F
6 =2cos ! < \ﬁlﬁ(—meﬁwﬁ + 2k + inwq)

ki F
) = 2005_1< \/%D' \/(—mgﬂwﬁ + 2k9)? + 172w3) . (67)

Similarly, the azimuthal angle of the Bloch states, ¢ = arg(vgy) — arg(¢1). The simplified equation becomes,

1 k1 F(—m§Tw? + 2ks + inwa) )
= i . 68
arg(vo) arg(\/i (—m?ﬁwg + k1 + ko + inwd)(—mgﬁwg + kg + inwg) — k3 (68)

Let the numerator N = k1 F (—mgﬁwﬁ + 2ky + inwg), This is the product of the real constants and a complex
number. Fundamental property of the argument of a complex number suggests that, for any two complex

numbers, the argument of their product is the sum of their arguments. In that case,

arg(ky F(—mStw? 4 2ko +inwy)) = arg(k1 F) +arg(—mSTw? 4+ 2ky + inwy) = arg(ky F) +tan ™ (effnu;d> .
—m§ wy + 2ky

And let the denominator D = (—m$Tw?2 + ky + ko + inwg) (—mSTw2 + ke + inwa) — k3. So, the argument of the

coefficient g is,

_ NWd
= EiF) +tan [ ———2——
o) = (k) tan ™ (g

) — arg(D).
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Similarly, for the case of 11, we get the phase of that term as,

arg(y,) = arg(k F) + tan ™! (:;?2) —arg(D).

2 Wy

The azimuthal angle ¢ for the linearized model can be written as,

¢ = arg(vo) — arg(in)

- nwda
=arg(k, F)+tan ' ——2%
gk F) (—mgﬂwg + 2ko

_ nwd —1 TWd
=tan ' ——"—2 | —tan -
(—mgﬂwg + 2k2> <—m§ﬁw3)

) —arg(D) — arg(k, F) — tan™! (_mng) +arg(D)
my Wy

nwa _ nwg 69
_ gt [ TR Tt (69)
= tan NWd nwd

—mgffw§+2k2 —mgffwg

= tan~! ((—mnwg + mnwg — 2kanwa) / (—msTw? + 2ky) (—msfw?) + 772wr21>
(—mgffwg + 2k2)(—mgffw3) (_mgﬂwg T 2k2)(—m§ffw§)

= tan~! ( 211 >
(—mSiTw? + 2ko) (—msiw?) + n2w? )

so the polar and azimuthal angle at bit 1 is:

O(wq) = 2cos* (|1/)(0,d)|) =2cos !

(70)

_ —2ks nwa
= - = tan~!
et = sevto) ~msa) = ™ (g )

The dynamic behavior of Bit 2 is governed by the evolution of the polar angle 6§ and azimuthal angle ¢,
which are directly influenced by the vibration mode of the connecting spring. Notably, the spring exhibits a
piecewise stiffness behavior: it responds linearly when in tension and nonlinearly when in compression. This
intrinsic asymmetric introduces a mechanism by which nonlinear modal behavior can be selectively excited or
suppressed depending on the amplitude and phase difference between mass displacements.

y 1 ky(Cro — Ca0)? [-8(m§™ + m§T)w? + 2k1 + 8ky + 8inwy)
(020a) = /5 (Z8mSFw? + 2ky + 2k + dinwa)(—8mSTw? + 2ky + dinwg) — 4k2

71
,(/) - 1 ké(cl,o — 02’0)2 [—8(m§ﬁ — m‘fﬁ)wg — 2k1] ( )
(2wa) = 5 (—8mSTw? + 2k + 2k + dinwa)(—8mSTw? + 2ky + dinwg) — 4k2
and the polar and azimuthal angle
kLl C! — ¢ 2
0(2wq) = 2cos™! M\/(—&m‘{ﬂ +msHw? + 2k + 8k2)2 + (8inwq)?
V2V (72)

8nwyq
—8(m§T + mg)w? + 2k; + 8ko

©(2wq) = tan™* [ ] — arg [8(m§T — m§T)w3 — 2k ]
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Figure 17: Theoretical Analogy of the Frequency Dependent Evolution of the Bloch States of Elastic Bit 1 and
2. (a) Analytical prediction of Bit 1 obtained from the zeroth order (¢°) model [Eq. (70)], reproducing both the

0 sweep and the ¢ jump with an adjustable damping parameter. (b) Analytical prediction of Bit 2 obtained
from the first order (¢!) model [Eq. (72)].

Figure 17 summarizes the analytical prediction of the Bloch-state evolution for the first and second elastic
bits. The zeroth-order solution () in Fig. 17 yields the time-independent coefficients of Bit 1 and reproduces the
key features of the experimental Bloch trajectory shown in Fig. 16a, including the continuous sweep of the polar
angle 6(wy) and the pronounced jump in the azimuthal angle ¢(wq) obtained from Eq. (70). Introducing viscous
damping 7 into the analytical model smooths the otherwise abrupt phase transition and produces intermediate
0 values, thereby capturing the rounded behavior observed experimentally. Increasing 7 gradually suppresses
the magnitude of the ¢ jump, consistent with the experimental trend.

The first-order solution (e!) generates the Bloch states for Bit 2 and yields the theoretical 6(2wq) and ¢(2wq)
curves presented in Fig. 17 and Eq. (72). These curves qualitatively match the characteristic variations observed
in the second-harmonic measurements of Fig. 16b, where the nonlinear response introduces additional structure
and distortion in both angular trajectories. Although the analytical expressions assume idealized stiffness and
simplified nonlinear contributions, the overall frequency-dependent evolution of 6 and ¢ agrees well with the

experimentally measured trends. The remaining differences arise from realistic damping, asymmetric tension—
compression behavior, and material-specific properties of the conical spring, all of which influence the exact
shape and sharpness of the angular transitions.

The ability to freeze the internal phase while sweeping the state adiabatically is crucial for memory-type
operations: information is written by selecting a point on the Bloch sphere with wy. It remains stable until wy is

changed. Hence, the time-independent logical elastic bit furnishes a robust, ambient-condition analogue of the

idle qubit state that underpins quantum registers.
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6.7. Dynamic (Time-Varying) States of a Single Logical Elastic Bit

When the two basis coefficients in Eq. (66) are drawn from different harmonics (m # n), the exponential

factors e’“m? and e™n? no longer cancel. The elastic bit amplitudes therefore acquire an explicit time dependence,

Bo(t), 1 (t) = PS™™ (1), 4™ ™ (¢), and the corresponding Bloch sphere angles evolve as

L (Iopieisr eiont 4 cpleivten)

V2

)

5 IO cos(6" + wnat) + 1Y sin(éf" + wit) + CF | cos(05 + wt) +1[C | sin(0} + wnt>|)

NG |(ICT" cos(¢7* + wint) + [CF | cos(¢y + wnt)) + i (|CT*| sin(¢]* + wimt) + [C3 | sin(¢h + wat)) |) .

Let
A= (|C7| cos(@T" + wimt) + |CF| cos(@h + wyt)), B = (|CT*]sin(¢]" + wmt) + |CF|sin(¢h + wnt)).

So,

~ 1 1
O(mn)(t) = 2cos™! (\/§ |A+ zB’) =2cos ! (\/5 VA% + Bz) .

In this equation,

2
A% = (IO} cos(9}" +wmt) +|C5 | cos(65 +wat) )

2 2
= (ICT cos(67" +wmt)) +2|CT| cos(67" +wmt) |CF] cos(65 +wnt) + (1C3] cos(95 +wat))
And

2
B2 = (|G| sin(67" + wnt) + |C3] sin(@} +wat) )

2 2
= (IC3 sin(@]" +wmt)) +2|C|sin(6}" + wnt) [C|sin(65 +wnt) + (ICF]sin(d} +wat)) -
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So,

A2 4 B2 = (|07"| cos(" + wmt))” + 2|7 cos(¢]" + wmnt) [CF] cos(¢h + wnt) + (ICF| cos( + wnt))®
+ (IO sin(@] + wt))” + 2CT S (¢]" + wint) [CF]sin($ +wat) + (ICF|sin(¢} +wnt))®
=[O 2+ [CF 2 + 2(1C7"] cos(87" + wint) |CF| cos(@ + wat) + [CF | i@ + wint) [CF] sin(¢h + w,t))
=[O 2 + O3 2 + 2107 |3 cos[(67" — 65) + (wim — wn)t],

where in the last step we used cos avcos 8 + sinasin § = cos(a — ).

Which leads to,

1
B (1) = 205" (ﬁ IO + 1032 + 2105 |C3 | cos (67" — 63) + (wm — mﬂ) (73)

The azimuthal angle ¢(t) is formulated as

P(t) = arg (Yo (1)) — arg (v1 (1))

(IGO0 )+ G188 400 _ 568 ) Gl + )
|C1| cos(@T" + wimt) + |CF| cos(dh + wyt) |CT™] cos(@T + wimt) — |CF| cos(@B + wpt)

Let

_ |C[sin(@7" + wint) + |CF| sin(¢y + wnt)

_ A [OTsin(¢ + wmt) — |CF|sin(dh +wat) B
|CT*| cos(PT* 4+ wimt) + |CF | cos(¢h +w,t)  C7 Y |CT™| cos(PT + wmt) — |CF| cos(dy + wnt) D’
with
A= [C7"[sin(67" + wmt) + |CF[sin(¢5 + wat),
B = |C7"[sin(¢]" + wmt) — |C3]sin(dy + wnt),
C = [CT"| cos(97" + wmt) + |C3'[ cos(¢3 + wal),
D = |CT"| cos(pT" + wmt) — |CF | cos(ph + wnt).
Then
A B AD-BC
T—Yy=———=
¢ D CD
Let o = ¢ + wp,t and S = ¢§ + wpt, and define a1 = |C7"|sinc, az = |CF|sinf, ¢; = |C]"|cosa, ¢ =

|C% | cos 5. Then

AD — BC = (a1 + az)(c1 — ¢2) — (a1 — az)(c1 + ¢2)

= —2ay1¢z + 2a2¢; = 2|C*||CH|(sin Bcosa — sinacos ) = 2|CT*||CYsin(B — «v),



71

and
CD = (c1 +c2)(e1 — c2) = ¢} — 5 = |C7"? cos® a — |CH|? cos? B.
Moreover,
_Aj _ _ _ 2 2 M2 n2 o |2 32
Ty = Gp AB = (a1 + a2)(a1 — az) = af — a3 = |CT*|* sin” a — |CF|* sin® S,
so
L4 oy = CD+AB _ |C7'*(cos?® a + sin® @) — |CF[%(cos? B +sin® )  [CT[2 — |CF[?
Y=7¢cp T CD - ¢p
Therefore,
AD — BC
c—y _ @D _2ACPICHIsn(B—a) _ 2ACPIICE]sn](6F — 3) + (wn — wa)i]
Lt+zy |C7]—|C3? [CT PP = |C3[? TP = |Cg]? ’
CD

since sin(8 — a) = —sin[(¢7" — ¢5) + (wy — wy)t]. By the identity tan~! z — tan™' y = tan™" ( 1%:1%)7 this yields

the compact form used for @(¢).

AD = (|CT"]sin(¢7" + wmt) 4 |CF| sin(@h + wnt)) (|CT*] cos(¢]" + wmt) — |CF| cos(dh + wpt))
= |CT"? sin(@]" + wmt) cos(]" + wmt) + |CT"]|C3 | sin(¢h + wnt) cos(¢]" + wint)

— |CT|C5 [ sin($]" + wt) cos(¢f + wnt) + |C5 | sin(¢y + wnt) cos(dh + wnt),

BC = (|C]*|sin(¢]" 4+ wmt) — |CF|sin(¢h + wyt)) (|CT"| cos(¢]* + wimt) + |CF | cos(dh + wpt))
= |CT*? sin(]* 4 wint) cos(@]" + wmt) — |CT*||C5 | sin(¢h + wnt) cos(¢]* + wmt)
+ |CT|CF | Sin(@T + wint) cos(df + wnt) — |CF 2 sin(@ + wyt) cos(dy + wyt).

So,

x—y=AD - BC
=2|CT||CF | sin(dy + wnt) cos(PT + wit) — 2|CT|CF | sin(@]" + wint) cos(dy + wyt)
= —2|CT"||C%| (sin(¢§" + wint) cos(@f + wnt) — sin(¢h + wyt) cos(PT* + wmt)>

= —2|CT(|CF [ sin[(¢T" — ¢3) + (wm — wa)t],

where we used sinu cosv — sinwv cosu = sin(u — v).
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And,

xy=CD
— (107" cos(7" + wmt) + €3] c08(05 + wat)) (ICT"] cos(@}" + wmt) — |CF] cos(65 + wat))
= |C7"[? cos® (@' + wmt) — |CF|* cos® (¢} + wnt)
= O — |C3 P,
where the last step follows only after combining with the corresponding sin? terms when evaluating 1 + zy =
C ]2 — 1C3

CD
Therefore, the azimuthal angle becomes

(cf. previous step showing AB + CD = |C7*|? — |C%|?).

Ty ) R <2|cm|c;| sin (7" — 9%) + (Wi — wn)1] ) |

P(mm)(t) =1 -1
e b Oy = TCP

6.8. Bloch-Sphere Precession

Equation (73) and (74) reveals that the detuning Aw,,, = |w;, — wy| acts as the intrinsic precession rate
of the Bloch vector: larger detuning produces faster cycles, while equal frequencies (Aw,,, = 0) retrieve the
static states of Sec. 6.7. Geometrically, the polar angle é(m,n)(t) encodes the instantaneous amplitude ratio of
the in-phase |E1) and out-of-phase |E3) eigenmodes, while the azimuthal angle (., ,)(t) captures their relative
phase—exactly mirroring the qubit representation on a Bloch sphere, where the poles correspond to |0) and |1)
states. Any other point denotes a classical superposition, and its deterministic precession under detuning closely

parallels Rabi oscillations in quantum two-level systems [76].

6.9. Trajectory Engineering via Harmonic Pairing

Figure 3 plots representative trajectories (é(mm)(t), P(m,n) (t)) for two logical elastic bits formed by the
harmonic pairs (we, wi) and (ws, ws). The beating between the chosen frequencies modulates the envelope
of the two-component superposition—i.e., the complex coefficients (1[)0, 1[)1) in Eq. (66)—with period T,,, =
27 /| Awpmnl|, producing closed latitude- or longitude-like loops whose size and orientation are governed by the
amplitude ratio |C7*|/|C%| and phase offset Aw, .

This periodicity is essential for the calculation of the Berry phase, a topological quantity that characterizes
the evolution of the state vector over time. Further, in the (ws, wy) case, the polar deviation is minimal,
confining the path near a line of longitude; by contrast, the (ws, w4) pair sweeps a wide band across latitudes,
demonstrating the tunability of state-space coverage. Because time itself parametrizes these paths, one can map

any desired rotation simply by waiting the appropriate interval, without altering external drive settings.
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Figure 18: Detuning-driven Bloch-sphere precession enables passive gate-like rotations. Time traces
of A(t) and @(t) for two logical elastic bits constructed from harmonic pairs with detuning Awp, = |wm — Wy
illustrate deterministic, unitary evolution. Detuning Aw;s (pairing ws and w;) confines the Bloch vector to a
narrow longitudinal loop of period To; = 27/|Aws2|, emulating a slow Z-rotation useful for memory operations.
Detuning Aws4 (pairing ws and wy) drives a wide latitude sweep that spans larger é, accomplishing a full Pauli-
X-like bit-flip.

6.9.1 Passive Implementation of Quantum-Analogous Gates

Because the motion in Eq. (73) and (74) is unitary and cyclic, particular instants of time naturally reproduce

familiar single-qubit analogue gates.

Pauli-X (bit-flip). For the frequency pair (w5, wy), the state at t; = 9.8 s is
[Po(t1), ¥1(t1)] = [0.9+ 0.38i, 0.18 + 0.067 |.

Waiting a further At ~ 0.04 s = t5 —t; advances the phase by (w5 —w4)At & 7, swapping the amplitudes exactly

as a Pauli-X matrix would:

bo(t1) 0 1] |0.9+0.38i 0.18 + 0.06i o (ta)

D (t1) 1 0| |0.18 + 0.06 0.9 +0.38i r(ta)

Hadamard Rotation. Using the same pair (ws, wq) and the state at ¢; = 9.8 s, advancing by At ~ 0.02 s

yields
1 |1 1 0.9+ 0.38: 0.77 + 0.27¢

V2 1 —1| {0.18 4+ 0.067 0.50 + 0.26¢

reproducing a Hadamard gate without external intervention.

These examples highlight a key advantage of the logical elastic-bit platform: time itself acts as the gate



74

clock. By selecting suitable harmonic pairs and waiting for the appropriate beat period, single-bit rotations can,
in principle, be achieved. No additional actuation, feedback, or cryogenic environment is required—only the
nonlinear spectrum of the conical-spring oscillator.

Points on the Bloch sphere can be set by choosing the amplitude ratio and phase difference at a fixed drive
frequency, where the pairing remains time-independent. By then switching to a detuned pairing, the required

gate rotation is achieved, allowing gates to operate on arbitrary input states.

6.9.2 Experimental Design Knobs for Gate Synthesis

The synthesis of single-bit logic operations in a mass—conical-spring resonator depends on carefully tuning
three experimentally accessible parameters. These parameters control how the state vector moves on the Bloch
sphere—the geometric stage for all qubit and elastic-bit computations. First, the amplitude ratio |C7"|/|C7| sets
the polar angle of the trajectory. When the two modal coefficients are equal, the Bloch vector lies on the equator
(0 = m/2), forming an equal superposition analogous to the quantum state |0) + |1); deviations from unity tilt
the vector toward a pole, favoring either the in-phase or out-of-phase mode. Second, the initial phase offset
Ay sets the starting longitude on the Bloch sphere. In this context, it acts as a controllable Z-rotation that
can be applied instantly by shifting the drive phase, similar to phase-shifting methods in acoustic -bit circuits.
Finally, the detuning Aw;,,, between the paired spectral components sets the gate duration T, = 27/|Awmn|:
small detunings produce slow, quasi-adiabatic sweeps well suited to memory operations, whereas large detunings
generate rapid bit-flips and Hadamard-like rotations that enable high-throughput logic. Together, the parameters
|CT*/|ICE|, Apmn, and Awiy,, constitute a minimalist yet complete control set, endowing a single mechanical
resonator with the same universal programmability that amplitude, phase, and frequency afford conventional
qubits. Because these knobs act on macroscopic elastic modes that are immune to quantum decoherence, they
provide a reproducible, ambient-condition pathway to gate-level functionality while retaining the mathematical

elegance of quantum information processing.

6.10. Fourier Harmonics of Mass-Conical Spring Model

The experimental system consists of two point masses coupled in series by a combination of linear and conical
springs, with Mass 1 attached to an electrodynamic shaker through the linear spring and Mass 2 connected to
Mass 1 via the conical spring. The graded geometry of the conical element produces an amplitude-dependent
axial stiffness that is softer in tension than in compression, introducing a controlled nonlinearity without the need
for additional hardware. The system is driven by a harmonic excitation at 62 Hz with a driving amplitude of
60 V,—p, and the steady-state out-of-plane velocities of both masses are measured using a scanning laser Doppler
vibrometer. This non-contact measurement avoids mass-loading effects and ensures accurate capture of both

amplitude and phase relationships across the response spectrum. Figure 19 shows the corresponding frequency
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response, where the top panel displays the Fourier coefficients |C;| of the two masses on a logarithmic scale,

highlighting the resonance peaks, while the bottom panel shows the absolute phase evolution as a function of

frequency.
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Figure 19: Frequency response of the two-mass system under harmonic excitation at a driving frequency of 62Hz
with a driving amplitude of 60V,,_,. (a): The Fourier magnitudes |C;| of Mass 1 and Mass 2, highlighting
resonance peaks. (b): The corresponding relative phase between the masses with frequency. Dashed boxes
indicate selected spectral regions S; and Ss.

Figure 19 summarizes the frequency-domain response of the two-mass—conical spring system under harmonic
driving, showing both the spectral amplitudes and the corresponding phases that characterize the underlying
modal dynamics. The top panel presents the Fast-Fourier transforms (FFTs) of the steady-state velocity signals
of Mass 1 and Mass 2. A hierarchy of peaks |C’]’-‘|, j =1,2, appears at harmonic orders n of the driving frequency
wp, = nwg with n € N. The presence of these higher harmonics reflects the nonlinear restoring force: as the
conical spring coils progressively engage under compression, the effective stiffness increases with displacement,
producing spectral content beyond the fundamental. The bottom panel shows the corresponding absolute phases

7 7 =12, referenced to the shaker clock as a common time origin. From these data, the phase difference
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ATy = ¢ — ¢4 can be used to identify modal character. At the fundamental n = 1, the masses move nearly

in-phase (A¢1, & 0), consistent with the linearized in-phase eigenmode |E;) = % . At the second harmonic

1

n = 2, the phase difference approaches 7, corresponding to the out-of-phase eigenmode |E3) = % . For

higher harmonics n > 2, A¢7, deviates from 0 or =, indicating that the response corresponds to controlled

superpositions of |E;) and |E2) generated by nonlinear mixing.

6.11. Two Logical Elastic Bits with Time-Variant Complex Coefficients

We construct two logical elastic bits by projecting the driven two-mass, conical-spring system’s velocity
field onto the orthonormal pair of linear eigenmodes, |E;) and |Es), at selected characteristic frequencies and
then forming tensor-product states across those Fourier components [77]. This procedure generates a four-
level, quantum-like state whose complex amplitudes evolve in time under steady excitation. Although nonlinear
normal modes lack strict orthogonality, the in-phase and out-of-phase linear eigenmodes supply a complete
orthonormal basis at each frequency, ensuring that the measured or simulated multi-harmonic response can
be decomposed unambiguously. The resulting coefficients, denoted 1/300, 1;01, 15107 and 15117 inherit explicit
temporal factors such as e™*, which encode deterministic evolution without auxiliary control. In this way, the

coupled oscillator defines a mechanical analogue of a two-bit Hilbert space, where the instantaneous state vector

[o0(t), o1 (t), 1o(t), 111 (t)]T represents the spectral content of the response.

_|C11 |ei¢i eiwlt—
|021 |ei¢>§ eiwit

(2| giont = Joo(t) (1E}) ® |EF) ) + Yor (t) (|1E]) ® |E3) )
2 ei#1 piw2

|022 |ei¢>§ giwzt

+?L10(t)(‘E11>®|E%>)+1/~)11(t)(|E11>®|E22>) (75)

Equation (75) shows explicitly how the Fourier amplitudes map onto the tensor-product basis, with each
term corresponding to a distinct combination of eigenstates. The first pair of eigenvectors, |E]) and |E}), span
a two-dimensional Hilbert space Hj, while the second pair, |E1) and |E}), span another, Hy. Taken together,

these define the four-dimensional composite space H. = H1; ® Hs. Here, the symbol ® denotes the tensor
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product, which combines basis states of the two subsystems into joint states of the composite system. For
example, |E1) ® |E3) represents the state in which subsystem S is in eigenstate |E{) while subsystem S is
simultaneously in eigenstate |EZ). In this way, the tensor-product basis spans all possible joint configurations of
the two e-bits, allowing the dynamics of the coupled system to be described as a superposition of these product
states. Within this framework, the displacement field at each characteristic frequency can be represented as a
normalized state vector in Dirac notation, with time-dependent coefficients z/?ij (t) encoding both amplitude and
phase. This formulation highlights that the nonlinear oscillator admits a structured composite state space, in
which the system’s response can be expressed as time-dependent superpositions of tensor-product basis states.
An e-bit is a two-level subsystem defined by the orthonormal eigenmode pair of a selected spectral segment
(e.g., |[EL),|EY) for Sy and |E?),|E3) for S3). At a chosen characteristic frequency, projecting the measured
response onto this basis yields two complex Fourier coefficients: their magnitudes are the measured harmonic
amplitudes (|CY|) and their arguments are the corresponding phases (¢7) referenced to the drive. After nor-
malization, these amplitudes and phases directly specify the state. For two e-bits, the experimentally extracted
coefficients populate the tensor-product basis H, = H1 ® Ha, so Iﬁoo(t), 1/301(75), 1[)10(t), 1/;11(t) are the measurable
complex weights of |E}) ® \Ef) This tensor-product description does not assume two physically isolated oscil-
lators: all components originate from the same nonlinear device, and nonlinear coupling appears as generally
non-separable coefficient patterns, while distinct segments remain separable in the frequency-domain represen-
tation under the chosen resolution. Practical readout therefore consists of extracting @ij(t) at the selected
harmonics, normalizing, and assigning the logical state from the weights |z/~Jij|2 and relative phases arg(z/;ij).
In practice, the validity of treating segments as separate readout channels is supported by the experimentally
observed spectral isolation and repeatability of the extracted complex coefficients, i.e., negligible cross-band

leakage within the chosen bandwidth and stable phase references across repeated acquisitions.

6.12. Multi-Segment Spectral Embedding and Intrinsic Gate-Like Evolution

To capture the temporal richness of the nonlinear response, the construction can be extended beyond a single
spectral segmentation. Instead of restricting to one pair of Fourier components, we combine multiple spectral
segments, each associated with a distinct harmonic order. This approach preserves the time dependence of the
amplitudes while embedding the response into the same tensor-product basis, thereby allowing the elastic state

to be expressed as a superposition across several frequency channels. The formal structure of this multi-segment
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decomposition is summarized in Eq. (75).
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Equation (76) generalizes the two-bit elastic state by incorporating multiple Fourier components from dis-
tinct spectral segments. Each summand corresponds to a particular harmonic order n, with coefficients zﬁun(t)
that evolve in time according to the nonlinear dynamics. By summing up these contributions, we obtain effec-
tive amplitudes 1/;”- (t) that retain explicit time dependence and encode modal mixing across harmonics. This
construction emphasizes that the logical e-bit framework is not limited to a single pair of frequencies but can
naturally integrate higher-order content while remaining embedded in the tensor-product basis. The resulting
state vector, expressed as a linear combination of ‘EZS 1> ® )Ejs2>7 thus provides a compact description of the
nonlinear oscillator’s spectral response, suitable for interpreting its dynamics as gate-like operations within a
four-dimensional Hilbert space.

The segmentation into S; and S5 is introduced to ensure that each e-bit is constructed from Fourier com-
ponents that are both physically distinct and experimentally robust. In practice, each segment is anchored
around a resolved harmonic order (or a small cluster of closely spaced harmonics) selected from the measured
spectrum, and the segment boundaries are chosen so that: (i) the dominant peak(s) defining that harmonic
order remain fully contained within the segment, (ii) the selected peaks do not overlap with neighboring peaks
within the frequency resolution of the FFT (minimizing leakage and cross-talk between segments), and (iii)
the retained harmonic content has sufficient signal-to-noise ratio for reliable phase extraction relative to the
excitation reference. Under these criteria, S; and Ss provide a consistent partition of the spectrum so that
the same modal basis and tensor-product structure can be applied across multiple harmonic orders in Eq. (76).
Sensitivity to segmentation is mainly determined by the harmonic peaks that define each segment. Small shifts
in the boundaries are usually benign as long as they still contain the same dominant peaks, leading only to

minor quantitative changes through leakage and weighting. By contrast, switching harmonic order or replacing
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a peak with a neighbor changes @Zijyn(t), since the nonlinear oscillator couples different harmonics with different
strength and phase. Consequently, the qualitative multi-bit structure and the gate-like interpretation remain
stable for any segmentation that preserves the peak-anchored, non-overlapping, high-SNR selection, while the
detailed coefficient trajectories reflect the specific harmonic content chosen for the state embedding.

Collecting these contributions into a single object clarifies both the basis and the time dependence of the

amplitudes; we therefore define the composite two-bit state as,

i i) i)
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Here, the indices i, j,p,q label the harmonic components of the nonlinear mass responses, as identified
in Fig. 20, and can be selected from either fundamental or higher-order Fourier content depending on the
spectral resolution of interest. The subscripts m and n denote the two physical masses of the oscillator. Dif-
ferent indices choices correspond to different embeddings/bases and can lead to different effective operators,
but once the indices are fixed the resulting state and the associated gate-like mapping are uniquely deter-
mined by the measured evolution. This flexibility therefore does not imply universality by relabeling; the
achievable operation set is still constrained by the intrinsic dynamics and available control parameters. This
formulation emphasizes that the choice of harmonic indices is flexible, enabling different frequency components
to be combined within a single basis representation. Consequently, the total displacement field is expressed
as an expansion in the product Hilbert space H., with time-dependent complex coefficients 1[)1-3- (t) that en-
code both the modal structure and the nonlinear mixing across harmonics. After normalization of Eq. (77),
the state is a unit vector in a complex, four-dimensional Hilbert space spanned by the orthonormal product
[z2) o). |m) o |E52).

neous modal content—both amplitude and phase—and their joint structure determines separability: a necessary

E§1> ® ‘Ef2> , ’E§1> ® ‘Efzﬂ The coefficients 9);;(t) encode the instanta-

condition for a non-separable (classically entangled) state is Doot1 #+ Do1110 [78]. Importantly, Eq. (77) dis-
tinguishes linear from nonlinear operation: in a linear elastic system, where no modal mixing occurs, a single
harmonic suffices and ’l;ij are time-independent [32]; in the nonlinear regime studied here, higher-order content
drives explicit time dependence in 1/;1-]-, enabling controlled evolution of the superposed product states within the

same fixed basis.
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Figure 20: Temporal evolution of the joint two e-bits state coefficients for two Fourier-segment selections. The
upper panels show the real parts and the lower panels the imaginary parts of oo (¢), o1 (¢) , ¥10(t), and 11 (t).
Vertical dashed lines indicate time instants ¢; (red) and t5 (blue). (a) Segment choice [C%; C3; C1; C3] leads to
time-dependent variation in the relative amplitudes and phases of the four joint state coefficients. (b) Segment
choice [C}; C%; CF; C3] produces a distinct temporal pattern of relative amplitudes and phase evolution.

Figure 20 illustrates the temporal evolution of the two-bit state coefficients under two representative driving
conditions. In both cases, the upper panels show the real parts of 1;00(75), 1/;01(1&), z/?lo(t), and 1;11(75), while the
lower panels display their imaginary parts. Each coefficient follows an oscillatory trajectory, with relative phase
shifts and amplitude modulations that reflect the nonlinear mixing of Fourier components. Panel (a) corresponds
to the segment combination [C{;C3;C?;C3], while panel (b) corresponds to [C};C%;C?;C3], showing how
different selections of harmonic pairs alter the relative evolution of the coefficients. These results confirm that
the distribution of weight among the tensor-product states is not fixed but depends directly on how the Fourier
spectrum is partitioned into segments. In this way, the figure highlights both the persistence of the superposition
in time and its tunability, demonstrating that the logical elastic states can be shaped by the specific choice of

spectral components extracted from the nonlinear response.

As seen in Fig. 20, the passage of time effectively tunes the superposition generated by the Fourier-mode



81

eigenstates of the logical elastic bit. Thus, the temporal dynamics act as an intrinsic unitary transformation,
mapping one state to another without the need for external modulation. For instance, the system state at ¢
can be written as [¢(¢1)), which evolves naturally into |¢)(t2)) at a later time. This process is mathematically

equivalent to applying a gate operation, as illustrated below:

1 0 0 0] |—-0.25-0.3% 0.25+0.3¢
101 0 O 0.67 —0.6¢
e = . (78)
0 010 —0.2-0.3¢ 0.2+0.3¢
0 0 01 0.67 —0.6¢

The transformation above corresponds to a m-phase gate, applied uniformly to the four-dimensional state
vector. Importantly, the mapping is reversible: the same operation can carry 1/;(t1) forward to 1/;(t2) or backward
from i(tg) to z/;(tl). By adjusting the substitution procedure used to calculate the transformation matrix, one
can obtain diagonal or off-diagonal forms, each corresponding to different gate actions at distinct times. This
flexibility confirms that different effective transformations are accessible depending on the choice of time instants.

The dynamic behavior of |1ng (t)) therefore demonstrates the system’s intrinsic capability to realize quantum-
analogous gates without external feedback or active control. Gate functionality emerges directly from the
nonlinear spectral structure and natural time evolution of the mechanical system. These results establish that
the two-bit logical elastic system behaves analogously to quantum gates operating in a four-level Hilbert space,
providing a platform for exploring classical counterparts of entanglement, gate-based operations, and even multi-

bit circuit analogues using purely mechanical degrees of freedom.

6.13. Modal-State Transformation via Householder Reflection

The experimentally measured modal responses at selected time instants correspond to distinct points along a
repeatable dynamical orbit of the coupled nonlinear oscillator. Because the system operates in a steady nonlinear
regime, these points represent stable configurations of the whole elastic state rather than transient responses.
As time evolves, the complex modal coefficients change in a correlated manner within a low-dimensional space
defined by the measured amplitudes and phases. Upon selecting two distinct time instants ¢; and to, the joint
e-bit state evolves from [1)(¢1)) to |1(t2)). This temporal evolution constitutes a physical operation that results
in a change of the corresponding four-dimensional state vector in the two-bit elastic Hilbert space.

Describing this evolution in a physically meaningful way requires identifying a single linear operator that maps
the complete state vector at time ¢1 to that at time ¢5. In a state-based description of information processing, such

state-to-state mapping defines an operation: a gate or algorithm is specified by the transformation that converts

one input state into an output state. Since the observed evolution preserves normalization and relative phase
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relationships, the corresponding transformation must be unitary, ensuring reversibility of the mapping. The
unitary-like characterization can be verified directly from the reconstructed coefficients by tracking the norm of
the instantaneous two-bit state vector [0 (£), to1 (), 110(t), ¥11(t)]T over the same steady-state window used for
the state-to-state mapping. Specifically, at each time instant the quantity [¢oo ()2 +|tbo1 (£)| 2|11 (8) |2+ 211 (£) 2
is evaluated after applying the same normalization procedure used to form the state representation. In an ideal
lossless and perfectly phase-resolved case this value remains unity; experimentally, small departures from unity
quantify the combined effect of damping-driven amplitude modulation and measurement limitations such as
finite FFT resolution/leakage and phase jitter in low-SNR, harmonic components. Reporting the time variation
of this norm (and its deviation from unity) therefore provides a quantitative basis for describing the evolution as
unitary-like in the normalized coefficient space, while clearly identifying non-idealities attributable to dissipation
and noise.

The Householder reflection provides an exact and minimal construction of this unitary transformation. Here,
the operator is not introduced as an additional physical element acting on the oscillator, but as a compact
representation of the experimentally observed state-to-state evolution in the normalized coefficient space. The
nonlinear system evolves autonomously under steady excitation, and the measured multi-bit state vectors at two
instants ¢; and t5 provide the input—output pair for identifying an effective mapping U (¢2,¢1). The Householder
construction is employed because it yields an exact unitary map that takes one normalized measured state to
the other while preserving relative phase structure; it should therefore be interpreted as an effective propagator
extracted from data rather than an externally imposed control gate. Different choices of (¢1,t2) can yield
different effective mappings because they summarize different portions of the same intrinsic dynamical orbit,
but in each case the operator is determined uniquely by the measured states within the selected Hilbert-space
representation. Given two normalized experimental state vectors [¢)(¢1)) and [¢)(t2)), it yields a Hermitian and
unitary operator that maps one state onto the other while preserving their collective amplitude-phase structure
[79]. In this sense, the Householder operator represents the effective gate enacted by the intrinsic nonlinear
time evolution, directly linking the experimentally observed modal transitions to gate-like operations within
the logical e-bit framework [80]. An analogous state-to-state mapping approach was previously used to identify
nontrivial multi-bit unitary operations in nonlinear acoustic phi-bit systems, where tuning a physical control
parameter resulted in a deterministic unitary transformation acting on an exponentially scaling Hilbert space
[73]. Here, time evolution plays the role of the control parameter, and the resulting 4 x 4 unitary matrix captures
how nonlinear elastic dynamics implement a structured operation on the joint two-bit state.

Within the tensor-product representation, the instantaneous two-bit elastic state of the coupled system
resides in the composite Hilbert space H. = H; ® Ha, where each subspace H,, (n = 1,2) corresponds to a

distinct modal channel of the nonlinear medium, typically associated with characteristic drive frequencies. The
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orthonormal eigenmodes [|E]),|FE3)] and [|E?),|E2)] span the local Hilbert spaces, and their tensor products
form the complete modal basis

|ELER), |ELES) | B3 EY) | B3 B3))

The experimentally obtained modal state vectors at different two-time instants are

0.4546 + 0.4761% —0.5233 — 0.39832
. —0.2405 — 0.08517 - 0.1819 + 0.1929:
P(ty) = , P(t2) = ;
0.4812 4+ 0.45107 —0.5024 — 0.42832
—0.1548 — 0.20647 0.2412 4+ 0.05677

where each component represents the complex amplitude of a particular modal combination.
To determine the single-step transformation that converts 1/3(151) into 12)(152), the Householder reflection is

constructed as

t 5 o 5 N
U=1- 2%, v=1(t) — e9P(ty), ¢ =arg (1/1(152)“/1@1))

which satisfies both Ut = U and U? = I, confirming that it is Hermitian and unitary. These properties

ensure that U performs a reversible mapping between the two measured modal states, such that

Uip(t1) = "(t)

Numerically,
[ 0.127 0.333 + 0.049: —0.878 0.313 + 0.045¢ ]
U 0.333 — 0.049¢ 0.870 0.335 — 0.050¢ —0.122 4 0.001¢
- —0.878 0.335 + 0.050: 0.117 0.315 + 0.045:
0.313 - 0.045¢  —0.122 - 0.001¢  0.315 — 0.045: 0.885 |

and applying U to z/NJ(tl) reproduces 1/3(152) up to a global phase factor, confirming the validity of the reflec-
tion. A global phase factor here means that all components of the reconstructed state acquire the same phase
offset. Because the coefficients are extracted with the excitation as the phase reference, such a common offset
corresponds to a uniform shift of the timing reference and leaves all relative phase relationships, and therefore
the basis weights and gate identification unchanged. In the special case of a 7 shift, this appears as a sign
inversion of the measured harmonic response relative to the reference, without changing any relative phases
among the coefficients. The eigenvalues of U are [—1,+1,+1,+1], indicating a single inverted direction and

a three-dimensional invariant subspace orthogonal to it. These eigenvalues follow because U is a Householder
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reflection, which is unitary by construction. This unitarity applies to the normalized state-space mapping, while
damping appears as imperfect normalization/state-mapping error in the measured coefficients, not as a change in
the eigenvalue magnitudes of the constructed U. The normalized vector © = v/|v| defines the reflection direction

in the Hilbert space, and the corresponding operator

R=1—2|5) (g

introduces a phase inversion along v while preserving all orthogonal components. To interpret the transformation
geometrically, U can be factorized as

U=WRWT

where W is a preparatory rotation that aligns the modal coordinate frame with the reflection hyperplane, R
is the canonical reflection kernel, and W restores the system to its original coordinates. This decomposition
reveals that W reorients the basis according to the experimental states, R introduces the w-phase inversion
in that aligned frame, and W7 reverses the alignment, yielding a lossless, deterministic transformation that
preserves both energy and phase coherence. The rotation operator W is obtained from the two measured states

as

(P(t1) — 0)(¥(t1) — 9)7

W=I-2 =
[¥(t) — of

. Wt =0, Wiw=1I

This ensures that 7,Z~J(t1) is mapped onto the reflection axis in the rotated frame, where the reflection and
restoration complete the overall transformation.

The canonical reflection kernel R can be expressed using minimal two-qubit gate analogues as

R=(X®X)CZ(X ®X)

With ) )
10 0 O
0 1 01 0 O
X = . CZ=
1 0 0 01 O
0 0 0 -1
And _ -
-1 0 0 O
0 1 0 0
(XeX)CZ(X®X)=
0 0 1 0
0 0 0 1
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This form represents a reflection about the first computational basis vector and demonstrates the equivalence
between modal reflections and canonical quantum operations. The complete transformation between zZ(tl) and

1(ty) can therefore be written as

U=W(Xo®X)CZ(X o X)W

In this framework, H; and Hs correspond to distinguish the Hilbert space of the nonlinear system, and the
operator U acts as a geometric mirror in the four-dimensional modal Hilbert space, rotating the complete spec-
tral configuration from one measured state to another through a single deterministic operation. Expressed in
gate form, the same transformation decomposes into a concise sequence of modal rotations and controlled phase
inversions, the mechanical counterparts of Pauli-X and controlled-Z gates. For a given measured initial and
final normalized state, the Householder construction yields a unique U because it is defined by a fixed mapping
rule. More generally, many unitary operators can map the same initial state to the same final state by differ-
ing only in their action on the orthogonal subspace, so a single state-to-state transition does not determine a
unique space-wide operator. This ambiguity implies that the reported U should be interpreted as an effective
representation of the observed evolution along the measured trajectory unless additional state transitions are
used to further constrain the operator. This establishes that the nonlinear elastic network supports a fully clas-
sical analogue of two-bit logical transformations governed by deterministic, decoherence-free dynamics, thereby

unifying experimentally observed modal transitions with canonical operations of quantum logic.

6.13.1 Separability and Non-Separability of Two Logical Elastic Bit States

A central feature of the two-bit logical elastic system is the distinction between separable and non-separable
states, which can be directly visualized in the time traces of Fig. 20. Each curve in the figure corresponds to one
of the coefficients LZNJOO(t), 1/301(t), 12)10(15), or 1[)11(75), whose real and imaginary parts are plotted separately. In a
separable configuration, these coefficients are not independent but instead satisfy 1/;00(15) 1/311(75) = 77/;01(15) 1o (1),
which enforces a rank-one structure of the coefficient matrix. Graphically, this would appear as highly correlated
oscillations among the four traces, where amplitudes and phases combine in a way consistent with factoriza-
tion into two single-bit states [¢%1(¢)) ® [¢%2(¢)). In that regime, the time evolution amounts to amplitude
redistribution within each bit, and the traces maintain a fixed relational pattern over time.

The two cases shown in panels (a) and (b) demonstrate how departures from this condition arise once different
Fourier segments are used to construct the states. In both cases, the coefficients exhibit oscillations with distinct
relative phases and amplitudes, and their crossings and phase shifts clearly indicate violations of the separability
relation. When this occurs, the system cannot be described as a product of two independent subsystems, and
instead occupies a non-separable state. This non-separability is the classical analogue of entanglement: the

superposition structure is enriched by nonlinear mixing of Fourier components across subsystems, leading to
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time-varying correlations encoded in the joint evolution of all four coefficients.

Thus, the figure provides a direct diagnostic: in panel (a), the choice of [C}; Cd; C?; O3] produces one pattern
of correlations, while in panel (b), the alternative selection [C};C3; C?; C3] generates a qualitatively different
evolution. In both cases, the divergence of trajectories from proportional evolution signals non-separability.
This correspondence between the analytic separability condition [Egs. (75)—(76)] and the observable dynamics
underscores the role of Fourier-segment decomposition as a practical tool for classifying classical entanglement

in elastic bit systems.

6.13.2 Time Variant Entropy of Entanglement of Logical Elastic Bit

To quantify the degree of non-separability between the two elastic bits, we calculate the entropy of entangle-
ment, which serves as a rigorous measure of correlations embedded in the time-dependent coefficients. Starting
from the composite state [W(t)) = 3=, icio1) i (t) B @ |E]Sz>7 we first construct the density matrix of the
full system,

p(t) = [ () (L (). (79)

Since we are interested in the correlations between the two subsystems, we compute the reduced density matrix

by tracing over one elastic bit, for example

ps,(t) = Trs, p(t),  ps,(t) = Trg, p(2). (80)

The entropy of entanglement is then obtained from the von Neumann entropy of the reduced state,

Sp(t) = = Tr[ ps, (t) log ps, (1) ] = —Tr[ ps, (t) log ps, (1) ] (81)

For a pure bipartite state this entropy is uniquely defined and quantifies the extent to which the system cannot be
factorized into independent single-bit contributions. Explicitly, if A\ (¢) and A2(t) denote the nonzero eigenvalues

of the reduced density matrix, then the entropy of entanglement becomes
2
Sp(t) = — Z Ak (t) log Ak (t). (82)
k=1

In the separable limit, one eigenvalue equals unity and the other vanishes, leading to S,(¢) = 0. In the
maximally non-separable limit, both eigenvalues converge to 1/2, and the entropy reaches S,(t) = log 2. Thus,
the temporal profile S,(t) reveals how nonlinear mode mixing and Fourier-segment contributions dynamically
generate and suppress correlations between the elastic bits. In this framework, separability corresponds to

vanishing entropy, while non-separability is signaled by finite entropy, with the magnitude encoding the strength
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of the effective entanglement.
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Figure 21: Time-dependent entropy of entanglement for two Fourier-segment selections. (a) For [C]; Ca; C%; C3],
the entropy remains at S,(¢) ~ 0, consistent with a separable state where the two subsystems evolve indepen-
dently. (b) For [C];C3%;C%;C3], the entropy stays finite at S,(t) ~ 0.6 with small oscillations, indicating
persistent non-separability and sustained correlations between the elastic bits. The contrast between (a) and (b)
highlights how the choice of Fourier-segment partitioning directly controls whether the system exhibits separable
or classically entangled behavior.

The entropy results in Fig. 21 can be directly correlated with the coefficient trajectories shown previously
in Fig. 20. In panel (a), the real and imaginary parts of 1o (t), 1o1(t), 110(t), and 1 (t) evolved in a manner
that preserved strong proportionality between products of coefficients, consistent with the separability condition
1[1001/;1 1= 1/;011/;10. This fixed relational pattern between the traces explains why the entropy remains pinned at
zero: the dynamics involve only redistribution within each bit, and no correlations arise between subsystems. By
contrast, in panel (b) of Fig. 20, the four coefficients displayed distinct amplitudes, phase shifts, and repeated
crossings, clear signatures of non-separability. These departures from proportional evolution feed directly into
the reduced density matrix, producing two nontrivial eigenvalues and hence a finite entropy in Fig. 21b. The
nearly constant value of S, (t)/log(2) close to 0.6 indicates that the system sustains correlations across time, with
only small oscillations reflecting the periodic modulation of the underlying Fourier components. Taken together,
the coefficient plots and entropy curves show a consistent picture: when the trajectories evolve in lockstep the
entropy vanishes, but when they drift apart and mix, the entropy rises, quantifying the strength of the classical

entanglement generated by nonlinear mode interactions.

6.14. Three Logical Elastic Bit

Extending from two to three logical elastic bits, the three-qubit analogue is formed by taking the tensor
(Kronecker) product of the three single-bit states. This operation naturally enlarges the state space from four

to eight dimensions, since each elastic bit can occupy one of two basis states, |E;) or |E3), and the joint system
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must account for all 22 = 8 possible combinations. Denoting the states of the individual elastic bits as |t1),

|12), and |¢3), the composite state is written as

[V) = [¥1) ® [th2) @ [1h3).

For a chosen characteristic frequency, this three-bit state expands into a superposition of all possible product

states of the eigenmodes. Explicitly, we can write

1) = ooo |ErE1EL) + Yoo1 | ELELE) + to10 |E1E2Er) + o11 |E1 B2 Es)
+ 100 | E2E1 Er) + 9101 | BaE1Bs) + ¥110 |E2 E2Er) + 9111 | BaBa Es) (83)

= Z biji (|E:) ® |Ej) ® |Ey)),
i,5,k€{1,2}
where the coefficients @Z;ijk(t) are complex and time-dependent, carrying both the amplitude and phase informa-
tion inherited from the nonlinear frequency response of the masses.

The tensor product construction clarifies the meaning of each joint basis state. For example, |E;E;E>)
indicates that the first two elastic bits occupy the in-phase eigenstate |E;), while the third is in the out-of-phase
eigenstate |Es). In practice, the coefficients z/;ijk(t) are determined from Fourier projections of the experimental
data, and their relative magnitudes set the weights of the different configurations. Forming three logical elastic
bits requires four spectral segments from Fig. 19, with each segment hosting one or more Fourier components.
As in the two-bit case, these spectral segments define the degrees of freedom that govern how the coefficients
evolve in time, enabling continuous reshaping of the superposition.

The mapping between Fourier components and the three-bit coefficients is illustrated by

et ciwit |
|C21 \eid’% eiwit

|012‘ei¢>feiwft B . _
= Yooo(t) |[E1E1EL) + Y001 (t) |[E1E1E2) + vo10(t) |E1E2Er)
|Cz2‘ei¢>§eiwft } ) )
o +Yo11(t) [E1 B2 Ea) + t100(t) | B2 E1 Ev) + 101(1) | B2 By Ea) (84)
|Cf‘ez¢lezwlt
|C’§\ei¢gei‘*’?t +110(t) |E2 B2 B ) + 111(t) | B2 Ea Ea)

|Oi1 | ei%1 piwit

|O§ ‘eicﬁfz‘ elwit
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Figure 22: Temporal variations of the three-bit state coefficients. Vertical dashed lines mark two instants, t;
and t2 (t2 > 1), at which the composite states are denoted [¢(¢1)) and |¢(¢1)). The observed evolution enables
gate-like mappings between these states, analogous to operations in an eight-dimensional Hilbert space.

In Fig. 22, the temporal evolution of the full state vector

[U(t))sx1 = IZ’JJOOO(t)v Poo1(£), Yor0(t), Yo11(t), Pro0(t), Y101(t), Yr10(t), 7/;111@)]—'—

is shown, demonstrating how the drive produces oscillatory modulation of amplitudes and phases across all
eight basis states. Time thus serves as the intrinsic parameter for sweeping through different operating points,
allowing the system to explore a continuum of states within the eight-dimensional Hilbert space. Different
response behaviors are achieved by varying the number of Fourier components included for each elastic bit, and
by grouping components into larger spectral segments, one can directly control the superposition dynamics of

the three-bit state.
The two instants ¢; and ¢» highlight a phase-gate-like transformation, where |¢(¢1)) evolves into |¢(t2))
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under a global 7 phase shift:

—0.19 — 0.16¢ —0.19 + 0.161

10000000
0010000 0 0| 0.38+0.21 0.38 — 0.21i
0010000 Of[-019-016i [-0.19+0.16i
0000 100 0 0| 038+021 0.38 — 0.21i
“ oo o010 0 of|-0t9—01s| |-019+0.16i]
000000 1 0 0| 038+0.21 0.38 — 0.214
000000 1 0[|-019-016i |-0.19+0.16i
000000 0 1] 038+020i] | 0.38—021i

showing how the monitored coefficients at two distinct times are related by a unitary phase operation. More
generally, given an input—output pair |(¢1)) — |1(t2)), one can construct the corresponding 8 X 8 unitary

transformation.
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7. TOPOLOGICAL INTERPRETATION OF THE ELASTIC BIT THROUGH THE REALIZA-
TION OF BERRY PHASE:

Building on the foundations laid in previous sections, where we explored the representation of a two-level
elastic bit on a Bloch sphere and its practical application in quantum-analogue gates, in this section, we delve
into the intricate calculations of the Berry phase for the elastic bit. This exploration is crucial, as it characterizes
the vibrational behavior and the topological nature of the granular system.

The traditional conception of the Berry phase involves an eigenvector tracing a closed path within the
momentum space of periodic systems, such as 1D crystals. This geometric phase arises due to the adiabatic and
cyclic evolution of the system’s parameters, typically in the context of quantum mechanical systems where the
momentum plays a pivotal role in defining the manifold.

In our study, we extend the concept of the Berry phase to a classical mechanical system—the two-level elastic
bit—where the manifold is not inherently tied to periodic structures or momentum space. Instead, the manifold
is constructed from the external drivers’ parameters, specifically the amplitudes and phase differences of the
driving forces. This approach does not contradict the traditional understanding but rather generalizes the Berry

phase concept to broader contexts, including classical and non-periodic systems.

7.1. Time-Independent Formation of the Berry Phase

To elucidate, we define the Berry phase within our system as the geometric phase acquired by the elastic
bit’s state vector as it undergoes a closed loop in the parameter space formed by the external drivers. This
parameter space encompasses variables such as the ratio of excitation amplitudes (£) and the phase difference
(&) between the drivers. By varying these external parameters cyclically, the state vector traces a closed path
on the Bloch sphere, analogous to how eigenvectors trace paths in momentum space in quantum systems.

To formulate the mathematical expressions for the Berry connection and Berry phase, we employ a specific
ansatz discussed in the previous section. Previous studies indicate that different ansétze yield consistent results.
We will demonstrate that the trajectory of the elastic bit’s state vector in parameter space, when mapped onto
the Bloch sphere, can be precisely controlled using the external drivers’ amplitude, phase, and frequency. This
manipulation results in a specific Berry phase.

This approach differs from previous methods, where the Berry connection is defined by the variation of
complex amplitude unit vectors (A, As) in a space parameterized by wave number. In our study, we discretize

the polar and azimuthal angles (6, ¢) and base the Berry connection on these values:

BC(Ay, Ag) = Al - (Ay + AAy) + A5 - (Ay + AAy). (85)
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Equation (85) describes the Berry connection for a two-mass system, extendable to systems with more masses.
For example, using three coupled granules creates an elastic trit, an elastic analogue of a qutrit. Our focus is on
representing the states of the elastic bit on a Bloch sphere, defining the Berry connection in relation to 6 and ¢

as follows:
BC(0,¢) =1 {( cos & + e sin §)" (cos IEAL 4 i 0+ A0 giy 0440

86
+ (cos g — €% sin g) (Cos 0480 pi(otAe) gipy w)} . 0
We use Eq. (86) to calculate the Berry connection, followed by the Berry phase associated with the polar and
azimuthal angles. The Berry phase signifies the total phase acquired by the unit vector tracing a closed path
in the manifold (see Fig. 6). This manifold—formed by the evolution of the elastic-bit states influenced by the
external parameters £ and {—reflects the topological characteristics of the system. In cyclic adiabatic processes,
the Berry phase emerges as the phase difference accumulated over one complete cycle, determined solely by the
geometric properties of the parameter space in the Hamiltonian. For the elastic bit, this phase difference can be
evaluated either from the amplitudes of the granules [Eq. (85)] or from the Bloch-sphere angles [Eq. (86)].
Our analysis centers on the cyclic evolution of the Berry curvature with respect to variations in the polar
and azimuthal angles, defined as: iQMWQ,QD)W» For an adiabatic transformation of the system, we take the

derivative of the state with respect to 6 and ¢ and evaluate the expectation values as follows: <1/J|%W}> =

[IRS

. %Sin o L 0 20
5 |cos g e~ " sin g . , =0, (¥ a(¢) |¥) =5 |cos g e~ " sin g 4 , =8,
%ew oS 5 1e'¥ sin 5

Hence, the Berry phase accumulated over a closed path becomes
/9f /wf

:z/ <\( )|¢> /:fisiﬁgd@ (87)

i

= —1(p5 — ¢i)(1 — cosh).

The expression in Eq. (87) requires the polar angle 6 to remain constant while the azimuthal angle ¢ completes
a full 27 revolution to form a closed loop. As illustrated in Fig. 16(b), maintaining a constant 6 while allowing
o to advance through one complete cycle yields a closed path, whose enclosed solid angle determines the Berry

phase.
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Figure 23: A three-dimensional representation of the Berry phase variation in response to the external drivers
underscores the system’s ability to generate a continuous spectrum of Berry phase values between 0 (trivial
phase) and 7 (nontrivial phase). Here, wp; = 1 and wpe = v/3 denote the two eigenmode frequencies of the
linearized granular system.

Figure 23 demonstrates how the Berry phase values vary between 0 and 7 in response to changes in the
amplitudes and frequencies of the external drivers. A complete 27 revolution of the azimuthal angle ¢ is
necessary to determine a specific Berry phase. Since the Berry phase is defined only for a closed path in
the parameter space, such a 27-radian revolution of ¢ ensures that the elastic-bit unit vector traces a closed
trajectory on the manifold. This manifold is formed by the cyclic evolution of elastic-bit states, as illustrated
previously in Fig. 6.

As shown earlier, the elastic-bit states are governed by two control parameters: £, the amplitude ratio of
the two pure modes of the linearized granular system, and &, their phase difference. To realize the required
27 revolution, we vary and discretize £ from —n to +m while keeping £ constant. This process guarantees a
periodic evolution of the state, resulting in a full 27 sweep of ¢ at a constant polar angle 6, thereby enabling
the computation of the Berry phase. Importantly, this procedure preserves the topological essence of the Berry
phase, which depends solely on the geometric properties of the parameter space rather than on the specific
details of the physical system.

Focusing on the three-dimensional representation in Fig. 18, we begin with a driving frequency of wp = v/2,
consistent with the parameters used in Fig. 6. At this frequency, the Berry phase attains a trivial value (y = 0)

when the amplitude ratio £ is either 0 or 1. An amplitude ratio £ = 1 corresponds to the in-phase vibration
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mode, whereas £ = 0 corresponds to the out-of-phase mode of the linearized granular system. Conversely,
when the two modes are in equal superposition (£ = 0.5), the Berry phase reaches a nontrivial value of 7.
These results highlight the versatility of the elastic-bit platform in realizing both trivial and nontrivial geometric
phases—characteristic of quantized values in integral multiples of 7.

It is noteworthy that the emergence of a nontrivial Berry phase of m depends not only on £ but also on
the driving frequency wp, as depicted in Fig. 23. Varying wp away from /2 allows one to tune £ to achieve
the same nontrivial Berry phase. Thus, Fig. 23 captures the interplay between amplitude ratio and driving
frequency in realizing quantized Berry phases. In this figure, wp spans the range 1 < wp < v/3, corresponding
to the eigenfrequencies of the linearized granular system. Within this range, the system transitions between
pure in-phase, pure out-of-phase, and hybrid superposition states.

A more detailed examination of Fig. 23 reveals that when the driving frequency matches the in-phase eigenfre-
quency (wp = 1), a nontrivial Berry phase of  occurs for £ = 0. Conversely, when wp = v/3—the out-of-phase
eigenfrequency—the same nontrivial phase is achieved at £ = 1. These observations can be summarized by the
following relationship:

_ 2wh +wiy — wiy

£ = 1 s wo1 < wp < wWo2, (88)

where wo; = 1 and wgy = V/3 are the two eigenmode frequencies of the coupled granular system. Superpositions
other than this specific £ value yield Berry phase values that are not quantized (i.e., neither 0 nor 7). This
demonstrates the system’s capability to generate a continuous spectrum of Berry phase values across the entire

range from trivial to nontrivial topological states.

7.2. System Dynamics and Topological Characteristics via Berry Phase

Through the deliberate manipulation of external drivers, the preceding sections have shown that distinct
Berry phase values can emerge, demonstrating the system’s ability to generate a continuum of states ranging
from trivial to nontrivial topologies. Building upon this foundation, we now focus on elucidating the topological
characteristics of the linearized granular system through its Berry phase response. Prior studies have associated
trivial and nontrivial topologies with integral multiples of 7, including 0. Interestingly, although the present
two-mass system [Eq. (17)] is homogeneous, its Berry phase is not quantized—i.e., it is not restricted to 0 or
7—in contrast with the findings reported in Ref. [81].

As demonstrated earlier, Fig. 6 illustrates the evolution of the elastic-bit states parameterized by the external
controls £ and &, forming a closed manifold in parameter space. The Berry phase represents the total phase
accumulated by the state vector along this closed path. As shown in Fig. 23, selecting (wp, &) = (\/5, 0.5) yields
a nontrivial Berry phase of w. Achieving this value involves cycling £ continuously from —7 to +.

Examining the system dynamics for (wp,&,¢) = (v/2, 0.5, 7) or (v/2, 0.5, —7) reveals that the vibration
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localizes entirely within the first mass, leaving the second mass effectively motionless, as shown in Fig. 24a. This
figure plots the amplitude response of each mass as ¢ is varied from —7 to +m, with wp = v/2 and £ = 0.5.
Conversely, when (wp, &,€) = (v/2, 0.5, 0), the energy localizes in the second mass, suppressing the first. The
resulting alternation of energy between the two granules—oscillation and rest—corresponds to the nontrivial
Berry phase 7, reflecting a topologically distinct vibration mode.

In contrast, setting (wp,&) to either (v/2, 0) or (v/2, 1) produces a trivial Berry phase of 0 (as shown in
Fig. 23), where both masses share equal amplitudes regardless of ¢, as illustrated in Fig. 24b. These results
demonstrate that the Berry phase effectively captures the transition between uniform and localized vibrational

states, revealing the topological structure of the elastic-bit system.
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Figure 24: Correlation between the dynamics of the lir(le)arized granular system and the C(Err)esponding Berry
phase values, elucidating the system’s topological nature. Vibration amplitude responses: Panel (a) depicts
the amplitude response of each mass as £ varies from —7n to 7, showing how energy localization within the
granules corresponds to nontrivial Berry phase values. Panel (b) contrasts this with a trivial Berry phase
regime, where both masses exhibit identical amplitude responses. Phase difference analysis: Panels (¢) and
(d) illustrate the phase differences between the granules (¢, —m,) and between a granule and its driver (¢, —d, ),
respectively. These plots show how phase differences evolve with £ for varying amplitude ratios &£, highlighting
distinct behaviors below and above the critical value £ = 0.5, which marks a topological transition point.

The dynamics of the system and their correlation with the Berry phase can be further understood by exam-
ining the phase differences between the masses (¢, —m,) and between the masses and the external drivers. For

clarity, we focus on the phase difference between the first mass and the first driver, denoted ¢,,, —4,.- When € =0

or £ = 1, corresponding to a Berry phase of 0, ¢y, ., takes values of either 0 (in-phase) or 7 (out-of-phase),
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as shown in Fig. 24c. For intermediate £ values, however, ¢, —m, varies continuously with &, even when £ is
held constant.

For £ > 0.5, ¢m,—m, begins at 0 (in-phase) when £ = —m, returns to 0 at £ = 0, and repeats a similar
pattern for £ between 0 and 7. Conversely, for £ < 0.5, ¢y, —m, starts at 7 (out-of-phase), returns to 7 at
¢ =0, and follows the same pattern for the remaining ¢ interval from 0 to w. Remarkably, at the critical value
E = 0.5, Ym,—m, remains constant at 7/2 for all £, indicating the absence of a phase transition. This special
case corresponds precisely to the nontrivial Berry phase of 7.

Focusing now on ¢, 4, , shown in Fig. 24d, we observe similar behavior. For £ =0 or £ = 1, ¢, _q, remains
constant regardless of €. For fixed intermediate £ values, ¢,,, —q, varies with £&: when £ < 0.5, it starts at 0
and returns to 0 over the range £ € [—m, 7]; when £ > 0.5, it starts at 7 and returns to 7. At € = 0.5, ¢, —d,
remains fixed at /2, mirroring the behavior of ¢, —m,. This again reflects the absence of a phase transition,
contrasting with the dual transitions occurring for £ < 0.5 and £ > 0.5. The value £ = 0.5 thus represents
a topological transition point. On either side of this threshold, ¢, —m, and ¢, —q4, exhibit distinct behaviors,
signifying a change in the system’s topological character as the external control parameters are varied.

To visualize this transition, two zones are defined: the first for £ < 0.5 and the second for £ > 0.5. In Fig. 24c,
the first zone appears in the upper portion of the plot, while in Fig. 24d it appears lower. Upon reaching the
topological transition point £ = 0.5, associated with the nontrivial Berry phase of m, the two zones invert their
positions in both figures. This inversion arises directly from changes in the external driver parameters. Unlike
previous studies, where topological transitions were induced by modifying internal system properties, the present
work demonstrates such transitions purely through external control. For example, Deymier et al. reported band
inversion and topological transitions based on the coupling strength of elastic rotators, whereas here the same
effect is achieved by tuning the drive amplitude ratio and phase offset.

Although this section has focused on characterizing the system’s dynamics through Berry phase values at the
driving frequency wp = v/2, similar phenomena occur at other driving frequencies as well. Changing wp merely

shifts the topological transition point to a different £ value, which can be precisely identified from Fig. 6.

7.3. Time-Dependent Formation of the Berry Phase

We proceed to establish a framework for which the Berry connection is explicitly defined concerning the

time-dependent parameters 6(t) and @(t). The modal contribution is,

(89)

In Eq. (89), we have shown that the elastic bit’s state vector |1)) is expressed in terms of Bloch states 6(t)
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and @(t). Based on this, the time-dependent Berry connection can be defined as. BC(t) = i(¢(¢)|0:(t)), where
[4(8)) = [ (0(1), §(1)))-

To calculate the Berry connection in a time-discretized manner, we divide the time interval into smaller
steps of duration At, where t,, = nAt for n = 1,2,3,..., and approximate the time evolution over these steps.
Applying we get the overlap along time, and the Berry connection regarding the time-dependent angles can be

written as

BC(t) = i((8(¢), (£) [ (O(t + At), §(t + At)))

4 oon( P con(HE5202) 1 o-501-500] g () i E520 ) o

According to the definition of the Berry phase, it describes the global phase evolution of a complex vector
as it is carried around a path in its vector space. Hence, for the complex state vector [¢(t)), the instantaneous
phase is Im[ In(|¢(¢)))], where Im denotes the imaginary part. The Berry phase is then obtained as the integral
of BC(t) over a closed path in the parameter space. We sum up the contributions from each time step around
the loop to find the total Berry phase. Since (¢ (¢,,)|%(¢,+1)) contains information about how the state changes
between consecutive time steps, the Berry phase v over one loop can be expressed as the argument (imaginary
part of the logarithm) of the product of these overlaps over N steps.

If the system undergoes Ty cycles, and a specific Berry phase is accumulated in each cycle as the states
follow a specific path, then the total Berry phase accumulated can be averaged over these T cycles. In this

case, the expression becomes

N-1

Im Z In[(Y(tn) | (tns1))] = —% Im Y~ In[BC(0(tn), 3(tn))]. (91)

As shown in Eq. (91), the Berry phase represents the net phase accumulated over one response period,
which is governed by the frequency of the external drivers. The Berry connection, in turn, spans the same
period, collectively encoding the geometric evolution of the elastic bit’s state. Hence, the Berry phase serves as
a topological descriptor of the elastic bit’s dynamics.

From Egs. (90) and (91), it is evident that both the Berry phase and the Berry connection are determined
by the angular coordinates 6 and ¢, which define the Bloch-sphere trajectory of the state vector. These angles
depend directly on the amplitudes, frequencies, and phases of the external drivers. Therefore, by carefully tuning
these experimentally accessible parameters, one can continuously manipulate the value of the Berry phase. This
tunability highlights the intimate coupling between the system’s driving conditions and its underlying geometric
properties. Figure 8 illustrates this relationship, showing how variations in the external drivers reshape the Berry
phase landscape—offering a clear route to experimentally controllable geometric phases in mechanical analogues

of quantum systems.



98

Berry Phase

Figure 25: Frequency and Precompression Dependence of Berry Phase. Variation of the Berry phase
with external driving frequency (wp) and static precompression (dg). At low precompression, the system exhibits
two distinct nontrivial Berry phases of m, separated by a trivial Berry phase of 0. As the static precompression
increases, the nontrivial Berry phases shift toward higher driving frequencies, marking the transition from highly
nonlinear to weakly nonlinear regimes. In the linearized limit, the two nontrivial phases merge into a single 7
phase. The plot highlights the sensitivity of the Berry phase to different experimental conditions under varying
precompression levels. System parameters: F; =1, F5 = 2.5, and np = 0.4.

Figure 25 demonstrates how the Berry phase values vary between 0 and 7 in response to changes in the
external drivers’ frequencies (wp) and the applied static precompression (dp). At lower precompression, where
the system exhibits strong nonlinearity, two instances appear in which the Berry phase attains a nontrivial value
of 7, even for a fixed §y. The presence of two identical nontrivial Berry phases indicates that the system may
sustain similar vibrational modes under distinct driving-frequency conditions in the nonlinear regime.

This observation contrasts with the findings of Jayaprakash et al., who reported multiple families of nonlinear
normal modes (NNMs) and subharmonic orbits for a two-granule system in the frequency—energy plane. In that
work, the authors showed that two NNM families and their subharmonic branches extend over the full energy
range. In comparison, our results in Fig. 8 reveal that, at low precompression, a trivial Berry phase of 0 occurs
between two nontrivial m phases.

As the static precompression Jp increases—corresponding to a transition toward the weakly nonlinear
regime—the intermediate trivial Berry phase disappears, and the frequencies responsible for generating the
nontrivial 7 phases shift toward higher values. Consequently, the two nontrivial Berry-phase regions approach
each other, and the gap between their corresponding driving frequencies narrows. At very high precompression,
when the system approaches the linear regime, these two nontrivial Berry phases merge into a single m phase
observed during the frequency sweep.

Therefore, Fig. 25 highlights the interplay between extrinsic driver parameters and intrinsic precompression
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in realizing nontrivial Berry phases of w. Adjusting the driving frequency enables tuning of the static precom-
pression to reproduce the same nontrivial Berry phase under different experimental conditions. Importantly, the
emergence of a m Berry phase depends not only on wp but also on the drivers’ amplitudes, owing to the system’s
nonlinear character. These findings underscore the elastic bit’s versatility in producing a continuous spectrum

of Berry phase values—from trivial to nontrivial—commonly associated with integer multiples of 7.

7.4. Experimental Demonstration of Berry Phase

To experimentally realize an elastic bit within a classical nonlinear granular system capable of generating
a time-dependent superposition of states, we employ an apparatus similar to that described in Ref [48]. The
nonlinearity of the granular system can be controlled by adjusting external driving parameters such as frequency,
amplitude, and static precompression.

In our theoretical formulation [see Eq. (91)], we showed that when two granules are subjected to static
precompression and driven at a specific frequency, their nonlinear vibrational response can be represented in the
orthonormal linear normal-mode basis (|E), |E»)) using time-dependent Bloch-state coordinates (6(t), @(t)).
These Bloch states form the components of a state vector in the two-dimensional Hilbert space of the elastic
bit, allowing the system to evolve parametrically along closed, periodic trajectories on the Bloch sphere.

Following this theoretical framework, we map the experimentally measured displacement fields of the two-
mass system onto the same orthonormal basis to extract the corresponding Bloch-state coordinates (é7 @). This
mapping enables us to track the temporal evolution of the system’s state in the Bloch representation and

subsequently compute the Berry connection and Berry phase directly from experimental data.
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Figure 26: Experimental Manifestation of Elastic Bit Evolution and Berry Phase Accumulation.(a)
Trajectories on the Bloch Sphere: Cyclic evolution of the elastic bit’s states on the Bloch sphere at various
driving frequencies, illustrating the rotational paths traced by the system’s state. The amplitude of the external
driver remains constant while the frequency variation alters the cyclic paths, revealing distinct trajectories
that highlight the path dependence of the evolution. (b) Frequency-dependent Berry phase: Variation of the
Berry phase with driving frequency under constant amplitude and static precompression. The ratio of driving
frequencies yielding trivial (0) and non-trivial () Berry phases is 1.09 (black line), consistent with the theoretical
prediction of 1.18 (gray line).

| T T
4200 4,400 4,600 4,800 6,000

Figure 26a illustrates the experimental cyclic evolution of the elastic bit’s states, represented as rotations on
the Bloch sphere at different driving frequencies while keeping the amplitudes of the drivers constant. Figure 26a
navigates a broader range of the Bloch sphere and creates twists within a single cyclic evolution. Additionally,
Figure 26a displays distinct trajectories, likely due to the inclusion of higher-order harmonics beyond the third
order in the theoretical calculations used for Figure 8. These higher harmonics introduce unique combinations
of amplitude and phases, resulting in these unique trajectories.

Similar to Figure 8, Figure 26a clearly shows that the state evolution of the elastic bit is path-dependent.
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This means that the evolution of the elastic bit is influenced by its final state and the specific path it takes
to reach that state. While this is a fundamental property of quantum systems, we demonstrate this behavior
in a classical elastic bit system, where the final outcome is determined by both the initial conditions and the
trajectory followed. In quantum mechanics, this path dependency leads to phenomena such as interference and
the Berry phase. We will show that each unique cyclic evolution of the elastic bit, as illustrated in Figure 26a,
results in a distinct Berry phase.

When an elastic bit undergoes a change in a parameter, such as frequency, its state evolves in a way that
returns to its original position on the Bloch sphere but gains an additional phase factor in the process. This phase,
known as the Berry phase, is determined solely by the elastic bit’s path. Figure 26a illustrates how Berry phase
values change in response to variations in the frequencies of external drivers while keeping static precompression
and driving amplitudes constant. To calculate the Berry connection and Berry phase, we used Eqs. (90) and (91).
When the system is driven at a frequency of wp = 4340 Hz, a trivial Berry phase of 0 is observed. In contrast,
at a frequency of wp = 4720 Hz, a non-trivial Berry phase of 7 is recorded. Additionally, intermediate Berry
phase values are identified at other frequencies, indicating that the system’s response encompasses trivial and
non-trivial Berry phase scenarios.

The driving frequency ratio that yields Berry phases of 0 and 7 is calculated to be 4720,/4340, which equals
1.09. Comparing this ratio with Fig. 26, we find that the experimental Berry phase results shown in Figure 26a
correlate well with the theoretical plot depicted by the black line in Figure 26, where §y is set to 0.71. In the
theoretical scenario, the ratio of the trivial Berry phase to the non-trivial Berry phase is approximately 1.09/0.92,
resulting in about 1.18. This relationship is also illustrated in Figure 26a for better comparison.

In all cases, the state of an elastic bit evolves along a path that returns to its initial state, although it may
accumulate either a zero or a non-zero Berry phase. When the Berry phase is zero, the state has not acquired any
additional phase during its evolution; it is effectively the same as the starting point. This scenario is common
in quantum mechanics, especially when the evolution is symmetric, or the system’s path does not encircle any
singularities or topological features in its parameter space.

Conversely, a non-zero Berry phase is more intriguing. It arises when the state’s evolution traces a path that
encircles a singularity or a topologically significant feature. In this case, while the system ends up in the same
physical state (maintaining the same direction on the Bloch sphere), the non-zero value shifts the overall phase
of the state. This indicates a phase flip, even though the state is effectively unchanged. This phenomenon is
essential for various quantum analogue effects, such as interference and entanglement.

Lastly, the frequency-dependent behavior illustrated in Figure 26a highlights the nonlinear interactions within
the granular system and how they influence Berry phase variations. The ability to experimentally manipulate

the Berry phase values demonstrates the potential for using granular systems in topological and non-holonomic
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analogue computation, where path dependency and external excitation parameters play crucial roles.

7.5. Topological Characterization of the Logical Elastic Bit (Berry Phase)

Having established the elastic bit’s representation on the Bloch sphere and its two operational regimes—time-
invariant (degenerate pair) and time-variant (detuned pair) (Sec. 4)—we now quantify its topological aspect via
the Berry phase. In our setting, the state is a two-component Bloch vector formed from the in-phase and out-of-
phase eigenvectors. Its path on the Bloch sphere is traced either by sweeping the drive frequency (time-invariant
case) or by the dynamics of two detuned harmonics (time-variant case). This construction is consistent with
the logical elastic-bit formalism introduced above, where spectral pairing maps directly to a Bloch vector with
polar and azimuthal angles (0, ¢).

In the logical elastic bit, the paired modal components define a state on the Bloch sphere whose evolution
under a frequency sweep or a beat cycle traces a closed path. The topological character of the logical bit is
encoded not in the instantaneous amplitudes but in how this path winds around the sphere. The Berry phase
provides the natural independent for quantifying this winding, since it measures the geometric angle associated
with the enclosed solid angle of the trajectory. This makes it a direct indicator of topological behavior: distinct
windings produce quantized or robust geometric phases even when the detailed dynamics vary. By evaluating
the Berry phase of the measured Bloch-state trajectories, we capture the global structure of the logical bit’s
evolution and identify its topological features in a way that amplitude and phase alone cannot reveal. Berry

connection and discrete accumulation.

7.5.1 Choice of Parameter Space and Cyclicity

e Time-invariant logical bits (frequency-parametrized loop). When the paired Fourier components
share a common frequency, the Bloch vector is stationary in time for each fixed driver. An adiabatic
frequency sweep then traces a closed path in parameter space that encloses the resonance-induced phase

flip on the Bloch states (Fig. 16).

e Time-variant logical bits (time-parametrized loop): Detuned harmonics generate a beat frequency
that automatically advances the Bloch angles (H(t), <p(t)) along a closed trajectory with period set by the

detuning (Fig. 18). The loop is completed after one beat period.

These two realizations are directly compatible with the logical elastic-bit construction and its Bloch-sphere

mapping developed previously.
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Time-Invariant Model: Frequency-Driven Berry Phase

In the time-invariant regime, the Bloch spinor is static for a fixed driver, and the parametric coordinate is
z = wg. As wq is swept slowly, the Bloch angles (6(wq), ¢(wq)) evolve as shown in Fig. 16, with ¢ exhibiting
a m jump across resonance—a hallmark of a topological winding on the Bloch sphere. The Berry phase can be

written as:

N-1
v=TIm Y In[BC(f(2), 5(2))]. (92)
n=1

Evaluating Eqs. (86)—(92) over the sweep yields the Berry phase values summarized below.

Table 4: Time-invariant Berry phase values obtained from frequency sweeps.

Elastic Bit Frequency Components Berry Phase (radian)

1 (Wi = Wy, = wWa) 2.778
2 (Wi = wpn, = 2wy) 0.721
3 (W = Wy, = 3wq) 1.642

These phases correspond to the solid angle traced by the trajectory on the Bloch sphere during the sweep.
Because they are geometric, they remain insensitive to small timing errors or fluctuations in the sweep rate—a

key feature exploited in geometric and holonomic control schemes [82].

7.5.2 Time-Variant Model: Beat-Driven Berry Phase

For detuned pairings, the parametric coordinate is z = ¢t. The Bloch angles precess with the beat frequency,
producing closed loops whose shape is determined by the amplitude ratio and initial phase offset (Fig. 18). The

Berry phase accumulated over one beat period for representative harmonic pairs is summarized below.

Table 5: Time-variant logical elastic-bit Berry phase values.

Elastic Bit Amplitude Components Harmonic Pairs Berry Phase (radian)

1 (G, €3] (w2, w1) 1.264
2 [CF, C3] (w3, wa) 2.073
3 [C’f, C’S] (wq, ws) 2.863
4 [CT, €3] (ws, wa) 1.602

These values demonstrate that distinct harmonic pairings explore different loops on the Bloch sphere and
therefore accumulate different Berry phases—a programmable resource in our platform, since the loop can be

reshaped by choosing the detuning and amplitude ratio without altering hardware.
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The Berry phase values quantify the geometric angle associated with the loop traced on the Bloch sphere.
Larger values correspond to wider loops and therefore stronger geometric transformations. They serve as logical
resources that can be tuned by selecting detuning, amplitude ratios, or harmonic pairings. Importantly, because
the Berry phase depends only on the enclosed loop and not on traversal details, these values highlight the
topological nature of the response. This inherent robustness to small perturbations makes them powerful for

reliable gate operations and for building fault-tolerant elastic-bit logic.
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8. TOPOLOGICAL VIBRATION ANALYSIS OF ELASTIC LATTICES VIA BLOCH SPHERE
MAPPING

8.1. Elastic Lattice Under Consideration

The objective of this study is to represent the eigenstates that carry Berry phases as classical superpositions
of normal modes in a one-dimensional elastic lattice. The lattice comprises identical point masses connected by
linear (harmonic) springs in a periodic chain. Each lattice contains N, unit cells; each unit cell contains N,,

ikLNe = 1, where L is the unit-cell length

masses. We impose Born-von Kérman boundary conditions so that e
and k is the Bloch wave number. Consequently, the first Brillouin zone is discretized as k € [—m, w) with spacing
27 /N,. The Brillouin zone is the reciprocal-space domain of unique wave vectors that encode the periodic wave
dynamics.

Two prototypical cells are analyzed in detail: Diatomic cell (N,,, = 2)—the minimal configuration that admits
acoustic and optical bands. Triatomic cell (IV,,, = 3)—the simplest system in which Berry-phase quantization
can be lifted when inversion symmetry is broken. Throughout, we treat time-independent and, later in the
manuscript, time-dependent stiffness modulations; the former builds the foundation for the superposition for-
malism and its geometric interpretation on the Bloch sphere, while the latter extends the approach beyond strict

periodicity. The latter case extends the accessible Hilbert-space trajectories from a great-circle arc to the full

Bloch sphere, thereby demonstrating a classical analogue of qubit control.

8.2. Diatomic Unit Cell Lattice with Time-Independent Stiffness

We consider a diatomic unit cell composed of identical masses coupled by nearest-neighbor springs of stiffness
11 and 19, arranged periodically and subject to Born-von Karman boundary conditions. Our aim is twofold: (i)
to obtain closed-form acoustic/optical traveling-wave solutions and their complex amplitudes, and (ii) to recast
the lattice motion as a normalized superposition of two orthogonal eigenstates, thereby exposing how inversion
symmetry fixes the relative phase (0 or ) across the Brillouin zone—the 1D Zak-phase quantization that we
later visualize on a Bloch sphere. The quantization of the Zak phase in inversion-symmetric 1D lattices and its
dependence on origin are well established and provide the topological backdrop for our superposition analysis.

We first consider a system of two identical masses per unit cell with modulated spring constants, for which
the analytical solutions of the eigen-problem are available and can be compared with numerical results obtained

via SAAP. Figure 27 represents the schematic of the 1D elastic lattices.
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L =2a
Figure 27: Schematic of a one-dimensional diatomic mass—spring lattice consisting of two identical masses per
unit cell and alternating spring constants. Each unit cell of length L = 2a contains two masses, (1, N;) and

(2, N;), coupled by springs with stiffness ¥;(¢) and 5(¢). a is the inter-mass spacing. The shaded region
highlights a representative unit cell of the periodic structure.

8.2.1 Traveling-Wave Ansatz and Dispersion

Let uq(t) and us(t) denote the displacements of the two masses within a given unit cell N;. The linear

equations of motion are

miiy N, (t) = V2 [ug,n,_, (t) — u1 N, (8)] — 1 [ur,n, () — u2 N, (1)],

(93)
mil?,Ni (t) = 1/11 [U‘LNI‘ (t) — U2,N;_, (t)] - ¢2 [UQ,Nz‘ (t) — UL,N;yq (t)]
We seek Bloch traveling-wave solutions with the compact ansatz (periodic in reciprocal space)
U N, (t) _ 14lei(kN,;L-‘,-wt)7 Us, N, (t) — A2ei(kN7¢L+wt)- (94)

The traveling wave solution of the Eq. (93) using the compact ansatz of Eq. (94) realizes that the am-
plitude A, are periodical in reciprocal space. That is also in contrast to the Ansatz of the general form
Uy = Al eikTneibNileiwt where A’ eF?n is periodic in reciprocal space. We note that both ansatz are related
by a unitary transformation that yields the same spectrum. Plugging in the Eq. (94) in Eq. (93) gives us the

equation of motion as,

(—mw? + 1 + 1Pa) Ay — (b1 + Pae *) Ay = 0
— (1 4 2V A+ (—mw? + 1 4 1h2) A = 0

These form a set of linear equations in the amplitudes A; and As. These can be rearranged in matrix form:

v =7 A 0
= (95)
-7 5 Ay 0
Here, we have defined v = —mw? 4 1, + 19 and 7 = 91 + 2e'*, where 7* denotes the complex conjugate

of 7. The nontrivial solutions lead to:
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V—r*=0 = y==+V71*

Nontrivial solutions require the determinant to vanish:

(91 + 12 = ma)” = (U1 + oe ™) (91 + 2e™) =0
= [+ ) = 200+ ) me? + ] — [+ (e e ) 4] =0
= miwh = 21 + Ya)mw? + (1 +12)* — U — Y5 — Pyt +eTHE) =0
= mPw! =241 + 2)mw? + (1 +v2)* — YF — 93 — 21epa cos(kL) =0
= mPw! = 2(¢1 + Ya)me? + [V + 2019 +9F — Uf — ¥F — 21ty cos(kL)] =0
= mPw! — 2(¢1 +h2)mw? 4 24h19hs (1 — coskL) =0

=t 20 e+ dasin® () =0, (1= coskr) = 2si? ()|

which is a quadratic equation for w?. Solving,

)

2
wi =
+ m

dp1ipe . o (kL
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Figure 28: Dispersion relation of the diatomic lattice in the first Brillouin zone (—7 < kL < 7). The lower curve
(red) is the acoustic branch, which tends to zero frequency at k& = 0, while the upper curve (blue) is the optical
branch, which starts at finite frequency. A band gap exists between the two branches when ; # 19, reflecting
the difference in stiffness.

Acoustic branch (4): At small wavenumber k, the frequency tends to zero (w — 0). This corresponds

to long-wavelength oscillations where all masses move in phase, similar to a uniform translation. The branch
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increases approximately linearly with k near the origin, mimicking sound waves, which is why it is called the

acoustic branch.

Optical branch (—): At k = 0, this branch begins at a finite cutofl frequency

w =1/ 2(11117::11)2) )

This corresponds to out-of-phase oscillations between the two sublattice masses. The frequency remains finite
even for long wavelengths, which is why it is termed the optical branch.

Figure 28 displays both branches across the first Brillouin zone (—7 < kL < 7). The periodicity in reciprocal
space is visible, as the dispersion repeats with period 27w. The band gap between the acoustic and optical
branches is set by the difference in coupling constants 1 and 1. If ¢p; = 1o, the square-root factor becomes
unity and the gap closes, producing continuous bands that meet at the Brillouin zone boundary. For unequal
stiffness, a finite frequency gap opens, which is evident in Fig. 28. In this specific plot, the dispersion was
computed for a lattice of 48 unit cells, discretizing the Brillouin zone into 48 allowed k-points. The acoustic
branch appears in the lower half, while the optical branch appears in the upper half, with both symmetric about

k=0.

8.2.2 Correlation of the Amplitudes

Taking the complex conjugate amplitudes of Eq. (95), we get,

v o) [ A 0 YAY — T A 0 —TA5 + vA]
- = = = (96)
—r oy ]\ A 0 —T* A% 4 y A% 0 yAL — T A% 0

Acoustic Branch: Comparing Eq. (95) and (96) gives us the corelation of the amplitudes as

A=A Ay = A7

From Eq. (95), we can write the equation as,
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YA — 7" A3 =0
= ’YAl = T*AQ = (’7141)2 = (T*A2)2
=72 (A1)? = (1) (42)* = (177)(A1)? = (777)(A2)?

(A)? 7" LA i\/F
(A2)2 7 Az VT

Hence,
A\ (v
x
Ay T

(97)

Optical branch: The nontrivial condition is det = 0 = 72 — |7|?> = 0, so v = £|7|. At k = 0 the optical mode

is out of phase; this corresponds to

7=l
From the first row of Eq. (95),
" A T :
vAL =7T"Ay = ﬁ:%:_%:_6197 0 =argT

Hence an eigenvector for the optical branch is

Al 1 €7i0/2

x — e i0/2
Ay — et _ tif/2

Choose a consistent branch of the complex square root so that

VT = \T|ei9/2, VTH = |7'\e_i9/2.

since /7% 1 —/T = e~ 10/2 . _+i0/2;
Ay Veir 1
Ay /e tim

8.3. Spectrum Analysis & Molecular Dynamics Simulation

Normal modes describe synchronous oscillations in which all parts of the system move sinusoidally at a
common frequency with fixed phase relations. An elastic system, consisting of masses coupled by harmonic
springs, possesses characteristic resonance frequencies. When initial displacements and velocities are applied,

the system first exhibits transient dynamics before settling into a steady state over time.
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We define the displacement from equilibrium as a time-dependent function across N, unit cells, each contain-
ing N,,, masses. For a given wave number k, the system can support multiple frequencies, denoted w;(k), where
the index j labels the bands in ascending order, with j = 1 corresponding to the lowest frequency. The complex
amplitude of oscillation of the n-th mass on the j-th band, A, ;(k), is obtained by projecting the displacement
Un, N, (t) onto that band.

1 &1 ™ . .
Ap(k,wji(k)) = — — U, (1) RN g =iws (Rt gy (98)
Nc N.—1 70 Jo
L is the length of the sample and 7 is the time over the sample of elastic waves. Also, the phase of the complex

amplitude.

Pn,j(k) = angle(An ;(k)) (99)

The dispersion relation is computed by molecular dynamics (MD) simulation with initial conditions

U, N, (0) = cos(kN;L) and 1, n,(0) = 0, together with periodic boundary conditions e?*=/Ne

= 1, which imply
the discrete grid kL = 27m/N, (spacing A(kL) = 2w /N.). In the second Brillouin zone, we take kL € [—2m, 27].
Taking into account all springs and integrating the equations of motion using a Runge-Kutta scheme, we obtain

the trajectories u, n,(t). The frequency spectrum is then computed via the finite-time Fourier transform from

which the peak locations produce the band frequencies w; (k).

1 7o :
i, (@) = — / o (et dt (100)
0

To

Within the second Brillouin zone, the elastic band structure is generated for all values of the wave number
k. Using the Fourier transform, the frequency of the band structure is calculated at the peak position at a given
k, giving w; (k).

In the second set of MD simulations, the band structure is used to prescribe the initial conditions. We take
Un, N, (0) = cos(kN;L) and 4, n,(0) = —w;(k) sin(kN,;L). This sets the velocity consistent with the computed
band structure. Each MD simulation yields the displacement w,, n,(t), which is then used to compute the
complex amplitude A,, ;(k) of the mass n — th and its phase ¢, ;(k).

For a numerical solution, the initial conditions are set as displacement w,, n,(0) = cos(kNN;L) and velocity
iip,n, = 0. for the case of masses. In the first molecular dynamics simulation using the prescribed initial
conditions, the dispersion relation is calculated using the temporal integral of the displacement w,, n,(t) and the
band structure w;(k) is measured at the span of the wave number k. The wave number k has a linear range in
[—7, 7] with an increase of 27 /N, in Brillouin zone 1.

The second set of molecular dynamics simulations has a different initial condition as we have developed
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the band structure for the system. Using the initial condition as wuy, n,(0) = cos(kN;L) and i, n,(0) =
—wj(k) sin(kN;L), the displacement of the traveling wave is obtained through the 2nd MD simulation nec-
essary for the solution of the modulus. This initial condition sets the velocity value to the one prescribed by
the band structure. One must use a specified traveling elastic wave initial condition to obtain the wave function
band structure and the amplitude and phase of the masses. After the second set of MD simulations, we use the
displacement u,, n,(t) to calculate the complex amplitude, and the phase of the nth mass and the letter use those
to calculate the modulus and the modulus’s phase to calculate the system state. Geometrical representation by

the Bloch sphere is demonstrated for the superposition of the state (Fig. 29).

Set the Initial Condition
Insert
Start N, L, k un,N?(O) = cos(kN;L)
um]\/i(O) = 0

Set the Initial Conditions Obtain Disper-
] i 1st MD
Unn,(0) = cos(kN;L) sion Relation ¢ Sinsmlation -
Un, N, (0) = —w,(k)sin(kN;L) Find w, for each k
Projection of Displacement Wave
R 2nd MD R N,
i Simulation T Au(k,wi(k)) = Nic Nzl % Jo un,n, (t)e* LN g=iw; ()t gt
Berry Vector and Berry Compute Coefficient of
Phase Calculation Superposition of States
B,(ki) = a*(k)a(k + Ak) ) uy,; (k) Ay (K, w;(k)) ’
+6*(k)B(k + Ak) + X ug N, (k) | = | A2(k,wj(k)) | giwt ]
N1 : :
= —T 1 Bv kz ~ A iw
=t [ ))]} AN S

Figure 29: Algorithm for 2-Step Molecular Dynamics (MD) simulation and calculations of coefficients of the
superposition of states.
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8.3.1 Superposition Basis and Bloch-Sphere Representation
Because the dynamics are linear, the two independent eigenstates within a unit cell may be chosen or-

thonormally as an in-phase mode |E;) = % and an out-of-phase mode |Es) = % (a convenient

"pseudospin" basis). The cell-wise displacement vector can then be written as a normalized superposition,

Uy ALl on w iw
_ NI+t = (o |B)) + B|Ey)) €t (101)

U2 Ay

0]

with complex coefficients «, 8. Using (97)—(101) and the relation As = A7, one convenient normalization leads

to
1 1 .
A — (A +14* lkNiL7
T QA v A (102)
A 1 1 *\ ikN; L
Y e O A
so that

1

org(@) — arg() = arg | (41 + AN —arg |

V2

Here the coefficients (&, 3) are normalized using the conventional L? condition |&|? + 3|2 = 1, consistent with

(Al . Aik)eikNiL

standard state-vector representations in quantum mechanics.

Because A; + Aj is real, arg 5 (A + A])e!"NiE] = kN, L + arg(R(A; + A})); depending on the notation of
the R(A; + A7), the argument of the term is either 0 (R(A; + AF) > 0) or 7 (R(A4; + A}) < 0); And because
Ay — AF is purely imaginary, arg[%(Al — Ap)eNil] = —Z sen(i(Ay — A})) + kN, L.

Two consequences are immediate and central to this manuscript. First, inversion symmetry enforces a
quantized relative phase between & and B: across the Brillouin zone the argument difference is restricted to
0 or m, mirroring the quantized Zak phase in 1D inversion-symmetric lattices. Second, the assignment of

arg(&) — arg(p) to 0 or 7 is branch-dependent: on the acoustic branch, the phases follow the k-parities encoded
by (101), with arg(&) —arg(ﬁ) = 0 for k < 0 and 7 for k > 0, while the optical branch exhibits the complementary
behavior. These selection rules rationalize the observed 0/7 Berry phases for i1 2 19 and are consistent with
earlier predictions and with the invariance of Berry quantities under unitary changes of ansatz and origin.
Finally, interpreting («, 8) as a classical two-level state will provide a direct geometric mapping to the Bloch
sphere familiar from two-mode wave physics; this mapping will be used below to visualize band-resolved state
trajectories and to contrast our superposition framework with earlier works.

The superposition-based formulation above is parallel to quantum two-level kinematics but remains entirely

classical; it provides state-vector geometry—(¢é, 5) on a Bloch sphere—that is directly tied to inversion symmetry

and Berry/Zak phase quantization, while remaining unitarily equivalent (in Berry quantities) to general-ansatz
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treatments used in prior work. The present framework will later accommodate broken periodicity and time-
dependent stiffness without sacrificing a clear geometric interpretation. This conceptual bridge is what distin-
guishes the present manuscript from earlier analyses: it demonstrates classical superpositions in elastic lattices
that are isomorphic to qubit superpositions and uses the Bloch sphere to represent—and reason about—their
topological phases.

These coefficients (o, 8) can be realized experimentally in classical elastic networks. Previous experimental
studies have already demonstrated that the coefficients of the superposed modal states (o, 8) can be directly
measured in coupled masses [48]. The responses of the individual masses were recorded in the time domain
and processed using FFT to obtain the complex amplitudes and phases of the dominant spectral components.
Projecting these experimentally measured components onto the orthonormal basis {|E1),|E2)} yields the state
coefficients in the same manner used in the present Bloch sphere analysis. The identical approach can be
implemented in multi-cell systems using a scanning laser Doppler vibrometer to acquire non-contact measure-
ments across the structure. Therefore, the Bloch sphere trajectories and the associated Hilbert space evolution

described in this section are fully accessible through experimental observation.
8.3.2 Acoustic and Optical Branches: Explicit Coefficient Forms

The explicit expressions for the superposition coefficients o and S on the acoustic and optical branches
provide a real-space view of how inversion symmetry constrains the relative phase of the two basis states.

Acoustic Branch

For the first unit cell, the normalized superposition coefficients (&, B) that weight the in-phase and out-of-

phase basis states are written in terms of the complex scalar 7 as

@ 1 ikL T + T 1 6ikL T + T . (103)

- &

B 2(|T\2+ \T*|2) T—T* 2|] T—T7*

In the following discussion, we introduce the stiffness-ordering parameter.
A=y — o

so that A > 0 corresponds to 1 > 12 and A < 0 to 11 < 9. Define also the small offset from the Brillouin-zone
(BZ) edge kL = £r by kL = Fr + ¢ with ¢ — 0.

Using the explicit form of 7 from the two-mass solution and expanding at the BZ edges, one finds the following
limiting expressions. First, for

kL =-m+4+¢, €—0,
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the coefficient vector reduces to

jo

oikL \/Ae—ie 4 \/Ae—&-ie

=7 . (A#0)
B 2VIAI VA - VAcTE
since (1 + e*i(*’”&)) ~ 0. Taking € — 0 gives two cases:
Case I (A >0, ie., 1 > o):
Q -1
8 0
Case IT (A < 0, write A = —¢ with § > 0, i.e., ¥ < 1)9):
& 0
é —i
Similarly, for
kL=m—¢, €—0,
one obtains
& okl [ VAetic 4/ Ae—ic
=7 . (A#0)
B 2v/IA] VAetie — \/Ae—ie
again because (1 + e~ (="%9)) ~ 0. Taking the limit ¢ — 0:
Case I (A > 0,91 > ¢o):
& -1
B 0
Case IT (A <0,A=—-§<0):
& 0
B i
which differs from by a global 7 phase, i.e., a physically irrelevant gauge choice for the spinor.

—i
On the acoustic branch, the phase of the ratio d/B is pinned to 0 or 7 on each side of the BZ, and flips upon
crossing k = 0. Crucially, the sign of k& (not the ordering of 1, 12) selects which of the two real relative phases
is realized—this is the real-space manifestation of the inversion-protected, quantized Zak phase in 1D. In other
words, the acoustic-branch spinor toggles between two diametrically opposite longitudes on the Bloch sphere

as k traverses the zone. This is exactly the 0/7 pattern expected for inversion-symmetric lattices (SSH-type
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physics)

Optical Branch

An analogous calculation applies to the optical branch, for which the expression reads

& ekl [ Vet T 4 einr L
| = ; T =11+ Poe” . (104)
8 2 |T| \/efiﬂ'T _ \/671‘7"7*
Evaluating the same edge limits:
For kL = —nm+¢,e = 0,
& eikL VAe—ime—ie 1 \/Aetimetie

2 /1A

\/Aefirrefis _ \/Ae+i7re+is

el

Case 1 (A > 0,91 > 12):

[
|

@
o

Case 2 (A <0, put A=—6§,0 >0, ie., 1 <y):

& -1
3 0
For kL = m — ¢, — 0, the same algebra yields:
Case 1 (A > 0):
Q —i
B 0
Case 2 (A <0):
& -1
3 0

Collecting the four edge limits for the acoustic and optical branches shows that the relative phase between
the two coefficients is constant (either 0 or 7/2 modulo 7) on a given side of the BZ and flips only when crossing
kL = 0. Equivalently, we will show that the spinor (a, 3) (or (d&, 3)) will lie on a fixed great-circle arc of the
Bloch sphere on each side and undergoes a discrete azimuthal jump at the zone center. This is the canonical
signature of inversion-protected 0/7 Zak phases in one dimension: on choosing the unit-cell origin, one exchanges
the two quantized values, and the piecewise-constant relative phase reflects that gauge freedom .

In contrast with earlier works , the explicit coefficient forms above make the classical two-state superpo-
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sition structure completely transparent: each band eigenstate is a normalized spinor & |E;) + B\Eg} whose
trajectory on the Bloch sphere will encode the Berry/Zak phase accrued as k winds the BZ. That geometric
viewpoint—classically realized here—has been the standard language for qubits and two-level systems and will
underpin our Bloch-sphere visualizations and Berry-phase computations in the rest of the paper.

In inversion-symmetric 1D lattices (such as the diatomic chain studied here), the Zak phase of an isolated
band is quantized to 0 or 7; the two possibilities are exchanged by moving the unit-cell origin, and the phase
jump occurs at the BZ symmetry point—precisely the behavior recovered by the limiting forms above. This
connects our classical superpositions directly to the SSH-family topological invariant and to contemporary mea-
surements/derivations of Zak phases in 1D photonic/acoustic analogs .

While previous studies derive Berry/Zak phases from amplitude-vector overlaps, the explicit closed-form
spinors at the BZ edges (Egs. (103)—(104) and the four limits) let us read off the relative phase locking and the
ensuing Zak class directly, and then will map those states (see Sec. 8.4) onto a Bloch sphere to visualize classical
superpositions that mirror qubit states. This dual algebraic-geometric representation—classical superposition
coefficients and two-state Bloch sphere—clarifies how stiffness ordering and the sign of k select the longitude
on sphere, offering a compact, physically transparent route to the same topological conclusions and providing a

platform for extending the analysis (Sec. 8.7) to time-modulated lattices via non-cyclic geometric phases .
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Figure 30: Top Panel: Modulus of complex amplitudes |@| and |3| of two mutually orthogonal states |E;) and
|E2). Bottom Panel: phase difference between the amplitude moduli.

Figure 30 shows the normalized superposition coefficients of Eq. (102) across the first Brillouin zone kL €
[—7, 7). Panel (a) and (b) shows the moduli |&| and |3| that weight the two mutually orthogonal eigenstates |E;)
and |E2). For the illustrative stiffness ordering (¢, %2) = (1,1/2)—and, more generally, whenever ¢); > tp3—the
acoustic branch is dominated by the |E;) component, i.c., |&| > |3|; the situation inverts on the optical branch,
for which || dominates (Fig. 30c). Except at the high-symmetry points kL = —,0, 7, both |&| and |3| remain
appreciable over substantial portions of the zone, indicating a mixed superposition rather than a pure-state
selection. And, for the stiffness ordering (¢1,%2) = (2,1), which means, 1; < 2, the acoustic branch is
dominated by the |E,) component, i.e., |&| < || (Fig. 30b). Similar to before case, this phenomena flips at the
optical branch (Fig. 30d).

From Figs. 30e and 30f, we see that the relative phase A¢ = arg(@) — arg(3) locks to —r/2 or +7/2 and
switches between those values when kL advances by 7 (i.e., upon crossing the zone midpoint). Consequently,

A¢ is piecewise constant with a jump of 7 at the inversion-symmetric point. However, the individual absolute

phases evolve smoothly with kL € [—m, «]. For the case ¢; > 12 (Fig. 30e), the phase of § acquires two twists of
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7 after one closed traversal of the Brillouin zone, whereas the phase of & changes monotonically without such a
twist. This phenomena inverts on the optical branch (Fig. 30g). On the contrary, for the case ¥ < 1o (Fig. 30f
and 30h), both the phases of & and B acquire a single twist of 7 after one closed traversal of the Brillouin
zone for the acoustic and optical branch. This behavior is consistent with the in-phase/out-of-phase character
of acoustic/optical modes in diatomic chains and with inversion-symmetry-protected quantization of the Zak
(Berry) phase to 0 or 7 in one-dimensional lattices .

With the coefficients (&,B) in hand, the state of the diatomic unit cell can be mapped to a point on the
Bloch sphere by defining polar () and azimuthal (¢) angles in terms of & and B. In our two-mass problem,
the in-phase (E;) and out-of-phase (F3) eigenstates play the role of the north and south poles, respectively, and
the superposed lattice state traces a longitude as kL traverses the Brillouin zone. Thus, the inversion-protected
{0, 7} Zak phases correspond geometrically to whether the closed path on the sphere carries an odd or even
number of twists; Sec. 8.4 visualizes this correspondence and computes the Berry connection explicitly. This
two-level geometric description follows the standard qubit parameterization and provides a compact lens for
reading phase locking and |&|/|3| dominance directly from trajectories on S2 .

The branch selection, amplitude symmetry, and Berry-phase conclusions summarized above agree with both
general 1D topological-band theory and our previous SAAP studies of periodic chains. In particular, for the two-
mass cell we indeed find a Berry phase of 0 when vy > 19 and m when 11 < ¥ (modulo the choice of origin),
matching analytical solutions as well as MD/SAAP computations reported previously. What is distinctive
here is the classical-superposition framework—we demonstrate that the elastic state itself can be written and
manipulated as & |Ey )+ (| E»), and that its evolution over k traces well-defined loops whose winding encodes the
Zak phase. This geometric-dynamical picture complements the standard bulk-invariant statements (e.g., Zak
phase in inversion-symmetric 1D systems) and clarifies how the same binary topology manifests in measurable
amplitude-phase data—precisely the bridge our procedure was designed to provide. Moreover, by tying the
locked A¢ = +7/2 plateaus and the |@|/| 5] hierarchy to the paths on S2, the manuscript makes contact with
contemporary measurements of the Zak phase in classical and quantum platforms and with its role in predicting
interface states in inversion-symmetric 1D media.

Quantized Berry/Zak phases in 1D inversion-symmetric lattices are a bedrock result of topological band the-
ory; casting the diatomic chain as a two-level classical superposition makes that structure explicit and portable.
The same machinery we use here generalizes to the symmetry-broken and time-modulated lattices treated later
in the manuscript, where it helps distinguish non-quantized geometric phases from origin-convention effects and
connects phase winding to mode hybridization. In this way the work advances prior treatments by showing
that classical elastic states can realize quantum-style superpositions while reproducing the expected {0, 7} Zak

classes—and by doing so it directly outputs the complex coefficients needed to compute Berry connections and
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phases.

In realistic elastic lattices, dissipation and manufacturing tolerances perturb the ideal lossless, perfectly peri-
odic model. To assess their impact on the Bloch-sphere representation, we distinguish common-mode (uniform)
damping from differential damping, and weak disorder from strong disorder. Our Bloch-sphere representation
is constructed from the normalized complex coefficient vector obtained by projecting measured (or simulated)
steady-state responses onto the orthonormal modal basis |E1) ,|FEs), so uniform amplitude decay factors do not
affect the state direction on the sphere. Under weak, approximately uniform damping, the main effects are
reduced response magnitude and signal-to-noise, together with a smooth frequency-dependent phase lag and
modest deformation of the path; the normalized coefficient trajectory therefore remains close to the lossless
result provided the band gap remains open and the symmetry protecting phase quantization is not effectively
broken. In particular, the inversion-symmetry mechanism underpinning Zak-phase quantization is expressed in
our framework as a locking of relative phases to piecewise-constant plateaus with discrete m jumps at symme-
try points, and this locking is expected to persist (up to small fluctuations) under weak, symmetry-preserving
dissipation. By contrast, non-proportional or sublattice-asymmetric damping (for example, different loss on the
two sublattices or frequency-dependent dissipation that unevenly weights the two basis components) introduces
small but finite changes in the relative phase and can visibly deform the Bloch-sphere path. These deformations
grow with damping contrast and are most pronounced near strong band hybridization, where an effective non-
Hermitian description may require biorthogonal eigenvectors and can yield complex geometric phases. In this
setting, strong damping or asymmetric loss can unlock the plateau behavior, leading to continuously drifting
relative phases and de-quantized geometric phases, analogous to what is observed when inversion symmetry is
explicitly broken.

Disorder introduces a distinct limitation: generic random disorder, including static disorder arising from
small spatial fluctuations in masses and stiffnesses, breaks strict translational invariance, so Bloch wavenumber
is no longer the natural path parameter and a strictly Bloch-parameterized loop ¥(k) is not expected in a
finite disordered sample. Practically, one observes a broadened or noisy quasi-k trajectory when coeflicients
are inferred from spatially resolved responses, and the Bloch-sphere trajectory becomes realization-dependent.
Nevertheless, two regimes can be distinguished. For weak, symmetry-preserving disorder (for example, a periodic
supercell that retains an inversion center), the geometric phase of isolated bands remains quantized unless the
disorder closes a band gap, so the topological class is stable even though the sphere trajectory is perturbed.
In this regime the geometric-phase signature may be computed using standard discretized overlap/Wilson-loop
expressions or real-space formulations of 1D topological invariants developed for disordered systems [83]. For
generic disorder that breaks the protecting symmetry, the quantization constraint is lifted and the relative phases

can drift continuously, indicating a genuinely geometry-dependent (non-quantized) phase; strong disorder of this
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type can close the gap and drive a true topological transition, in which case neither quantized phase behavior
nor edge-mode pinning is expected to persist. Finally, when damping or disorder prevents perfect loop closure in
practice, the accumulated phase can be defined using open-path geometric-phase constructions, consistent with
our space—time modulated setting where the geometric phase is accumulated along the actual trajectory rather

than an idealized closed loop [84, 85].

8.4. Geometric Representation on the Bloch Sphere and Evaluation of the Zak (Berry) Phase

Having extracted the complex, normalized modal coefficients for the diatomic unit cell, we can treat the
lattice as an analogous two-level (qubit-like) system. This perspective allows us to visualize the continuous
mixing of the in-phase (|F1)) and out-of-phase (|Es)) eigenvectors as a trajectory on the surface of the Bloch
sphere S?; and to compute the associated geometric (Zak) phase directly from that trajectory, without appealing
to auxiliary gauge choices. Both steps are carried out below and culminate in an explicit, classical analogue of

the quantum-mechanical Bloch-sphere formalism—one of the salient contributions of the present work.

8.4.1 Bloch-Sphere Parameterization

Following the standard two-component spinor notation, we write

& =cos (%), B = e¥sin (%) (105)

so that the polar angle 6 € [0, 7] encodes the relative weight of the two eigenstates while the azimuth ¢ € [—7, )
stores their relative phase. The north pole (6 = 0) therefore represents the pure in-phase state |E;), the south
pole (@ = ) its out-of-phase companion |E5), and any point on the sphere corresponds to a coherent, classical
superposition

[9(8) = 600 |2) + B0 B2) = cos (252 ) 1)+ eo®sin (200 ) ).

2
To anchor the geometry, we evaluate (6, ¢) for three k-points (overall normalization is omitted for brevity):

Near a band extremum. For the state sampled at kL = —1.57, the amplitudes lead to

& —0.0006 — 0.0001i , . 0 : 0
A = = - - = —_— ILP 1 —
<B> <_0.9497 B O.3llli> (0.0006e~"™) |E1) 4 (0.9994e'7) |Ey) = cos 5 |E1) + €' sin 5 |Es),

with the angles identified as § = 7 and ¢ = 0. Geometrically the state sits at the south pole (pure E3), as

expected when one mode dominates.
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Near the opposite extremum. For kL = 0.0654, we obtain

(3

) = (0.9999¢ ™) |Ey) + (8.8657 x 107 % ™'™) | Eo)

—0.9857 — 0.1680i1
—8.6397 x 1075 — 1.9891 x 10—51

6 ; 0
cos 5 |Ey) + €' sin B |Es)

with = 0 and ¢ = 0. The state is at the north pole (pure E1).

Nonseparable superposition At kL = —0.4254, the amplitudes yield

e} —0.5888 — 0.0386i ; im 0 : 0
t) = = (0.5091¢77) [Ey) + (0.4099¢ 5 ) | Ey) = cos o |Ey) + ¢ sin & |E
(5) (0.0266—0.40911) (0.5091e™) | E1) + (0.4099e "% ) | Es) COSZ| 1) +e sm2| 2),

with @ = 7 and ¢ = 5. This corresponds to a balanced, classically nonseparable (i.e., phase-coherent) super-

position with the state proportional to (|E1) + i|F2)) up to overall normalization. The geometry is now on the
equator at azimuth ¢ = 7/2.

These points confirm that the lattice state moves smoothly between the poles and the equator as k sweeps
the Brillouin zone, exactly mirroring the interchange of the modulus hierarchy |&| = || identified in Fig. 30.
Using Eq. (105) at every discretized k, we reconstruct the full path [0(k), ¢(k)] on the sphere (Fig. 31).

|E1)

AN

|Er) — | Es)
V2

JE1) +i[E2)
VG

V2 |Ea)

(a) Y1 > 12 (b) 1 < 42

Figure 31: Bloch state demonstration of change of state between |E;) and |E2) at a two-mass system depicted in
Hilbert Space with different stiffness matrices for the two cases (a) 11 > ¥9 (b) ¥1 < 19 at the acoustic branch.

From Fig. 30a (¢1 > 12) we have seen that the modulus hierarchy |a| > |8| holds over broad k-intervals,
hence from Fig. 31a it is clear that the trajectory hugs the |E) pole: the system repeatedly approaches the pure
state |E1) whenever the real part of the masses dominates. & dominance yields a state geometrically aligned with
|E1) because domination here refers to the modulus associated with the in-phase eigenvector. The corresponding

polar angle remains in the “polar cap”, 8 € (—7/2,+m/2), i.e., the path does not cross the equator except near
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isolated k where || ~ |3|. In contrast, Fig. 31b (¢; < 13) does not bias the dynamics toward either |E;) or
|Eo): the trajectory makes a full longitude-like revolution (€ runs from —7 to 4) without ever settling at a
perfectly pure |E;) or |Es) state (the path skirts the pole but does not terminate there).

In both stiffness orderings, the azimuth ¢ is confined to a m-wide window, ¢ € [—m/2, 47 /2], as dictated by
the measured phase difference Ap = arg(&) farg(B). This constraint is visible in Figs. 30e—f: as k passes through
the zone center, the relative phase undergoes a discrete jump of magnitude 7, sending Ay from —7/2 to +m/2
(or vice versa). That sign flip of the relative phase—equivalently, a reversal of the spinor’s azimuth—encodes
the usual 0/7 Zak-phase bifurcation in inversion-symmetric 1D lattices .

Putting the two stiffness orderings side-by-side clarifies the accessible regions on S2. For v¢; < 5 the
trajectory explores a much larger fraction of the sphere: starting near |Es), varying k drives the state through
equatorial mixtures (|F;)+i|E3))/v/2 and then toward | E;) before a 7 jump returns it to the opposite hemisphere;
subsequent evolution repeats the pattern until the loop closes back near |Es). For 1; > 15 the loop is more
localized: it begins at (or near) |E;) and oscillates around the equator between (|E;) —i|E»))/v/2 without ever
approaching the |FEs) pole. In short, ¢y < 1) enables a broader sweep of superposed states within the same
k-span, whereas 11 > 1o confines the dynamics to a single longitude family. The contrast highlights a central
result of this paper: changing the spring-constant hierarchy toggles the accessible portion of the Bloch sphere
and hence the class of elastic superpositions that can be realized. This tunability is the classical parallel to
manipulating a quantum bit on its Bloch sphere. By linking a macroscopic design knob (the spring-stiffness
ratio) to the solid angle swept on S2, we provide an intuitive handle for engineering topological phase transitions

in mechanical lattices.

8.4.2 Quantum Analogue Logic Gates

Having mapped the diatomic lattice to a two-level Hilbert space spanned by (|E1),|E2)), we represent the
normalized state vector (a, B) as a point on the Bloch sphere. In this representation, any norm-preserving
transformation of (&, B) corresponds to a rotation on the sphere, exactly as in a single-qubit system. Accordingly,
logic gates in the present mechanical setting are realized as unitary maps that rotate the classical superposition
state on S?. Importantly, these gate-like operations represent geometric rotations of a classical spinor on the
Bloch sphere and do not involve quantum entanglement and do not require wave function collapse or any
other non-classical resource. The use of gate terminology reflects the mathematical isomorphism between the
normalized two-component elastic state and the SU(2) action on the Bloch sphere familiar from single-qubit
control. This isomorphism provides a compact language for describing how band-resolved states evolve across the
Brillouin zone or under space—time stiffness modulation, but the underlying physics remains fully deterministic

and classical: the coefficients are reconstructed from measured displacements, and the “operations” are geometric
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rotations on S2.

Throughout, we adopt the computational basis |F1), |E2). Because phases and global signs depend on the
ansatz and band labeling (Sec. 8.2), matrix representatives of elementary gates may differ by overall phases or
sign conventions from conventional quantum logic gates; what matters physically is the induced rotation on the
sphere and the relative phase between components, which are basis-invariant. This is also exploited in quantum
mechanics, where different but unitarily equivalent conventions generate identical Bloch-sphere trajectories and
Berry/Zak phases.

Pauli—(Y)—type inversion about the (y)-axis. At kL = —m, the complex amplitude coefficients take the

form which corresponds to the south-pole state |Es). Acting with the (conventionally phased) y—axis
—i
inversion,
0 i 0 1
-i 0 —i 0

advances the state along its Bloch-sphere trajectory to the north pole |E;) (up to a global phase). In the
canonical qubit convention this is a m—rotation about g, i.e., R, (), which flips |1) — |0) with an overall phase.
The two descriptions are equivalent modulo phase and reflect the same geometric half-turn on 52 .

Pauli—(Z)—type phase flip about the (z)-axis. Let us consider the equal-norm superposition at kL = —x /2,

|E1) +i|E2)
\/5 )

which is taken by a z—axis phase flip to
|E1) —i[E2)
V2 .

Within our basis convention this phase inversion is represented by

0 €7 —0.6181 0.382
1 0 0.382 0.6181

which embodies the |E;) — —|E2) action (a m—rotation about Z) while respecting the observed complex am-
plitudes at those k—points. In the canonical computational basis this is the familiar Z = diag(1,—1), i.e., the
phase-shift gate P(m); the off-diagonal representative used here differs by a unitary change of basis and by phase
convention but generates the same Bloch-sphere rotation.

Hadamard followed by S (quadrature) phase. A particularly instructive sequence is the Hadamard trans-
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formation followed by a quadrature phase, written as

In our elastic-bit basis, H rotates a pole state (e.g., |F1)) to an equatorial superposition, while the subsequent
S adjusts the relative quadrature between |E;) and |E»), steering the state azimuthally on the sphere. In the
canonical qubit convention, S is the pure phase P(w/2) = diag(1,i); the non-diagonal representative above
captures the same azimuthal advance once the basis and band-dependent phases are accounted for. The net
effect reproduces the equatorial quarter-turn standard in single-qubit control (Hadamard followed by a /2
z—rotation).

The aforementioned algebra acquires a direct mechanical interpretation: in the static diatomic lattice, sweep-
ing k across the Brillouin zone produces great-circle trajectories whose parity encodes the {0,7} Zak classes;
under space-time modulation, sideband mixing enlarges the accessible region on S2, enabling continuous paths
between states such as (|E;) £1i|F5)) /v/2 and their phase-flipped counterparts. This is precisely what is seen
around hybridization points in Fig. 31, where the k-parametric evolution of (&, B) explores latitudes and longi-
tudes rather than a single meridian; the transformation from (|E;) +i|E2)) /v/2 to (|[E1) —i|F2)) /v/2 thereby
realizes a Z-type gate continuously along the band. Because these gate-like maps are rotations on S?2, the
enclosed solid angle controls the geometric phase accrued by the elastic state, in direct analogy with qubit
holonomies. The present approach is distinctive in that it reconstructs the complex coefficients and manipulates
the classical superposition state itself on the Bloch sphere—thereby demonstrating gate-level control without
decoherence and without post-measurement statistics, a capability not found in earlier treatments of phononic

analogues.

8.4.3 Geometric Phase Formalism for the Two-Level (Bloch-Sphere) Manifold

We next cast the geometric phase of the diatomic lattice into the canonical language of a two-level system.

Any pure lattice state can be written on the Bloch sphere as

W) = a|Ey) + B|E); y/]a]?+ 82 =1, (106)

so that its evolution is completely specified by the spherical angles 6(k) = 2tan~"(|3/a|) and ¢(k) = arg(3) —

arg(@). In the effective three-dimensional Hamiltonian space H (k) the adiabatic eigen-spinors are |+) and |—);
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choosing the usual gauge angle € to fix the overall phase, one obtains

o(k)
— ¢ic(0.9) €08 T2 ithe = ~ -
|[+5) =€ , withe= 5 (convenient Bloch gauge). (107)

el?(k) gin @
For a closed trajectory ¢ C BZ, the accumulated Zak phase is
(O = fAGdh, AR) =i (i | Ob). (108)
¢

with the Berry vector (connection)

By (k) =i{+x | Vi | +&)-

On a discretized Brillouin zone—essential for numerical work—the manifestly gauge-invariant "overlap"

formula reads :
0it1

0; _; 0; COs =5~
By (k;) = | cos X e '¥igin B ) (109)
el%i+1 gin 01’%
N
Xdise = — Im {hl HBV(k'L) } . (110)
i=1

Equations (108)—(110) are the conventional geometric-phase expressions in both the continuum and discrete
settings. In the continuum, the Berry connection reads A(k) = i(ug | Opux) and the Zak (Berry) phase is its
line integral over a closed loop in the Brillouin zone; on a discretized mesh the same object is evaluated as
the imaginary part of the logarithm of the ordered product of nearest-neighbor overlaps. These are the forms

we use in (108)—(110), and they coincide with established treatments of Berry/Zak phases and their lattice

discretizations .
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Figure 32: Analytical result of the real and imaginary component of the Berry vector corresponding to the
stiffness of (a) ¥ > 12 and (b) 11 < Pha.

With these definitions in hand, the unit-cell stiffness ordering fixes how the Bloch-sphere angles 6(k) and
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(k) wind, and therefore how the geometric phase accumulates across the zone. The Berry vector extracted
from Eq. (109) is purely imaginary in our data for both orderings (Figs. 32a-b), so the reported By (k) traces
are controlled by their imaginary part. When ¢; > o [Fig. 32a], By (k) is essentially flat in k, leading to a
vanishing line integral and a Zak phase of 0. When 91 < 1o (Fig. 32b), By (k) changes sign once across the
Brillouin zone, giving a net accumulation of w. This 0/7 dichotomy is the consequence of inversion symmetry
in diatomic (SSH-type) chains and matches direct measurements of the Zak phase in one-dimensional lattices .

The geometric content of Fig. 32 can be read directly on the Bloch sphere. When the state dwells near a pole
(6 =~ 0 or m), neighboring k-points have almost purely real and positive overlaps, so By (k) exhibits only small
imaginary excursions and contributes negligibly to the total phase. By contrast, when the trajectory crosses the
equator (6 ~ 7/2), the azimuth ¢ winds rapidly; the overlaps acquire a large imaginary component, and the
Zak phase picks up sharply. Varying the stiffness ratio (e.g., 11 /92 = 2 versus 0.5) shifts where 6(k) and (k)
vary most strongly, thereby relocating the k-intervals of enhanced Berry connection response. In other words, it
is the twist of the state on the sphere—not its absolute location—that governs the geometric phase, in keeping
with the general theory .

Seen through this lens, the Bloch sphere parameterization provides a compact and gauge-transparent nar-
rative that is fully consistent with the spectral evaluation of the Berry/Zak phase via (108)—(110). In the
two-mass case, 17 > 1o yields a trivial loop with total twist x = 0, while ¥; < 15 yields a loop with a single
twist y = . This is precisely the classical-superposition analogue of the SSH chain’s inversion-protected 0/7
Zak-phase quantization: our diatomic lattice realizes the same binary topology, but the path lives on a classical
Bloch sphere traced by the superposed modal amplitudes (a, ). The agreement between the Bloch sphere
picture and the discretized-overlap evaluation in (109)—(110) reflects the robustness of gauge-invariant lattice
formulas on discrete k-meshes .

Finally, we emphasize that SSH-type quantization of the Zak phase is well known in electronic, photonic, and
ultracold-atom settings; however, in our system the same topological content is accessed and visualized through
strictly classical superpositions on a Bloch sphere, with the stiffness ordering playing the role of dimerization.
This qubit-like geometric representation—paired with a manifestly gauge-invariant numerical evaluation via
(108)—(110)—provides a physically transparent bridge between classical elasticity and band-topological concepts,
and it underpins the later extensions to multi-mass cells and spatiotemporal modulation developed in this

manuscript .

8.5. Three-Mass Unit Cell

We now consider a unit cell composed of three identical point masses that interact through linear, nearest-

neighbor springs of stiffnesses {11, 9o . Denoting by u,, n.(t) the displacement of mass n = 1,2,3 in the
g p g ) y W3 g by n,N; 1% 5 4y
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N;-th cell, the equations of motion read

miiy N, (t) = ¥s[us,n,_, (t) —ur,n, ()] — 1 [ur, N, (t) — ug, N, (1)],
miia,, (t) = 1 [ur, N, (t) — ug N, ()] — W2 [ua, N, () — us N, (1)), (111)

miig n, (t) = V2 [ua,n, (t) — us,n, ()] — V3 [us n, (t) — u1 N, ()]

These are solved with the Bloch ansatz. wu, n,(t) = A,e*Nilel®t As in Sec. 8.2, we examine how inversion
symmetry of the spring pattern controls whether the Zak (Berry) phase is quantized (0 or 7) or not. For a three-
mass cell, inversion symmetry is the compact condition v¢; = 9y, _; with N, = 3; when it holds, the Zak phase
of each isolated band is pinned to 0 or 7 (mod 27)—a standard result we will exploit below. Breaking inversion,
by contrast, typically de-quantizes the geometric phase while leaving the spectrum invariant under origin shifts.

To analyze intra-cell motion, it is convenient to resolve the displacement vector into the orthonormal basis

1 1 1
1 1 1
Ey)=— ’ Ey) = — ) E = | — )
1 —1 1
so that
uy, N, (t) Ay
up N, ()| = | Ag | €N = (| Er) + B|Bs) + 7 | E3))e™. (112)
ug, N, (t) As

Here A, are the traveling-wave amplitudes of the physical masses, while «, 3,v are the complex modal
coefficients in the internal basis {|E1),|E2),|Es)}. To compare trends across bands and parameter sets, we

rescale the modal coefficients by the band-resolved physical amplitudes through

&= ! ik Ni L
VAT ()P + (A2 (g gpte ) &
3 = L L, 2 ek NiL
- V(A2 + (A2)2 + (A3)2 (\/§A1 \/5‘43) ’ (113)
Y= ! i _ i L ek Ni L
Y= V(A2 + (A2)2 + (A5)? (\/§A1 \/5142 + \/6A3>

We study three representative stiffness sets:

(i) 1 = o, by =2p1; (i) Y1 = o, V3 = 3eb1;  (iil) o = U3, 1 = 24y,

Cases (i)—(ii) satisfy inversion symmetry and therefore must yield Zak phases equal to 0 or 7 (mod 27),

while case (iii) explicitly breaks inversion and thus generically produces non-quantized geometric phases. For
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each case, we compute the dispersion and the cell-wise complex amplitudes (&, B,’?) across the Brillouin zone
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Figure 33: Evolution of the coefficients of the complex amplitude of a three mass unit cell at different set of
parameters.

From Fig. 33, we see that the domination of the complex coefficients depends on the set of parameters. Across

all three parameter sets, the acoustic branch is dominated by &. We can see an interchangeable effect in the 1st

and 2nd optical branches in the case of the parameter set case (1) ¥1 = 2, 3 = 211 and (ii) 1 = 12,93 = 0.5¢7.

These two conditions of stiffness show a shift in the domination of the complex coefficients |3| and |4]. This

inversion in the 1st and 2nd optical shows a topological transition within the branches in the Hilbert space.
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And, across different parameters, we can see the clear separation of complex coefficients |@|, |3] and |3|. This
clear separation—visible in Fig. 33 for cases (33c¢)—(33i)—provides an unambiguous, stiffness-agnostic labeling
of the three branches that we will use to compare the phase evolution below. The continuity of these modulus
trends through the Brillouin zone is also consistent with the smooth evolution of the Bloch eigenvectors away

from high-symmetry points. We will focus on the acoustic branch for the set parameters.
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Figure 34: Absolute phases of the complex coefficients at the acoustic branch at the set parameters (i) ¢y =

o, 3 = 21, (i1) Y1 = 1o, 1P3 = 0.5¢1, and (iil) 2 = 3,11 = 24)s.

When inversion symmetry is present, the pairwise phase differences of the dominant modal components are

locked to constant offsets throughout each half zone, with discrete 7 flips at symmetry points. In our data,

arg(&) — arg(B) ~ —g, arg(B) —arg(y) =~ —1—2

up to the expected jumps at kL = 0, £7. Further, the absolute phases arg(&), arg(B), and arg(¥y) show a single
net m twist as k traverses the zone in the m-Zak case (Fig. 34a), whereas it exhibits either zero or two twists
in the 0-Zak case (Fig. 34b). This n-twist counting is the same geometric diagnostic used for the two-mass
cell (Sec. 8.2) and is precisely what the inversion-protected quantization of the Zak phase prescribes in one

dimension.

Breaking inversion symmetry destroys this rigid phase locking: in case (iii) the pairwise phase differences
vary smoothly with k£ and are not pinned to +m/2; the absolute phases arg(&), arg(B), and arg(4%) show mixed
slopes rather than coherent, single-twist trends (Fig. 34c). These behaviors—continuous drifts of relative and

absolute phases and the loss of a well-defined 7w-twist count—are hallmarks of a non-quantized geometric phase.

Within the inversion-symmetric sets, the relative-phase fingerprints are similar, so a practical discriminator
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between the two Zak classes is the evolution of the absolute phases with k. In the m-Zak case (Fig. 34a) all three
absolute phases increase monotonically over one traversal of the zone and host a single 7 twist located either at
the zone center or at the boundaries. In the 0-Zak case (Fig. 34b) each absolute phase either drifts without net
twist or executes two equal-and-opposite twists over a 2w advance in k. This simple slope test—consistent with
inversion-enforced quantization of the Berry phase in 1D lattices—proves useful for diagnosing topology directly
from the measured modal phases.

Taken together, Fig. 33 and 34 encapsulates the central trends. (i) For inversion-symmetric triplets [(1)—(ii)]
the Berry phase of each band is quantized (0 or 7), the modulus hierarchy |&|/|3]/|3| cleanly labels the acoustic
and optical branches, and the phase differences lock to £7/2 with a single (7-Zak) or zero/two (0-Zak) twists
per Brillouin-zone revolution. (ii) For the inversion-broken triplet (iii) the phase differences are unlocked and
the absolute phases show mixed drifts—signatures of non-quantized, geometry-dependent Berry phases. These
observations mirror the two-mass results and align with the general principle that 1D inversion symmetry pins

the Zak phase to {0, 7}, whereas breaking inversion allows it to vary continuously.

8.6. Bloch-Sphere Implications For a Three-Component State

The three-mass unit cell spans a three-component complex state « |E1)+5 |E2)+7 | E3) (up to an overall phase
and normalization). Unlike a two-level system, which admits an S? (Bloch-sphere) representation, there is no
single sphere that globally parameterizes all pure three-level (qutrit-like) states. Instead, the natural geometry is
an eight-component generalized Bloch vector associated with SU(3)—often termed the “Bloch ball” for qutrits—
or, equivalently, a set of pairwise two-level projections (e.g., {|E1),|E2)}, {|E2),|E3)}, {|F1),|Es)}), each of
which maps to a standard Bloch sphere.

Within this viewpoint, the phase locking observed under inversion, arg(&) — arg(B) =+7 and arg(ﬁ) —
arg(y) = F7, implies that each pairwise projection traces an arc of constant latitude/longitude on its corre-
sponding Bloch sphere as k winds through the Brillouin zone, with the total azimuthal change encoding an odd
(m-Zak) or even (0-Zak) number of 7w twists. The three-level trajectory therefore decomposes into three mutually
consistent two-sphere paths whose parity (odd vs. even twist) matches the bulk Zak class. When inversion is
broken, these projected paths depart from great-circle arcs, and components of the SU(3) Bloch vector no longer
integrate to a quantized Berry phase—precisely what the unlocked, k-dependent phase differences in Fig. 34c
convey.

In summary, the present section advances beyond prior analyses by (i) demonstrating, in a classical three-
degree-of-freedom setting, robust superpositions whose evolution on pairwise Bloch spheres reproduces the {0, 7}
topology of inversion-symmetric bands and (ii) explicitly connecting those trajectories to a generalized SU(3)
Bloch-vector picture that has, to date, been discussed mainly in quantum contexts. In this sense, the three-

mass cell functions as a minimal mechanical platform where classical superpositions emulate quantum-state
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kinematics, and where the Berry/Zak phase can be read directly from the geometry of the projected Bloch-sphere
paths—providing a direct bridge between mechanical waves and geometric-phase ideas from condensed-matter

and quantum information theory.

8.7. Lattice with Time-Dependent Stiffness

To extend the static analysis, we examine the same diatomic elastic lattice when the two masses are coupled
by springs whose stiffness is modulated sinusoidally in both space and time.

To compute the dispersion and to extract complex amplitudes and phases for each branch, we use a two-step
MD — SAAP workflow (see Supplementary Material, similar to ): first determine w;(k) from random-phase
excitation; then re-excite each band with traveling-wave initial conditions to extract complex amplitudes and
phases, and finally project onto {|E1),|E2)} to obtain a(k), 8(k). In the first series of MD runs, the modulation
(phase) velocity is fixed at V,,, = 350m/s. In selecting the spatiotemporal modulation parameters, two physical
constraints determine the admissible regime. First, the modulation velocity must remain below the intrinsic
elastic wave speed of the medium [86]. If V;;, = wy, /K, exceeds cg, the modulation outruns the propagating wave
and cannot maintain phase synchrony, suppressing coherent frequency conversion and producing nonphysical
interactions. Thus, V,, < ¢y, cog = m Using material properties of Ge Se chalcogenide glass (GeSey)
with £ = 13.8 GPa, p = 4361 kg/m?, yields a sound speed co ~ 1780 m/s [87]. All modulation velocities
in this study, including the representative V,,, = 350 m/s, lie safely below this limit, ensuring stable subsonic
modulation—wave interaction. Second, the stiffness modulation must remain positive throughout the cycle. This
requires At /1y < 1, which guarantees physically realizable springs at all times. The modulation amplitudes
used here satisfy this condition. Together, these constraints ensure that the observed hybridization, sideband
formation, and geometric-phase trends arise from physically valid, stable interactions. For each wave number,
we analyze two modulation patterns, denoted ;" and %, (definitions below). The modulation of the force
constant adopts the form introduced earlier in Eq. (93) and implemented previously in SAAP-based studies of
spatiotemporal lattices, where two MD passes with carefully chosen initial conditions are required to resolve
both the frequencies and the phases of the traveling modes. In particular, the second MD pass must employ
traveling-wave initial conditions to avoid arbitrary phase offsets—an essential distinction between SAAP and

eigenvector-only approaches. Specifically,

U (t) = 1o £ A sin (kyzp — wint) , (114)

where 1) is the baseline stiffness, A the modulation amplitude, and k,,, and w,, the modulation wave number

and angular frequency, respectively. Introducing the spatial period \,, = 27/k,, = L = N,,a (with inter-mass
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spacing a), we may equivalently write

(115)

Un(t) = 1o £ Agpsin (M) |

We label ;" for the “4” and 1), for the “—” choice. These two cases are related by an origin shift of half a
cell (from the first mass to mid-cell).

Consequently, they share the same band structure but differ by Berry-phase conventions tied to origin choice—
an invariance of the spectrum under unitary re-labelings that simultaneously allows different Berry phases under

translations of the real-space origin.
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Figure 35: Elastic wave band structure for variable periodical sinusoidal modulation of stiffness at V,,, = 350m/s.
The red line defines the first fundamental branch, and the green line represents the second one.

Fig. 35 shows the dispersion of the space-time-modulated superlattice (as also reported in our prior work
on ). The moving modulation generates directional hybridization (one-sided) gaps and Doppler-shifted replicas
of the static branches—canonical signatures of non-reciprocal phononic media with space-time periodicity and
Willis-type effective descriptions. The placement and multiplicity of gaps depend on the modulation speed and
harmonic content, consistent with general theories and with beam-lattice implementations of spatiotemporal

elasticity.
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Figure 36: Amplitude and Phase modulation of the two-mass system for the time-dependent stiffness of the
harmonic spring for the stiffness of ¢/* and ¥~ at the first (FFB) and second (SFB) fundamental branch. Top
Panel: Modulus of complex amplitudes |&| and |5|. Bottom Panel: Phase difference between the amplitude

moduli arg(&) — arg(p).

From the second set of MD simulations with traveling-wave initial conditions, we extract the complex su-
perposition coefficients in the two-state in-cell basis (&, B) exactly as in the static case. Relative to the time-
independent lattice, the modulation sharpens the k-dependence of both moduli and phases (Fig. 36). Most
notably, the relative phase A¢ = arg(&) — arg(B) is no longer piecewise constant: it winds across the Brillouin
zone as carrier harmonics mix with Floquet sidebands, whereas in the static lattice inversion symmetry pins
A¢ to {—m/2,+7/2} on intervals separated by m-jumps at high-symmetry points. The modulus hierarchy on
the FFB largely mirrors the static case—|G&| > |B | over wide k-intervals—yet the ¢+ and 1~ patterns differ by
origin-dependent flips that track the 0/7 swapping induced by unit-cell translations. Under temporal modu-
lation, this swapping persists but the geometric phase becomes open-path: it is accumulated along the actual
FFB trajectory in k& and does not require a closed loop. This is precisely the Samuel-Bhandari generalization of

the Berry phase to non-cyclic evolution.

On the SFB, the coefficient roles invert relative to the FFB: | 3 | becomes dominant over extended k-ranges
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and A¢(k) exhibits larger excursions with alternating increases and decreases across the hybridization regions
(Fig. 36). This behavior is expected because the SFB approaches—and in places crosses—additional hybridiza-
tion points where Brillouin harmonics intersect the folded static bands, producing sharp kinks or discrete jumps
in both amplitude and phase. The emergence and placement of these discontinuities with increasing modulation
velocity are consistent with our prior perturbative estimates and with published analyses of spatiotemporally
modulated elastic lattices.

Taken together, these results lead to three conclusions germane to the manuscript’s central thesis. First,
the moving stiffness modulation preserves branch identification (FFB vs. SFB) and the equivalence of ¢ and
¥~ up to an origin shift, but it qualitatively alters the evolution of A¢(k): the piecewise-constant behavior of
the static chain is replaced by a modulation-induced winding (Fig. 36). Second, the Berry-phase convention
associated with origin choice (0 for ¢, m for ¢~) endures under temporal modulation, now interpreted as
an open-path geometric phase—precisely the scenario anticipated by non-cyclic geometric-phase theory and
verified numerically in our earlier work on Geometric-phase invariance. Third, the Bloch-sphere trajectories
expand from nearly planar arcs to fully three-dimensional loops, reflecting multi-harmonic coupling and enabling
classical superpositions that operate like qubit rotations on the Bloch sphere. This geometric, coefficient-level
description is the distinctive contribution of the present manuscript compared with prior studies of non-reciprocal
elastic media: here, the band eigenstates are explicitly cast and measured as classical superpositions whose
trajectories on the Bloch sphere make the corresponding Berry/Zak phases—closed or open—directly visible
and origin-aware. That synthesis dovetails with foundational treatments of space-time modulation in phononic
crystals and Willis materials, and it clarifies how directional gaps and Doppler-shifted replicas coexist with

robust geometric-phase assignments in time-dependent lattices.

8.7.1 Bloch-Sphere Picture With Time-Dependent Stiffness

The Bloch-sphere representation remains a powerful geometric lens for the two-mass cell. With static stiffness,
the state vector traces an approximate circle (one “plane” on the sphere) as k sweeps the zone. Under space-
time modulation, the extra quadratures generated by sideband mixing allow the state to explore a much larger
portion of the sphere—sampling both longitudes and latitudes rather than remaining confined to a single great-
circle arc (Fig. 37). Physically, near hybridization points the instantaneous diatomic state admits admixtures
that effectively span the full two-state manifold, and the accumulated geometric phase follows the non-cyclic,

geodesically closed prescription.
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Figure 37: Bloch state demonstration of change of state between |E;) and |Es) at a two-mass system depicted in
Hilbert Space with different stiffness matrices for the two cases (a) ¥+ (b) ¥~ at the first fundamental branch.

Figure 37 represents the Bloch state in the spatiotemporal modulation’s FFB. Unlike the previous case,
where the stiffness is independent of time and one direction, Bloch states are explored. We can analyze much
larger regions of the Bloch states by switching to time-dependent stiffness of the lattices. The modulus hierarchy
a > ﬁ on the k band indicates that the states are approaching the pure state |E;). However, the random change
in relative phase (arg(@) — arg(J3)) indicates a state approach that deviates from the straight path as before.

The Bloch-state representation further enables the realization of quantum-analogous gate operations. For
example, as illustrated in Fig. 37b, the state (|E;) +1i|E2))/v/2 can be transformed into (|Ey) —i|Es))/v/2 by
an operation analogous to the Pauli-Z gate, which effectively maps |E3) — — |E2). In the elastic lattice, this
transformation can be traced continuously through the k-space sweep of the band structure, demonstrating that
state manipulation on the Bloch sphere has a direct counterpart in the underlying mechanical system.

Whereas earlier work established non-reciprocity and hybridization in space-time modulated lattices, the
present treatment reconstructs the classical superposition state itself—via SAAP—from MD data and represents
its k-parametric evolution on the Bloch sphere. This provides a physically transparent, gauge-clean route
to Berry/Zak phases (including their origin dependence) in both static and time-modulated settings, thereby
demonstrating a classical analogue of qubit control that to our knowledge has not been articulated in this

coeflicient-level, Bloch-sphere form for diatomic elastic chains.
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9. UTILIZING DIVINCENZO’S CRITERIA FOR QUANTUM ANALOGOUS COMPUTA-
TION

The emergence of quantum computation in the late 20th century raised a fundamental question: what physical
requirements must be satisfied to build a working quantum computer? Unlike classical systems, where digital
logic is based on transistors that reliably represent binary states (0 and 1), quantum computers rely on qubits—
two-level quantum systems that can exist in superposition and become entangled with each other. Harnessing
these uniquely quantum properties requires overcoming significant challenges, including the fragility of quantum
states, the scalability of hardware, and the precision of control over interactions.

In 1996, David P. DiVincenzo articulated a set of requirements that distilled these challenges into a practical
checklist for experimental and theoretical efforts in quantum information science. His work provided a unifying
framework that clarified what distinguishes a small-scale system demonstrating isolated quantum effects from
a full-fledged platform capable of universal computation. These criteria have since become a standard bench-
mark: nearly every physical implementation—from superconducting circuits and trapped ions to spin qubits and
photonic architectures—is evaluated in terms of how well it addresses them.

At their core, DiVincenzo’s criteria address three fundamental needs of quantum technologies:

1. Definition and control of qubits — ensuring they can be prepared, manipulated, and measured.
2. Preservation of coherence — ensuring quantum information survives long enough to be useful.

3. Scalability and connectivity — ensuring systems can be expanded and integrated for large computations

or distributed networks.

These needs are expressed initially in five criteria for quantum computation.

Core Criteria for Quantum Computation

1. Scalable Physical System with Well-Defined Qubits
A quantum computer must host a sufficiently large number of qubits. Each qubit must have clearly distin-

guishable states, typically |0) and |1), and the system should allow for scaling without loss of performance.

2. Ability to Initialize Qubit States
Reliable preparation in a known reference state (commonly |0)) is essential. Initialization ensures repro-

ducibility and underpins quantum error correction.

3. Long Decoherence Times Relative to Gate Times
Qubits must maintain coherence long enough to perform many logical operations. The coherence time
should exceed gate operation times by several orders of magnitude. This ratio determines the error thresh-

old for fault-tolerant computation.
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4. Universal Set of Quantum Gates
The platform must implement a universal gate set, typically consisting of arbitrary single-qubit rotations
and one entangling two-qubit gate (e.g., CNOT). Universality ensures that any quantum algorithm can be

approximated.

5. Qubit-Specific Measurement Capability
The system must allow accurate readout of individual qubits. Measurements should have high fidelity and

minimal disturbance of other qubits.

With my nonlinear elastic network, realized through granular and mass—conical spring systems, we have
created a robust analogue of a topological qubit. The framework of elastic bits, mapped onto a Bloch sphere via
in-phase and out-of-phase modal superpositions, fulfills all of DiVincenzo’s criteria. In particular, the system
provides a scalable platform with well-defined classical qubit analogues, enables deterministic initialization and
control through external excitation, maintains coherence through structurally protected normal modes, supports
universal gate analogues (Pauli-X, Pauli-Y, Hadamard, etc.), and offers direct measurability.

Thus, the elastic network serves not only as a mechanical analogue of quantum logic but also as a demon-
strator of topologically protected, decoherence-free state manipulation. This positions the platform as a classical
counterpart that fully embodies the DiVincenzo checklist while offering robustness and direct accessibility under

ambient experimental conditions.

9.1. Criteria 1: Scalable Physical System with Well-Defined Qubits

This section establishes that our driven elastic network constitutes a scalable physical platform with well-
defined two-level states, fulfilling DiVincenzo’s first criterion. The fundamental qubit analogue is realized by
mutually orthogonal in-phase and out-of-phase eigenmodes of a two-granule system. These modes are experi-
mentally distinguishable via their 0 and 7 intermass phase differences and form an orthonormal basis {|E1), |E2)}
for a two-dimensional state space. Any elastic state is a coherent superposition « |E1) + §|FE2), whose complex
coefficients are directly inferred from the measured amplitudes and phases, giving a concrete, measurable notion
of a “qubit-analogous state” in this mechanical setting.

Scalability and control: The granular network functions as a primitive cell that can be tiled into larger
lattices (or augmented with harmonic channels in the mass—conical spring model) without destroying mode or-
thogonality or state addressability, ensuring modular scalability. Crucially, preparation and steering of states
are achieved through deterministic external driving: the complex drives Fj, Fo parameterized by an ampli-

tude—mixing knob £ and a relative phase £ (see Eq. (119)) set the Bloch-sphere coordinates of the elastic bit.
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Scalable Physical System With Well-Characterized Topological Qubits Analogue

The following equations govern the system:

m’l'j'l = kL(Fle“"Dt — ul) — k‘L(ul — ’U,g) — 771'14
(116)
miis = —kp (uz — Foe™P!) + k(ug — uz) — nig
Here w; and us represent the displacements of the granules from the equilibrium, F; and Fj are the driving
amplitudes, and wp is the driving frequency. The term kj, represents the stiffness in between the granules.

In the case of the well-known general solution of e’“?, the displacement field has the same frequency as the

external excitation (w = wp). Assuming solutions of the form u; = A;e“P! and uy = Aze™Pt, where A; and

A, are the amplitude of the vibration displacement, we identify the eigenmodes |E;) = % and |E3) =
1
N 1
7 , corresponding to in-phase and out-of-phase modes of the linearized granular system, respectively.
-1

These modes form an orthogonal basis for the system, allowing us to express the displacement field as a linear

superposition of |E) and |Es).

U= (a|B)+8 |Ba))ert = %a 1 + %B _11 et (117)

Here, o and 3 are the coefficients for E; and FEa, where it is normalized to |a|?>+|3]?= 1. We use Dirac
notation, an analogy with a quantum system, for vectors and apply it to the elastic states of the system by
writing vectors in state space. This is because the vectors |E1) and | E3) are two mutually orthogonal eigenstates
of the system and form an orthonormal basis for a 2D Hilbert space. Further, as seen in Eq. (117), the complex
coefficients (e and ) are dependent on each other through phase and form a coherent superposition of states in

the space of two possible forms of vibration (|E;) and |E2)). On that basis, the modal contribution in the mode

superposition of the total displacement field can be written in the form of a column displacement state vector,

|¥):
) = (118)

Bloch Sphere & Continuum of Elastic Bit States

In quantum mechanics and computing, the Bloch sphere is a geometrical representation of the pure state

space of a two-level quantum mechanical system (qubit). In the current study, we would like to geometrically
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depict the states of the elastic bit using the Bloch sphere. Essentially, each elastic bit will be a vector on the
Bloch sphere. This vector will be defined in two coordinates, 6 and ¢: 0 is the polar angle, and ¢ is the azimuthal

angle.

Driving force (control knobs). To create and steer the qubit analogue we drive the two masses with complex

amplitudes

FL =&+ (1-&)é%, F, =& - (1-&)e%, (119)

where £ € [0,1] controls the relative weighting of symmetric/antisymmetric drive and ¢ is the relative phase.

Under the linearized response at wp, the mode coefficients are

kr (F1 + F»)
V2 (= m(wd, — wh) +inwp) ’

B kp (Fy — F3)
h= V2 (= m(wdy — w) + kL + inwp) . (120)

o =

Equation (119) makes the preparation of pure basis states immediate: £ = 1 = F; = F; excites the in—phase
mode (|E1)), while £ = 0 = F; = —F; excites the out—of-phase mode (|E3)). Intermediate £ and nonzero &

deterministically generate coherent superpositions. Writing the elastic state in Bloch form,
0 io . 0
[v) = cos |E1) + e ‘psm§ |Es) , (121)
the Bloch angles follow directly from the complex coefficients:

9 = 2cos™'(|al), v = arg(B) — arg(a). (122)
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Figure 38: Creation and control of qubit-analogue elastic states. Equal-phase, equal-amplitude drive
(€ = 1) yields the pure in—phase state |E;); equal-amplitude, m—out—of-phase drive (£ = 0) yields the pure
out—of-phase state |Es). Intermediate £ and phase £ produce coherent superpositions. Bloch—sphere visual-
ization of the elastic state (121): poles correspond to pure modes, while the equator represents equal-weight
superpositions; arrows illustrate how (£, £) move the state on the sphere and how detuning sets the rotation
rate.

Thus the north pole (6 = 0) is the pure in—phase state |E1), the south pole (# = 7) is the pure out—of-phase
state |Es), and all other points on the sphere are coherent superpositions governed by (6, ¢).

Using elastic bits, the control is simple: Amplitude sets longitude, Phase sets latitude, and Detuning sets the
rotation rate. Concretely, £ in (119) sets the modal amplitude ratio (longitude on the sphere through 6), the
relative phase ¢ fixes the azimuth ¢ (latitude), and small frequency detuning from the modal resonances controls
the precession (state rotation) rate.

The pair {|E1) , |E2)} are mutually orthogonal, experimentally distinguishable states that form a well-defined
two—level system. Equations (119)—(122) provide a deterministic, analytically transparent map from experimen-
tal controls (£,&,wp) to every point on the Bloch sphere, enabling preparation and manipulation of all qubit
analogue states. Because the same control structure extends to additional masses and harmonics without loss
of state definition, the architecture is intrinsically modular and therefore scalable, satisfying DiVincenzo’s first
criterion.

Now that the states and the control map are fixed, the next step is initialization: we will place the state
at a chosen point (pole, equator, or anywhere in between) by setting (£, €) and verifying it from the measured

amplitudes and phases.

9.2. Criteria 2: Ability to Initialize Qubit States

Here we use the same knobs to prepare known reference states. Equal-phase drives (€ = 1) select |E),

opposite-phase drives (£ = 0) select |Es), and intermediate values create reproducible superpositions. Because
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we can both prepare and wverify these states directly from the two signals, initialization is deterministic and
repeatable.

DiVincenzo’s second criterion requires a reliable procedure to prepare the system in a known, reproducible
reference state. In our elastic-bit platform, initialization corresponds to placing the state vector at a prescribed
point on the Bloch sphere by setting the drive parameters (£,&,wp) of Eq. (119). The two canonical reference

states are the in—phase and out—of—phase eigenmodes:

521:>F1:F2:>|E1> (020), 5:0:>F1:—F2:>|E2> (9:71')

More generally, choosing £ € (0, 1) and a phase offset £ prepares deterministic superpositions in Eqgs. (121)—(122).
A simple protocol is: (i) set the drive frequency wp close to the resonance of the chosen mode pair, (ii) choose
(€,€) for the desired point on the Bloch sphere, (iii) wait for the response to settle, and (iv) verify the prepared
state from the measured amplitude ratio and the inter-mass phase (near 0 for |E;), near 7 for |Es)). This
provides a direct, experiment-level reset and confirmation.

Figure 6 shows how the controls map to motion on the Bloch sphere. Fixing £ and sweeping £ moves the
state from the pure poles (|E1) at 0 = 0, |E2) at § = m) through all intermediate 6 (Fig. 6a). Setting & = 0.5 fixes
0 = /2 (the equator), and sweeping & from — to +m produces a full 27 rotation in azimuth ¢ (Fig. 6b). Equal-
weight superpositions lie on the equator; changing £ selects their relative phase. This compactly establishes how
(&, &) navigate the Bloch sphere and prepares the loops used later for Berry-phase measurements.

The results in Fig. 6 demonstrate deterministic, reproducible initialization across the full state manifold:
fixing & and sweeping £ moves the state from the pure poles (|E1) and |E3)) through all intermediate 6 (Fig. 6a),
while fixing £ and sweeping £ at constant 6 produces a controlled 27 traverse in ¢ (Fig. 6b). Because each
target state is produced by explicit parameter choices in Eq. (119) and verified from measured amplitudes and
phases, the platform offers a resettable, measurement-backed initialization into known reference states (pure or
prescribed superpositions). This satisfies DiVincenzo’s second criterion for state initialization, and it does so

without probabilistic post-selection, enabling rapid, repeatable starts for subsequent control and gate operations.

9.3. Criteria 3: Long Coherence Times Relative to Gate Times

Before gates are useful, the state must stay steady long enough to operate those gates. Here, ’coherence
time’ means how long the relative phase between the two modes stays stable; 'gate time’ means how long one
controlled rotation takes. Criteria 3 is met when the coherence time is much longer than the gate time.

We choose how fast a rotation happens by either (i) using a small frequency offset from resonance (detuning)
or (ii) driving with two close frequencies (a beat). In both cases, we get a clear, controllable rotation rate. So,

if we want faster gates, we simply increase that rate within the stable operating range.
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We read the same two signals used everywhere else. Two quick checks tell us how stable the state is:
e Resonance width: a narrow peak in the frequency sweep means slow dephasing and long coherence.
e Ring-down: if the motion decays slowly after we stop driving, the coherence is long.
Both are easy to measure and require no additional hardware.

1. Measure the resonance peak of the two modes (or their ring-down) to get an estimate of how long the phase

stays steady.
2. Pick a comfortable and stable rotation rate using a small detuning or a beat so that a gate finishes quickly.

3. Check that the phase difference between the two masses barely drifts over many back-to-back gates.

These checks confirm that the phase remains constant while the gates run quickly, which is exactly the require-

ment. Coherence is naturally supported because:
e The two basis modes are orthogonal and well separated in frequency, so they do not easily mix.
e Under steady drive, the response is phase-locked and repeatable, which stabilizes the state.

e The same clean control that enables our Berry-phase loops also shows that the phase remains stable across

many operations.

With narrow resonances (long coherence) and quick, well-controlled rotations (short gate times), our elastic

bit completes many reliable operations before any noticeable drift. Therefore, Criterion 3 is satisfied.

9.4. Criteria 4: Universal Set of Quantum Gates

The fourth criterion of DiVincenzo asks us to move the state to the any point on the Bloch sphere using a
small set of moves. For a two-level system, this reduces to performing rotations of about two different axes and
choosing how fast those rotations occur.

The same knobs used in Eq. (119) also act as gates: the amplitude miz & controls how much of each mode
is present and therefore moves the state up or down a meridian (changes 6); the phase offset £ between the two
drives swings the state around the sphere (changes ¢) with 6 roughly fixed.

Keeping & fixed and sweeping £ gives a clean rotation around the z—axis; holding £ fixed and changing &
gives a rotation around a transverse axis. Because these two rotations are about different axes, short sequences
of them can reach any target point on the Bloch sphere (the familiar Euler—angle idea, but implemented here
by simple updates of £ and ).

From Fig. 6a, we prepare the poles (|E1) at 6 = 0, |E2) at § = m), place states on the equator (0 = 7/2),

and sweep all the way around in azimuth by varying £ through 27. Figure 7 then gives examples of moving
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between these waypoints with small, controlled changes of (£, £) at a chosen frequency wp, covering “bit—flip-like”,
“phase-like”, and “Hadamard-like” transfers.

Calibrate once the map (£,£) — (0,¢) from the two measured signals; for a z—rotation keep &£ fixed and
change £ — £ + ¢; for a meridian rotation keep ¢ fixed and step € to adjust ; choose a small detuning (or a
beat) to set the gate duration. No special pulses are required.

Full computational universality adds one entangling two—bit gate. In this platform a weak, tunable coupling
between two granules (or two harmonic channels) can provide a controlled phase on one bit conditioned on the
state of the other. Since single-bit control is already complete, adding this conditional phase would complete
the universal set.

We can rotate the elastic—bit state about two different axes with tunable speed and combine a few such moves
to reach any target state. Therefore, the system meets DiVincenzo’s fourth criterion at the single—bit level and

has a clear path to full (two—bit) universality.

9.5. Criteria 5: Qubit-Specific Measurement Capability

DiVincenzo’s fifth criterion requires a reliable way to measure (read out) the state of each element of two
levels on a well-defined basis and, when necessary, to reconstruct general superpositions. In our elastic-bit
platform, the computational basis is the modal pair |F;) and |E3) so that any state can be written as Eq. (121).

This Bloch mapping is already established and is used throughout the research study.

Observable, demodulation, and modal projection

We measure the two time series of displacement (or velocity / acceleration) of the masses, ui(t) and ua(t),
under a monochromatic drive at wp. Synchronous detection (lock-in / FFT at wp) produces complex responses
A; and A, (amplitudes & phases). Projecting these onto the modal basis gives the complex modal coefficients

o= L(A+A), B = L(A -4,

which map directly to the Bloch coordinates through 8 = 2 arccos(|a|) and ¢ = arg(8) — arg(«). This is exactly

the state representation used to visualize and quantify superpositions on the Bloch sphere.

Basis (computational) readout

A projective-like readout on the {|E;),|F2)} basis is performed by checking relative phase between the two
masses at wp:

if arg(A;) —arg(A2) = 0= |E1), if arg(A;) — arg(Asz) = 7 = |E).
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The manuscript documents exactly these 0/7 phase relations and their frequency dependence, which makes the

basis states experimentally distinguishable from the two mass signals alone.

Superposition (tomographic) readout

When the system is driven to a superposition, we recover (6, ) from (a, ) as above. The work already
shows how (&, ) control sweeps 0 and ¢ and how the angles are read off the responses, i.e., we measure the state

on the Bloch sphere rather than infer it indirectly. In particular:

e Keeping ¢ fixed while changing the drive-mixing parameter changes 6 and traverses meridians (Fig. 6a),

which we verify from the measured amplitudes / phases.

e Keeping 6 fixed while sweeping £ winds ¢ through 27 (Fig. 6b), which is observed directly in the demod-

ulated phase.

Minimal experimental burden and robustness

State readout requires only the two synchronous channels already used for control/visualization; no additional
sensing is needed. The study emphasizes that the Bloch—sphere state is obtained from measured amplitudes and
phases, and that small damping preserves an oscillatory steady state suitable for continuous monitoring (i.e.,
repeated, non-destructive readout during drive).

Because platform (i) distinguishes the basis states by a robust, binary relative phase signature; (ii) recon-
structs arbitrary superpositions by demodulating the two mass responses and projecting onto («, 8); and (iii)
cross-validates the readout through independent amplitude / phase dynamics observables, it provides a complete,

practical and reproducible measurement scheme for the elastic bit. Hence, DiVincenzo’s fifth criterion is met.

9.6. Extended DiVincenzo’s Criteria

Incorporating Geometric (Berry) Phase Control into Topological Qubit Architectures

The conventional Berry phase is defined for an eigenstate that adiabatically traces a closed loop in a Hamil-
tonian’s parameter space (often crystal momentum in periodic media). Here, we generalize this concept to our
classical two—level elastic bit, in which the relevant parameter manifold is set not by lattice periodicity but
by external drive controls: the amplitude-mixing ratio £ and the relative phase £ between the two drives (cf.
Eq. (119)). As the pair A = (£,€) is varied cyclically and adiabatically, the elastic state vector |¢)) traces a

closed path on the Bloch sphere and acquires a geometric phase

. _ 1
= AR)-Ax = i GTA) A = Sl (123)
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where A is the Berry connection and Q[C] is the solid angle enclosed by the trajectory C on the Bloch sphere.

Using the Bloch parameterization in Eq. (121), a latitude loop with fixed 6 and ¢ : 0 — 27 gives

vg(0) = =« (1 — co8 0). (124)

Control protocol (experimentally simple). The Berry phase is implemented with the same knobs used
throughout: choose £ to set the desired latitude 0; sweep ¢ adiabatically through a full 27 to complete the closed
loop; and, if desired, use a small detuning or beat to set a comfortable sweep rate. Figure 23 illustrates a typical

loop and the resulting geometric phase.

Adiabaticity and dynamical phase handling. Adiabaticity is ensured by making the sweep rate small
compared with the mode separation (linewidth), i.e. { < modal gap, which is readily satisfied in the steady
driven regime. The accumulated total phase ¢t = @ayn + 7B can be reduced to g by using symmetric,
echo-style paths that cancel ¢qyn, or by subtracting a reference run with the same timing that does not enclose

solid angle.

Readout (direct from the two mass signals). We demodulate the two responses (A1, Az2) to obtain (a, 5),
hence (0, ¢). Interfering the loop—evolved state with a reference (or comparing start—end phases at identical
(&,€)) reveals the excess phase A¢ =~ v predicted by Eq. (124). Because the basis states are distinguished by
a binary 0/7 intermass phase and superpositions map to (6, ), the geometric phase is measured in the same
readout channel—mno extra sensing is required.

The study correlates measured amplitude localization and phase differences with Berry—phase inferences,
providing independent observables that validate the readout. Energy concentrating on a single mass (versus
equal sharing) identifies special superpositions, and phase differences between the two masses (and relative to
the drivers) evolve in characteristic ways across control settings, including fixed points at which the phase ceases
to change. Both families of observables are obtained from the same demodulated signals (A, Ag).

In short, Berry phase control provides a path—dependent, timing—insensitive operation that complements
state preparation, coherence, universal control, and readout within the elastic-bit framework, strengthening the

topological aspect of the platform without adding measurement or control overhead.
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10. CONCLUDING REMARKS

This dissertation has presented a comprehensive exploration of how nonlinear elastic networks—specifically
granular and conical-spring systems—can serve as robust, classical analogues to quantum and topological phe-
nomena. By bridging nonlinear dynamics, topological mechanics, and quantum information concepts, this work
establishes a new paradigm: the elastic bit, a macroscopic, decoherence-free analogue of the quantum bit (qubit).
The elastic bit embodies quantum-like superposition, phase evolution, and topological phase accumulation within
a purely classical mechanical platform that is realizable under ambient laboratory conditions.

Starting from first principles, a rigorous mathematical framework was developed to describe nonlinear gran-
ular networks governed by the Hertzian contact law. By expanding the nonlinear contact force into a power
series, multi-order equations of motion were formulated to capture the essential nonlinear behaviors. Analyt-
ical derivations revealed the energy-dependent modal structures and frequency—energy plots that characterize
transitions between in-phase and out-of-phase modes, analogous to eigenstate transitions in quantum two-level
systems. These findings demonstrated that nonlinearity is not merely a perturbation but the defining mechanism
enabling state bifurcation and coherent modal superposition.

Through both theoretical modeling and experimental validation, the dissertation introduced the concept of
a logical elastic bit. By mapping the steady-state complex amplitudes of coupled masses onto the orthonormal
basis of linearized eigenmodes, the system’s state was represented on a Bloch sphere parameterized by the polar
and azimuthal angles (6, ). These coordinates defined a Hilbert-space representation in which the amplitude
ratio and phase difference served as the classical equivalents of the quantum amplitudes o and . The time-
dependent evolution of these states revealed cyclic trajectories that confirmed the elastic bit’s ability to undergo
deterministic and reversible Bloch-sphere precession—a purely mechanical manifestation of unitary evolution.

Building upon this geometric representation, the work demonstrated classical analogues of quantum logic
gates, including Pauli-X, Pauli-Y, Hadamard, and phase-shift operations, realized through controlled variations
of the driving amplitude, frequency, and phase. Detuning between harmonic components produced rotational
dynamics equivalent to Z-rotations and bit flips, while harmonic pairing enabled passive gate operation without
feedback control. These results revealed that nonlinear mechanical interactions can emulate universal gate
operations solely through spectral and phase tuning, thereby satisfying several of DiVincenzo’s criteria for qubit
analogues within a fully classical platform.

A major contribution of this research is the first experimental realization of the Berry phase in a nonlinear
classical system. By cyclically varying the external driving parameters, the elastic bit’s state vector traced
closed loops on the Bloch sphere and accumulated a geometric phase that could be measured directly from
amplitude—phase data. The observed quantization of Berry phases between 0 (trivial) and 7 (nontrivial) estab-

lished the presence of topologically protected states in a macroscopic mechanical system. This result bridges
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the conceptual gap between topological quantum mechanics and nonlinear classical dynamics, revealing that
geometric phase accumulation—once thought exclusive to quantum systems—can be engineered and observed
in elastic media.

Extending beyond single-bit dynamics, the study explored two-bit and three-bit elastic systems created
through spectral partitioning of higher harmonics. Fourier projection techniques decomposed the experimental
data into modal subspaces corresponding to multiple elastic bits. The introduction of time-variant complex co-
efficients enabled the computation of entanglement entropy, distinguishing separable and non-separable states.
These results provided the first demonstration of mechanically induced, classically entangled states with tun-
able correlations, paving the way for scalable logic architectures and analog quantum-inspired computing at
macroscopic scales.

The practicality and robustness of this approach were further underscored through experimental implemen-
tation. Using laser Doppler vibrometry, controlled excitation, and FFT-based signal demodulation, the logical
elastic bit was reconstructed directly from measured quantities without probabilistic inference. The system ex-
hibited remarkable resilience to thermal noise, damping, and material imperfections, highlighting its robustness
relative to quantum platforms. Moreover, the elastic bit’s state evolution was deterministic, observable, and
repeatable, allowing continuous measurement without collapse—an advantage unattainable in true quantum
systems.

The findings of this work open several promising research avenues:

e Scalability and integration: The elastic-bit concept can be extended to multi-dimensional lattices and

coupled arrays, enabling scalable architectures analogous to qubit networks.

e Topological logic circuits: Arrays of elastic bits with controlled boundary conditions can realize topo-

logically protected logic operations resilient to structural imperfections or damping.

e Hybrid quantum-—classical interfaces: The robustness and ambient operation of elastic bits suggest
opportunities for hybrid platforms combining classical topological mechanics with quantum sensing and

control.

e Energy-efficient mechanical computing: The passive, frequency-controlled state evolution of elas-
tic bits indicates potential for ultra-low-power computing paradigms relevant to neuromorphic and edge

devices.

While contemporary quantum computing chips such as Google’s Willow and Microsoft’s Majorana 1 push the
frontier of quantum hardware, they remain constrained by the fragility, environmental sensitivity, and extreme
operating requirements typical of superconducting or exotic topological qubits. For example, Willow — with its

105 superconducting qubits, still depends on cryogenic environments, complex error-correction overhead, and
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delicate isolation to preserve coherence. In contrast, Majorana 1, though promising a route toward topologically
protected qubits and improved stability, remains a nascent prototype with only a few qubits demonstrated, and
debates still ongoing regarding the robustness and reproducibility of its claimed Majorana modes.

In contrast, the elastic-mechanics approach developed in this dissertation avoids many of these challenges
altogether by relying on classical, macroscopic materials and designs. Logical elastic bits encode information
in stable elastic-network modes and their nonlinear dynamics, functioning at ambient (or otherwise benign)
conditions, with deterministic readout, minimal environmental fragility, and no need for cryogenics or exotic
nanofabrication. As a result, this platform offers a fundamentally different trade-off: sacrificing some aspects
of orthodox “quantum weirdness”, but gaining vastly improved robustness, manufacturability, and practicality.
In doing so, the work outlines a realistic, scalable path toward a “quantum-inspired” information system that
merges many advantageous features of quantum logic superposition-like state richness, nontrivial gate analogues,
phase/geometry control with the reliability and practicality of classical engineered systems.

In summary, this dissertation establishes a unified theoretical and experimental foundation for quantum-
analogous and topological computation using nonlinear elastic systems. It demonstrates that the fundamental
features of quantum mechanics—superposition, gate operations, entanglement, and geometric phase accumula-
tion—can emerge from deterministic, nonlinear classical dynamics. The elastic bit thereby redefines the con-
ceptual boundary between classical and quantum physics, offering a tangible, room-temperature realization of
quantum-like information processing. Beyond its immediate impact on materials physics and nonlinear dynam-
ics, this work lays the groundwork for a new generation of mechanically based information technologies that

merge the precision of quantum theory with the robustness and accessibility of classical matter.
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Quantum information science has transformed our understanding of computation, sensing, and commu-
nication by leveraging phenomena such as superposition, coherence, and entanglement. Yet, the realization
of scalable quantum technologies remains impeded by decoherence, cryogenic requirements, and the intrinsic
fragility of quantum states. This dissertation introduces a purely mechanical analogue—based on nonlinear
elastic networks—that realizes quantum-like and topological behaviors under ambient conditions. By exploiting
strong nonlinearities in granular and conical-spring systems, this work demonstrates how macroscopic elastic
structures can encode, process, and transform information through controllable superpositions of vibrational
modes, giving rise to a classical counterpart of the qubit termed the elastic bit.

The theoretical foundation of this work is established through the formulation of nonlinear normal modes
(NNMs) in a coupled mass—spring lattice governed by Hertzian contact laws. Analytical derivations and numer-
ical simulations reveal that the system’s eigenfrequencies depend explicitly on vibration amplitude, leading to
energy-dependent modal coupling and multi-harmonic generation. By mapping the steady-state response of the
two-mass oscillator onto the orthonormal modal basis, the system’s state is represented as a point on the Bloch
sphere parameterized by the polar and azimuthal angles (6, ¢). This framework permits direct visualization of
classical superposition and phase evolution, establishing a bridge between nonlinear mechanical oscillations and
quantum Hilbert-space dynamics.

Experimentally, this study employs laser Doppler vibrometry, harmonic excitation, and Fourier analysis
to extract the complex modal amplitudes of coupled masses in both granular and conical-spring platforms.
The measured amplitude and phase responses validate the existence of coherent mechanical superpositions
that evolve deterministically in time. By tuning the driving amplitude, frequency, and phase, the elastic bit
performs functional analogues of quantum logic operations, including the Pauli-X, Pauli-Y, Hadamard, and
phase gates. These operations are realized without digital feedback or electronic control, relying solely on the
intrinsic dynamics of the nonlinear system. The resulting state trajectories on the Bloch sphere confirm a direct

mechanical manifestation of quantum-like rotations and state transformations.
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Beyond single-bit dynamics, the dissertation extends the framework to logical elastic bits by employing
Fourier projection methods to decompose higher-order harmonics into distinct modal pairs that function as
multi-bit systems. This spectral partitioning enables scalable architectures capable of inter-bit coupling and
correlation. The time-resolved coefficients extracted from these harmonic combinations demonstrate controlled
classical analogues of entanglement and mode hybridization, providing a pathway toward multi-bit mechanical
logic. Furthermore, cyclic modulation of the excitation parameters produces closed trajectories in the Bloch
representation, leading to the direct measurement of the geometric (Berry) phase. The quantization of this
phase between 0 and 7 validates the topological nature of the elastic bit and establishes a classical analogue to
quantum topological protection.

The results of this work satisfy the DiVincenzo criteria for quantum-analogous systems, offering a determinis-
tic, observable, and robust platform for information processing. Unlike quantum systems, elastic bits operate at
room temperature, are immune to decoherence, and can be continuously measured without state collapse. The
combination of theoretical modeling, experimental verification, and geometric analysis demonstrates that non-
linear mechanical systems can reproduce the essential mathematical structure and operational logic of quantum
computing.

In summary, this dissertation establishes a unified theoretical and experimental foundation for quantum-
inspired mechanical computation through nonlinear dynamics and topological mechanics. The realization of
elastic bits marks a pivotal step toward the development of energy-efficient, noise-immune, and scalable mechan-
ical platforms capable of performing quantum-analogous logic. This framework not only deepens the fundamental
understanding of nonlinear modal interactions but also opens a promising route toward classical metamaterials
that emulate the power of quantum information processing while remaining accessible, tunable, and robust under

ambient laboratory conditions.
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that bridges classical and quantum-inspired mechanical systems.

I began this journey in the winter of 2022, focusing on the nonlinear dynamics of coupled granular and
conical-spring networks. Through theoretical formulation and experimental realization, I sought to create me-
chanical systems that mimic the behavior of quantum bits—superposition, phase coherence, and geometric phase
evolution—within a macroscopic, room-temperature platform. The outcome of this work is the elastic bit, a
robust, tunable, and decoherence-free classical analogue of the qubit, capable of performing quantum-analogous
logic gate operations through controlled mechanical excitation. The mathematical and experimental framework
developed during this research not only deepens our understanding of nonlinear mechanical interactions but also
offers a new pathway toward quantum-inspired information processing and topological metamaterial design.
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inquiry into the nonlinear and topological realms of mechanical systems.
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