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Abstract

The modern pneumatic tire has reached the limits of its architectural evolution. The acceler-
ating demands of electric vehicles, autonomous mobility, intelligent transportation systems,
wheel-based robotics, and sustainability objectives are exposing fundamental contradictions

in pressure-based wheel architectures.

This white paper introduces MetaTire | n-Wheel, a meta-architectured, non-pneumatic,
multi-layered wheel platform that integrates structural-material innovation, multiscale digital-
twin technology, and embedded intelligence. The result is a comprehensive redefinition of
what a wheel can be—and how it contributes to vehicle performance, safety, efficiency, and

system-level intelligence.

Through rigorous structural mechanics, IGA (Isogeometric Analysis)—enabled CAD-CAE-CAM
integration, simulation-driven and topology-optimized design, cloud-based computation, Al-
assisted design, optimization, and manufacturing workflows, and benchmarking, we demon-
strate both the necessity and the inevitability of the Third Revolution of the Wheel.



Executive Summary

The wheel has undergone only two fundamental structural revolutions in human history: (1)
the invention of the spoked wheel, and (2) the pneumatic tire. Both transformed mobility,
industry, and society. Today, a third revolution is not only possible—it is necessary and

already underway.

Why the wheel needs a new beginning

The pneumatic tire has reached a structural ceiling. Its reliance on internal pressure creates
coupled stiffness modes, instability under high loads, temperature sensitivity, fatigue-critical
stress concentrations, and an inherent vulnerability to pressure loss and blowout events,
introducing unacceptable single-point failure risks for autonomous and mission-critical vehi-
cles [I]. In addition, continuous pressure maintenance imposes nontrivial operational costs,
specialized sensing and inflation infrastructure, and long-term reliability burdens at the fleet
and system levels. These architectural limitations are irreconcilable with the demands of

advanced mobility systems [2H5].

Why the Third Revolution is possible now

Breakthroughs in meta-architectured materials, digital simulation technologies, hybrid man-
ufacturing, and embedded sensing have created the technical foundation for a new wheel ar-
chitecture—one that is pressureless, structurally tunable, digitally optimized, and intelligence-
ready. Crucially, advances in cloud-scale computation and Al-assisted modeling, optimiza-
tion, and design workflows now enable these multi-domain innovations to be integrated,
explored, and validated at a system level, transforming what was previously impractical into

an engineering reality [6-9].
The MetaTire | n-Wheel Framework
MetaTire is built on three tightly integrated layers:

1. Structural-Material Layer: a meta-architectured, non-pneumatic lattice in which
material behavior and structural geometry are intrinsically coupled, enabling tunable

stiffness, deformation stability, and thermal robustness. This layer is grounded in



auxetic and architectured material principles and provides the physical foundation for
pressureless load bearing and durability [10-H13]. The broader theoretical framework
underlying meta-architectured and macro-architectured cellular materials is developed
in greater depth in a forthcoming monograph by the authors on Macro-Architectured
Cellular (MAC) Materials [14].

Digital Layer: a multiscale digital-twin pipeline (Digital n-Wheel) enabling CAD-
CAE-CAM continuity, IGA-based simulation, and topology optimization with GPU
acceleration. Advances in cloud-scale computation and Al-assisted modeling and op-
timization further enable large-scale design-space exploration, rapid iteration, and

system-level validation across operating conditions [8, [, [T5HI§].

. Intelligence Layer: an intelligent n-Wheel (i-Wheel) platform with embedded sens-

ing and energy harvesting, enabling structural diagnostics, predictive maintenance, and
Al-assisted control. This layer builds upon advances in structural sensing, self-powered
systems, and data-driven intelligence to close the loop between physical response, dig-

ital models, and adaptive operation [19-22].

The future enabled by MetaTire

MetaTire unlocks a future where wheels are:

safer and blowout-free,

thermally stable under EV torque loads,

optimized for drivability, durability, and rolling efficiency,
digitally designed and continuously monitored,

active contributors to autonomy, fleet intelligence, and sustainable ecosystems.

This white paper provides the full technical foundation, engineering rationale, benchmarking

evidence, and structural vision for the Third Revolution of the Wheel.
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This collaboration reflects a broader shift in scientific and engineering practice: the emer-
gence of human—AlI collaboration as an accelerator for discovery, design, and system-level
innovation. In the development of MetaTire | n-Wheel, Al served as an enabling instrument

for conceptual exploration rather than an autonomous agent or independent author.

Note on Figures

Many of the figures in this white paper were generated through Al-assisted workflows, includ-
ing schematic synthesis, conceptual rendering, and architecture-level visualization. These
illustrations serve as cognitive scaffolding: tools for exploring structural behavior, design

logic, and system integration at a conceptual level.

They are not intended to represent manufacturing-ready geometries or validated engineering
drawings. All engineering-grade CAD/CAE models, high-fidelity digital twins, and verified

design data are maintained within the internal Digital n- Wheel simulation framework.

The combined use of human design intent, Al-generated visualization, and digital-twin sim-
ulation represents a new triad in engineering creativity—one that accelerates innovation and

expands the space of what can be designed, tested, and imagined.

Release Note

This white paper is offered as an open contribution to the emerging fields of meta-architectured
mobility, digital-twin simulation, and intelligent wheel systems. It may be freely distributed
in its complete and unaltered form. Readers and researchers are welcome to reference or
cite its ideas, provided proper attribution is given to the original MetaTire | n-Wheel white

paper and its authors.

The concepts and technologies described herein remain protected intellectual assets. No
license for reproduction, modification, or commercial use is granted without explicit written
permission. The official and most up-to-date version can be found through the MetaTire |

n-Wheel website and communication channels.
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1 Introduction

The wheel remains one of humanity’s most enduring and transformative mechanical inven-
tions. Across more than five millennia, its core structural paradigm has undergone only two
fundamental revolutions: the introduction of the spoked wheel in antiquity and the inven-
tion of the pneumatic tire in the late 19th century [2, [3]. Each revolution created a step
change in mobility, productivity, and societal development, unlocking new capabilities in

transportation, logistics, and manufacturing.

Yet despite the profound technological progress of the past century—digitalization, advanced
materials, electrification, autonomy—the architecture of the pneumatic tire has remained
structurally unchanged. Its operating principle is still governed by internal pressurization,
rubber-layered composites, and deformation-controlled stiffness. Incremental progress in
compounding, belt design, tread engineering, and radial architecture has extended perfor-
mance boundaries, but these refinements do not alter the intrinsic structural logic of the

pneumatic system.

Today, the global transition toward electrification, autonomy, and intelligent mobility ex-
poses these structural limitations more clearly than at any point in history. Modern vehicle
platforms impose demands that are fundamentally misaligned with a pressure-based wheel
architecture. Electric vehicles introduce higher curb weights and instantaneous torque spikes;
autonomous systems require predictable and controllable deformation modes; sustainability
initiatives demand fully recyclable, low-waste systems; and emerging mobility ecosystems
call for wheels that serve as active sensing, diagnostic, and digital integration platforms.
At the same time, the inherent vulnerability of pressure-based systems to pressure loss and
blowout events introduces unacceptable single-point failure risks for autonomous and other

mission-critical mobility platforms.

These challenges are not simply matters of improved materials or better tire construction.

They arise from the architectural constraints of the pneumatic tire itself:

e pressure-coupled stiffness and deformation modes,

instability under high load or low pressure,

vulnerability to pressure loss and blowout events (single-point failure modes),

fatigue-critical stress concentrations at belt edges and sidewalls,

thermal instability during high-torque cycles,



e non-uniform wear patterns and composite aging,

e structural limitations in integrating sensing, actuation, or intelligence.

As mobility systems become more electrified, dynamic, data-rich, and software-defined, the
gap between required performance and achievable performance widens. A new structural
paradigm is needed—one that decouples stiffness from pressure, integrates digital intelligence
at the architectural level, and aligns with the mechanical demands of advanced mobility

systems.

This white paper introduces such a paradigm: the Third Revolution of the Wheel, enabled
by the MetaTire™ | n-Wheel ™ platformE]. This platform is grounded in advances in architec-
tured materials, non-pneumatic wheel research, multiscale mechanics, digital twin engineer-
ing, and topology-optimized structural design. It redefines the wheel as a geometry-driven,
computation-enabled, and intelligence-ready mechanical system capable of supporting the
next century of mobility innovation. In this context, MetaTire denotes the architectured,
hub-independent wheel structure that defines the core load-bearing geometry and material
logic, while n- Wheel refers to the fully integrated wheel system incorporating the hub, vehicle
interfaces, and system-level functionality. Together, MetaTire | n-Wheel represent a unified
architectural framework spanning fundamental structural design and complete wheel-system

realization.

The goal of this introduction is to establish the historical context, technological motivation,
and structural imperatives for this transformation, preparing the foundation for the detailed

framework presented in the sections that follow.

Relevant Prior Work

A substantial body of research underlies the transition toward architectured and non-pneumatic
wheel systems. Classical studies in vehicle dynamics and tire mechanics established the
foundational models for pneumatic tire stiffness, contact behavior, and structural limits [2-
4]. More recent developments in architectured and metamaterial systems—auxetic struc-
tures, re-entrant lattices, multiscale cellular solids, and nano-/micro-truss composites—have
demonstrated unprecedented tunability in deformation response, energy absorption, and
directional stiffness [0, [7, B1]. Parallel advances in non-pneumatic tire (NPT) research
highlight the feasibility of pressureless wheel architectures, while also revealing stability,

manufacturability, and performance challenges that require new design strategies [5, 32].

'MetaTire™ and n-Wheel™ are trademarks of the authors. Trademark applications are pending.



The MetaTire | n-Wheel™ framework builds upon and unifies these developments into an

integrated structural-digital-intelligent wheel architecture.

Structure of This White Paper

This white paper is organized into five major parts, followed by detailed technical appendices.
The structure mirrors the three-layer MetaTire — n-Wheel framework—structural, digital,

and intelligent—and then extends to system-level implications and future outlook.

1. Section 1 — Introduction: Establishes the historical context, technological moti-
vation, and architectural limitations that necessitate a new wheel paradigm. Reviews
prior work in architectured materials, non-pneumatic tires, and digital design frame-

works.

2. Section 2 — Why the Wheel Needs a New Beginning: Analyzes the fundamen-
tal structural contradictions of pneumatic tires, the hidden system-level compensations
they impose on modern vehicles, and the resulting architectural obsolescence under EV

and autonomous mobility demands.

3. Section 3 — Why the Third Revolution Is Now Possible: Introduces the
enabling conditions for a pressureless wheel architecture, including architectured ma-
terials, digital twins, hybrid manufacturing, and intelligence. Identifies the four tech-

nological pillars that make the Third Revolution feasible today.

4. Section 4 — The MetaTire / n-Wheel Framework: Presents the core contri-
bution of this white paper: a unified structural-digital— intelligent wheel architecture.
Describes the meta-architectured structural layer, the Digital n-Wheel multiscale simu-
lation pipeline, the i-Wheel intelligence layer, and comparative performance advantages
relative to pneumatic and existing NPT systems.

5. Section 5 — The Bright Future of the Third Wheel Revolution: Explores the
system-level impact of MetaTire | n-Wheel on EV design, autonomy, sustainability,
robotics, fleet intelligence, and mobility ecosystems. Introduces a roadmap for adoption

across OEMs, fleets, and emerging mobility platforms.

The appendices provide the mathematical, mechanical, and computational foundations that
support the main narrative: Appendix A (structural mechanics), Appendix B (digital twin

modeling), Appendix C (topology optimization), Appendix D (material and unit-cell library),

10



and Appendix E (benchmarking and case studies). Glossary and references complete the

document.
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2 Why the Wheel Needs a New Beginning

2.1 Structural limitations of the pneumatic architecture

The pneumatic tire operates as a tensioned-membrane system supported by internal air
pressure [2, 3]. Because load-bearing capacity arises primarily from inflation pressure rather
than structural geometry, the pneumatic architecture exhibits a set of intrinsic contradictions
that fundamentally limit its ability to meet the demands of modern mobility systems. While
certain failure modes of pneumatic tires, such as pressure loss and blowout events, are well
known and widely documented, they are symptoms rather than exceptions of this underlying

architectural logic. These limitations fall into four structural domains:

1. Pressure-based load path. The tire’s primary load-bearing mechanism is internal gas
pressure, producing inherent susceptibility to pressure loss, blowout, and puncture events,
as well as continuous requirements for pressure monitoring and maintenance. These risks
are well understood in conventional vehicle operation but become critical single-point failure
modes in autonomous and other mission-critical mobility systems. Inflation level directly
governs stiffness, shape stability, and contact patch behavior, creating a fragile dependency

between safety and pressure.

2. Coupled and unstable dynamics. Pneumatic deformation introduces nonlinear cou-
pling between radial and lateral stiffness, contact patch geometry, and transient response.
These pressure-dependent dynamics reduce predictability and complicate vehicle-level ride,
handling, and control optimization, especially under rapidly varying loads in electrified plat-

forms.

3. Thermal and energy inefficiencies. Repeated cyclic deformation of viscoelastic
rubber generates heat, amplified by EV torque profiles and high-load operation. Thermal
buildup accelerates wear, alters stiffness and damping characteristics, and contributes to

hysteresis-driven energy losses and NVH variability across real-world conditions.

4. Fatigue and aging mechanisms. Rubber oxidation, cord degradation, and fatigue-
critical stress concentrations at belt edges and ply turn-ups progressively reduce stiffness,

structural integrity, and safety margins over the tire’s lifetime. These changes are inherent

12



to the pneumatic construction and cannot be eliminated through compound improvements

alone.

Taken together, these limitations are not manufacturing imperfections but arise directly from
the architectural logic of the pneumatic system. A pressure-dominated load path cannot
simultaneously achieve the stability, tunability, thermal robustness, and predictive behavior

required for electrified, autonomous, and intelligent mobility platforms.

(Pressure-Based Load Path
— Inflation-dependent stiffness

— Blowout and puncture risk

- Requires continual monitoring

rCoupled & Unstable Dynamics
— Radial/lateral stiffness coupling
— Nonlinear deformation modes

- Reduced predictability

(Thermal & Energy Inefficiencies

— Heat buildup under EV torque
— Hysteresis losses
- NVH variability

(Fatigue & Aging Mechanisms

— Belt-edge stress concentrations
— Rubber/cord degradation

— Progressive stiffness loss

.

J

Figure 1: Structural contradictions of the pneumatic architecture. Pressure-dominated load
paths, coupled dynamics, thermal inefficiency, and fatigue mechanisms—including well-
known but architecturally unavoidable risks associated with pressure loss—impose funda-
mental constraints on safety, stability, efficiency, and predictability.

2.2 System-level compensations and hidden costs

Because the pneumatic tire cannot resolve its own structural contradictions, modern vehicles
must compensate for these limitations at multiple levels of the chassis, thermal, acoustic,
and control architecture. A significant portion of vehicle complexity exists not to enhance
performance, but to counteract behaviors originating at the tire itself. These compensations

form a cascading set of system-level layers:
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1. NVH countermeasures. Acoustic insulation, cavity-noise treatments, damping ma-
terials, and tuned mass elements are required to mitigate pressure-driven variability in vi-
bration and sound generation. These treatments add material mass and impose design

constraints on the body structure.

2. Suspension and damping complexity. Multi-link layouts, advanced bushings, and
semi-active or adaptive damping systems are used to stabilize the vehicle response under
nonlinear, pressure-dependent tire deformation. These systems are essential to maintain ac-

ceptable ride comfort, transient handling stability, and predictability across load conditions.

3. Thermal management systems. EV torque cycles and high-load operation accelerate
thermal buildup in pneumatic tires, necessitating heat shields, optimized airflow, protective
thermal barriers, and strict operating envelopes. These measures increase both design and

manufacturing overhead.

4. Stability, traction, sensing, and steering-control algorithms. Modern stabil-
ity control (ESC), traction control, torque vectoring, and steering-actuation algorithms
must compensate for variable contact patch behavior, lateral stiffness nonlinearity, and
unpredictable transient response. In addition, dedicated sensing and monitoring subsys-
tems—most notably tire pressure monitoring systems (TPMS)—are required to continuously
detect pressure-dependent state changes and mitigate failure risks inherent to a pressure-
based load path. As a result, software, sensing, and validation complexity grows in direct

proportion to the tire’s structural unpredictability.

Collectively, these layers add substantial cost, weight, energy consumption, and engi-
neering overhead. More critically, they shift the burden of safety, stability, and efficiency
away from the wheel-—the primary load-path element—and onto the surrounding vehicle
architecture. This systemic dependency represents a hidden “complexity tax” inherent to
pneumatic tire design, limiting the efficiency, modularity, and performance gains achievable

in electrified and autonomous platforms.

2.3 Architectural obsolescence

The limitations of pneumatic tires are not isolated engineering challenges; they are the di-

rect consequences of a pressure-based structural logic that has reached the limits of its evo-
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Figure 2: System-level compensation layers required to counteract the structural limitations
of pneumatic tires. As each layer is added, overall vehicle cost, mass, system complexity,
and energy consumption increase, including sensing, monitoring, and control subsystems
required to manage pressure-dependent tire behavior.
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lutionary trajectory. After more than a century of incremental refinement, the pneumatic
architecture remains constrained by the same fundamental issues that defined it at inception:
dependence on inflation pressure, nonlinear and coupled deformation modes, thermal vulner-
ability, and progressive material degradation. No combination of compounds, reinforcements,
sensing strategies, or control algorithms can eliminate these contradictions, because they are

embedded in the architecture itself.

As shown in Sections and the structural contradictions of pneumatic tires propa-
gate outward into the vehicle ecosystem. They force the addition of multiple compensation
layers—NVH treatments, complex suspension architectures, thermal management systems,
pressure monitoring, and software-driven stability and traction control. These layers effec-
tively serve as external scaffolding to stabilize a structurally limited component. The result
is a cascading increase in vehicle mass, cost, energy consumption, calibration burden, and

engineering complexity.

This pattern is a hallmark of architectural obsolescence. A mature technology approaches
obsolescence not when it fails catastrophically, but when its internal contradictions require
external systems to assume increasing responsibility for core functions such as load support,
stability, thermal resilience, and dynamic predictability. In such cases, further optimiza-
tion yields diminishing returns, and system-level complexity grows faster than achievable

performance gains.

In the case of the pneumatic tire, architectural obsolescence is amplified by the demands
of electrification, autonomous control, higher torque densities, and continuously expanding
operating envelopes. A pressure-dominated architecture cannot be tuned, compensated, or
optimized into meeting the requirements of next-generation mobility. The limitation is not

incremental performance shortfall but structural saturation.

To enable meaningful advances in safety, efficiency, stability, manufacturability, and intel-
ligence integration, a new wheel architecture is required—one that derives its mechanical
properties from engineered geometry and material logic rather than from inflation pressure.
This recognition forms the basis for the Third Revolution of the Wheel.

16
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Figure 3: Architectural obsolescence of pneumatic tires. Incremental refinements and ex-
ternal compensation layers can no longer overcome the intrinsic structural limitations of a
pressure-dominated wheel architecture under modern mobility demands.
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3 Why the Third Revolution Is Now Possible

This section demonstrates why, for the first time in modern mobility, the wheel can evolve

beyond the pneumatic paradigm.

3.1 The two historical revolutions of the wheel

Across more than five millennia, the wheel has undergone only two fundamental structural
revolutions—each driven by a decisive shift in how loads are carried and how mobility is
enabled. These revolutions were not incremental improvements, but architectural transitions

that redefined the relationship between structure, efficiency, and motion.

1. The spoked wheel. The introduction of spokes replaced solid wooden discs with
a lightweight tension—compression structure, dramatically reducing mass while increasing
mechanical efficiency. By redistributing loads through geometry rather than bulk material,
the spoked wheel enabled higher speeds, improved maneuverability, and the expansion of

early transportation and logistics systems.

2. The pneumatic tire. The invention of the air-filled tire introduced a compliant,
energy-absorbing structure capable of decoupling load support from impact mitigation.
This architectural shift provided ride comfort, shock isolation, traction, and safety at levels
unattainable by rigid wheels. The pneumatic paradigm dominated the 20th century, sup-

porting unprecedented growth in automotive performance, vehicle mass, and global mobility.

Today, however, both historical innovations have reached their architectural limits. As
demonstrated in Section[2.3] the pneumatic tire can no longer meet the requirements imposed
by electrification, autonomy, high-torque drivetrains, intelligent control, and sustainability-
driven design. The structural contradictions of pressure-based systems, together with the
escalating cost and complexity of compensatory subsystems, signal the end of the pneumatic

architecture’s evolutionary trajectory.

At the same time, advances in architectured materials, digital simulation, multiscale de-
sign automation, cloud-scale computation, and embedded sensing have created—for the first
time—the technical foundation for an entirely new wheel architecture. These converging ca-
pabilities make the Third Revolution not only possible, but structurally and technologically

inevitable.
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Solid, Steel, Inflated
wooden spoked rubber
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Figure 4: Historical progression of wheel architectures, from solid wooden wheels to
lightweight spoked structures and finally pneumatic tires. Each transition represents a struc-
tural revolution driven by a fundamental reorganization of load paths and functional priori-
ties.

3.2 The four enabling pillars of the Third Revolution

The emergence of a new wheel architecture is not the result of a single breakthrough, but of
four technological pillars that have matured simultaneously. Only their convergence provides
the structural, digital, manufacturing, and intelligence foundations required to move beyond

pressure-based tire design and toward geometry-driven, computation-enabled wheel systems.

1. Meta-architectured materials. Advances in architectured and auxetic metamateri-
als enable stiffness, damping, deformation stability, and thermal behavior to be controlled
through geometry rather than through inflation pressure. By embedding mechanical func-
tion directly into structural topology, these engineered lattices provide tunability, robustness,
and directional performance that conventional composites, membranes, and layered rubber

constructions cannot achieve.

2. Multiscale digital simulation and digital twins. Advances in isogeometric analysis
(IGA), topology optimization, and GPU-accelerated multi-physics simulation now allow full-
wheel architectures to be designed, validated, and optimized digitally across scales. Digital
twins provide continuity across CAD, CAE, and CAM, enabling large-scale design-space
exploration, rapid iteration, and system-level integration. Cloud-scale computation and
Al-assisted modeling further extend these capabilities, transforming wheel design from a

trial-based process into a predictive, computational workflow.
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3. Hybrid and additive manufacturing. Hybrid molding, advanced elastomer pro-
cessing, and large-format additive manufacturing make it possible to fabricate complex ar-
chitectured geometries at functional scales. These processes close the gap between digital
design intent and manufacturable reality, enabling meta-architectured wheels to transition

from laboratory prototypes to scalable, production-ready components.

4. Embedded sensing and Al-enabled intelligence. Modern sensing technologies—including
strain, vibration, and thermal sensing—combined with energy harvesting and lightweight em-
bedded electronics allow the wheel to become an active participant in vehicle intelligence.
Al-driven diagnostics, prognostics, and control algorithms leverage real-time wheel-state in-

formation to enhance safety, durability, predictive maintenance, and autonomous operation.

Together, these four pillars eliminate the fundamental constraints of the pneumatic paradigm.
Wheel architecture is no longer limited by pressure, membranes, or coupled deformation
modes, but instead defined by engineered geometry, validated through digital computation,
realized through advanced manufacturing, and empowered by embedded intelligence. Their
convergence establishes the technological foundation on which the Third Revolution of the
Wheel can unfold.

3.3 Convergence toward a new wheel architecture

The simultaneous maturity of these four technological pillars does more than enable incre-
mental improvement—it establishes the conditions for an entirely new wheel architecture.
For the first time since the invention of the pneumatic tire, structure, computation, man-
ufacturing, and intelligence can be integrated as a unified architectural system rather than

treated as loosely coupled engineering domains.

Meta-architectured materials provide the geometric degrees of freedom required to decouple
load paths, tune stiffness, and control deformation without reliance on internal pressure.
Multiscale digital simulation and digital twins establish a continuous design pipeline capable
of exploring, validating, and optimizing this expanded design space. Advanced manufactur-
ing technologies translate complex architectured lattices and hybrid material systems into
viable, reproducible components. Embedded sensing and Al-enabled intelligence close the
loop, allowing the wheel to diagnose its own state, adapt to operating conditions, and interact

with the vehicle system in real time.

This convergence marks a fundamental architectural shift: the wheel is no longer a passive,
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The Four Enabling Pillars of the Third Wheel Revolution

STRUCTURE DIGITAL MANUFACTURING INTELLIGENCE
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Figure 5: The four converging technological pillars enabling the Third Revolution of the
Wheel: meta-architectured structures, multiscale digital simulation and digital twins, ad-
vanced manufacturing, and embedded intelligence.

21



pressure-bound component, but an engineered platform with its own structural logic, digital

representation, and
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4 The MetaTire | n-Wheel Framework

The MetaTire | n-Wheel system represents a new class of wheel architecture based on three
tightly integrated layers [8, 24] 28]:

1. ameta-architectured structural layer that replaces pneumatic pressure with geometry-

driven mechanics;

2. a digital twin layer (Digital n-Wheel) that provides multiscale simulation, optimiza-

tion, and manufacturing continuity;

3. an intelligence layer (i-Wheel) that integrates sensing, energy harvesting, diagnos-

tics, and communication.

Together, these layers form a scalable, defensible, and future-ready wheel platform that
moves beyond the inherent constraints of both pneumatic and traditional non-pneumatic

systems. The following subsections describe each layer and their integration.

4.1 Structural Layer: Meta-Architectured Mechanics

At the foundation of the MetaTire | n-Wheel framework is a structural meta-architecture
that replaces pressurized membranes with geometry-driven mechanics. Where pneumatic
tires rely on internal pressure to simultaneously provide stiffness, stability, and load sup-
port—thereby coupling these functions—this layer derives mechanical performance directly
from engineered cellular geometry, graded auxetic regions, and multi-domain load-path de-

sign.

The architecture consists of spatially varying unit cells whose bending-, stretching-, and
auxetic-dominated responses can be independently tuned, enabling performance attributes

that are architecturally inaccessible to pressure-based systems:
e Decoupled and independently tunable radial, lateral, and torsional stiffness
for improved ride comfort, handling, and load capacity;

e Stable and predictable deformation under large loads and compressed contact

patches;

e Controlled buckling pathways with built-in load-path redundancy for failure tol-

erance and safety;
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e Reduced hysteresis and thermal buildup under high-torque EV duty cycles;

e Improved fatigue life through stress homogenization and smooth geometric transi-

tions.
These capabilities arise from a set of core structural design principles:

¢ Bending- and stretch-dominated unit-cell topologies, enabling domain-specific

stiffness control and deformation mode selection;

e Auxetic (negative Poisson’s ratio) architectures [0, 10-12, 33], providing lateral

expansion, enhanced shear transfer, and intrinsic deformation stability;

e Multi-domain structural layouts that separate radial load support, shear trans-

mission, energy dissipation, and compliance functions within a unified architecture;

e Geometric grading and smooth transitions [34H37], minimizing stress concentra-

tions, enhancing durability, and enabling manufacturable complexity at scale.

Figure [6] demonstrates these architectural principles across three scales: (1) multiaxial de-
formation responses of architectured unit cells, (2) graded auxetic geometries forming inter-
mediate structural layers, and (3) full-wheel implementations with spatial variation in cell

topology and load-path function.

4.2 Digital Layer: The Digital n-Wheel Pipeline

The Digital n-Wheel platform provides a continuous, multiscale computational environment
that integrates geometry creation, structural simulation, optimization, and manufacturing
within a unified digital twin framework. Whereas conventional tire design workflows treat
CAD, CAE, and fabrication as largely decoupled stages, the Digital n-Wheel pipeline enforces

geometric and analytical continuity across the entire design—analysis-manufacturing chain.

At its core, the Digital n-Wheel transforms wheel design from an empirical, iteration-heavy
process into a predictive, computation-driven workflow capable of exploring architectured
design spaces that are inaccessible to traditional pneumatic or discretized non-pneumatic

approaches.

Its principal components include:

24



Auxetic/NPR
element

\

Figure 6: Structural meta-architecture of the MetaTire across multiple scales, illustrating
geometry-driven load paths, graded auxetic regions, and spatially tuned mechanical response.
Figure developed by n-Wheel Technologies, Inc.

e Parametric, CAD-based geometry definition, enabling rapid generation and

modification of graded lattice architectures and multi-domain structural layouts;

e Isogeometric analysis (IGA), ensuring exact geometry representation across CAD
and CAE, and enabling high-fidelity simulation of complex architectured unit cells and

full-wheel assemblies;

e Multiphysics evaluation, including structural dynamics, NVH response, thermal

behavior, and nonlinear deformation under realistic operating conditions;

e Topology and shape optimization, applied to unit-cell topology, domain bound-
aries, and global wheel architecture to achieve targeted stiffness, stability, and dura-

bility objectives;

e Manufacturing-aware integration, producing slicer-ready or mold-ready geome-
tries for hybrid composite molding and additive manufacturing, while preserving design

intent and simulation fidelity.

This end-to-end continuity enables systematic exploration of architectured wheel designs,
rapid convergence toward optimal configurations, and high-confidence prediction of full-

wheel mechanical and dynamic performance prior to physical prototyping.

Figure [7] illustrates the Digital n-Wheel pipeline, showing how parametric CAD geometries
feed seamlessly into IGA-based simulation, multiphysics analysis, topology optimization, and

downstream manufacturing preparation within a closed-loop digital workflow.
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Figure 7: Digital n-Wheel closed-loop digital pipeline integrating parametric CAD modeling,
isogeometric analysis (IGA), multiphysics simulation, topology optimization, and manufac-
turing preparation within a continuous digital twin framework.

4.3 Intelligence Layer: The i-Wheel System

The intelligence layer transforms the wheel from a passive load-bearing component into an
active sensing, diagnostic, and adaptive system. Enabled by embedded electronics, wireless
communication, and deformation-driven energy harvesting, the i-Wheel provides real-time

awareness of structural, operational, and environmental states directly at the wheel level.

The open cellular architecture of MetaTire naturally accommodates the integration of sen-
sors, conductors, and functional modules without disrupting structural performance. This
stands in contrast to conventional pressure-based tire designs, where sealed membranes
and internal pressurization fundamentally constrain instrumentation, energy harvesting, and

long-term reliability.

The i-Wheel integrates four tightly coupled functional capabilities:

e Structural sensing: direct measurement of strain, deformation, vibration, tempera-

ture, and contact signatures embedded within the architectured lattice;

e Diagnostics and inference: onboard or cloud-assisted analysis for fatigue prognos-
tics, anomaly detection, wear assessment, and vehicle dynamics inference based on

wheel-state data;
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e Wireless communication: robust, low-power links for transmitting wheel state in-
formation to vehicle controllers, fleet management systems, or autonomous driving

stacks;

e Energy harvesting: piezoelectric, triboelectric, or deformation-driven harvesting
mechanisms that enable self-powered sensing, communication, and embedded intel-

ligence.

Together, these functions create a self-powered, self-monitoring, and data-rich wheel system
that enhances safety, predictive maintenance, fleet intelligence, and autonomous decision-
making. Rather than acting as a peripheral sensor, the i-Wheel becomes an integral partic-

ipant in the vehicle’s sensing and control architecture.

Figure [§ illustrates the functional integration of sensing, diagnostics, communication, and

energy harvesting within the i-Wheel system.

SENSING DIAGNOSTICS

® I3

WIRELESS ENERGY
COMMUNICATION HARVESTING

D)

i-Wheel

Figure 8: The i-Wheel intelligence layer integrating structural sensing, diagnostics, wireless
communication, and deformation-driven energy harvesting.
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4.4 A Three-Layer Integrated System: Structure, Digital, and Intelligence

The MetaTire | n-Wheel framework is not defined by any single breakthrough, but by the

tight integration and continuous interaction of three architectural layers:

1. Structural Meta-Architecture. Provides geometry-driven load support, indepen-

dently tunable stiffness, stable deformation modes, and intrinsic load-path redundancy.

2. Digital Twin (Digital n-Wheel). Predicts, optimizes, and validates wheel behavior
across scales, linking physics-based simulation, optimization, and manufacturing within a

continuous digital workflow.

3. i-Wheel Intelligence. Closes the loop by measuring real-world response, enabling

diagnostics, adaptive control, and predictive maintenance through data-driven intelligence.

Together, these layers form a unified system in which structure, computation, and intelligence
operate coherently rather than as isolated subsystems. Structural design defines mechanical
behavior, the digital twin anticipates and optimizes that behavior, and the intelligence layer

continuously grounds prediction in physical reality.

This convergence establishes the MetaTire | n-Wheel as a foundational platform for next-
generation mobility, capable of supporting electrification, autonomy, robotics, and data-

driven fleet ecosystems.

4.5 Architectural Differentiation from Pneumatic Systems

Pneumatic tires remain the dominant solution for wheeled mobility, yet their achievable
performance envelope is fundamentally constrained by pressure-based load paths, coupled
deformation modes, thermal sensitivity, material aging, and reliance on multiple external
compensation systems. In contrast, the MetaTire | n-Wheel framework departs from this
paradigm at the architectural level, replacing pressure-dominated mechanics with geometry-

driven structural logic, digitally optimized design, and embedded intelligence.

Figure |10] summarizes the architectural distinctions between conventional pneumatic tires

and the MetaTire | n-Wheel across key performance and system-integration dimensions.

The resulting architectural advantages include:

28



STRUCTURAL
META-ARCHITECTURE

@

DIGITAL TWIN
SYSTEM

CAD

-

iI-WHEEL
INTELLIGENCE

@

Y
A

n-Wheel/MetaTire™

Figure 9: Three-layer architecture of the MetaTire | n-Wheel system, illustrating the closed-
loop interaction between structure, digital twin, and i-Wheel intelligence.
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Figure 10: Architectural comparison between conventional pneumatic tires and the MetaTire
| n-Wheel framework, highlighting differences in stiffness tunability, deformation stability,
NVH behavior, thermal response, fatigue robustness, and readiness for digital integration
and embedded intelligence.
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e Geometry-driven stiffness control, enabling independently tunable radial, lateral,

and shear responses without reliance on internal pressure;

e Stable and predictable deformation modes with intrinsic load-path redundancy

under demanding EV, autonomous, and robotic duty cycles;

e Reduced hysteresis and thermal accumulation through optimized cell mechanics

and distributed energy dissipation pathways;

e Enhanced fatigue robustness achieved via stress homogenization, graded geome-

tries, and multi-domain structural arrangements;

e Native compatibility with digital twins, supporting predictive analysis, design

optimization, and lifecycle refinement;

e Integrated sensing and intelligence readiness, allowing the wheel to function as

an active data-generating component within intelligent mobility systems.

Collectively, these distinctions reflect a shift from pressure-dependent components toward
architectured, simulation-defined, and intelligence-enabled wheel systems. The MetaTire
framework thus represents not an incremental alternative to pneumatic tires, but a struc-
tural redefinition of how wheels are designed, evaluated, and integrated into next-generation

mobility platforms.
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5 The Bright Future of the Third Wheel Revolution

The MetaTire | n-Wheel platform represents more than a new wheel design: it is an en-
abling architectural foundation for next-generation mobility. By unifying structural meta-
architecture, closed-loop digital simulation, and embedded intelligence, it creates system-
level opportunities that extend well beyond conventional tire engineering. This section
outlines the broader technological, environmental, and societal implications of the Third
Revolution of the Wheel.

5.1 A structural foundation for next-generation mobility

MetaTire | n-Wheel provides a structural foundation for electric vehicles, autonomous plat-
forms, and wheel-based robotics, enabling architectures that are safer, more efficient, and
more predictable than pressure-based wheel systems [5], 8, 21]. Its geometry-driven mechanics
deliver stable load paths, reduced hysteresis, improved thermal behavior, and independently

tunable stiffness characteristics that are architecturally inaccessible to pneumatic designs.

These mechanical capabilities translate directly into system-level performance benefits. As
illustrated in Fig.[IT| MetaTire enables improved vehicle stability, lower NVH, reduced rolling
resistance, and enhanced thermal robustness—attributes that support the demanding duty

cycles of EVs, autonomous systems, and emerging mobility platforms.

The mechanical origins of these advantages lie in the architectured cellular structure of
MetaTire, which enables geometry-driven load-path control, stress homogenization, and fa-
tigue resistance without reliance on internal pressure. A finite-deformation, mechanics-based
formulation of these effects—including constitutive programmability, load-path engineering,

stress-mode control, and fatigue mechanisms—is provided in Appendix A.

5.2 Sustainability, durability, and circularity

The structural meta-architecture of MetaTire enables new pathways for sustainable design

and lifecycle management:

e Extended service life through reduced hysteresis, improved fatigue resistance, and

stable deformation modes;

e Modular wear-layer replacement, allowing tread renewal without discarding the

full load-bearing structure;
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Figure 11: System-level performance benefits enabled by MetaTire, including improved sta-
bility, reduced NVH, lower rolling resistance, and enhanced thermal robustness.

e Compatibility with recyclable, hybrid, or bio-based materials, enabled by
geometry-defined mechanics rather than pressurized membranes;

e Reduced waste and fewer catastrophic failures, as blowouts and rapid aging

processes inherent to pneumatic systems are structurally eliminated.

Together, these features support circularity, reduce material waste, and lower the environ-

mental footprint of mobility systems.

5.3 Vehicle architecture redesign opportunities

Once the wheel itself becomes a tunable structural and digital component, vehicle archi-

tecture can be fundamentally reimagined. MetaTire | n-Wheel enables opportunities such

as:

e Simplified suspension architectures with reduced reliance on compensating com-

ponents;

e Direct sensing at the tire—road interface, improving traction estimation, stability

control, and autonomy algorithms;
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e More efficient packaging of EV batteries and powertrains, enabled by reduced

thermal load and mechanical uncertainty;

e New classes of robotic mobility platforms optimized for rough terrain, continuous

duty, and high-precision industrial applications.

Vehicle design evolves into an integrated multi-domain problem in which structure, sensing,

and computation co-develop.

5.4 Autonomy and robotics: a natural symbiosis

Autonomous and robotic systems require continuous, reliable awareness of their physical

interaction with the environment. MetaTire supports this requirement through:

e Predictable and stable deformation behavior enabled by decoupled stiffness and

controlled load paths;

e Rich contact-patch and structural sensing provided by the i-Wheel intelligence

layer;

e Predictive maintenance and diagnostics that reduce downtime and lifecycle un-

certainty;

e Structural-digital-intelligence integration supporting safe decision-making un-

der uncertain and dynamic conditions.

Autonomous vehicles, robotic fleets, delivery systems, and industrial platforms all benefit

from a wheel architecture capable of sensing, interpreting, and adapting in real time.

5.5 Fleet-scale intelligence and system optimization

At the fleet level, MetaTire | n-Wheel enables new forms of data-driven intelligence and

operational optimization:

e Aggregated structural health monitoring for predictive maintenance and lifecycle

planning;
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¢ Reduced downtime and maintenance cost through early anomaly detection and

modular replacement strategies;

e Data-informed route, load, and utilization optimization, based on real-time

wheel-state information;

e Integration into fleet- and city-scale digital twin ecosystems for coordinated

mobility, logistics, and infrastructure planning [211 [38].

In this context, the wheel becomes an active node within a broader mobility intelligence

network.

5.6 Industrial transformation and emerging business models

The MetaTire platform enables industrial transformation across design, manufacturing, and

mobility services, including;:

wheel-as-a-service and lifecycle-oriented deployment models,

co-development frameworks between OEMs, fleet operators, and digital platforms,

new supply chains leveraging hybrid and additive manufacturing,

e cross-domain partnerships spanning materials, software, and mobility services.
Beyond individual products, MetaTire supports a transition toward digitally connected,
data-driven mobility ecosystems. As illustrated in Fig.[12] the platform integrates naturally

with smart fleets, connected infrastructure, digital diagnostics, and circular sustainability

frameworks.

5.7 Policy alignment and global impact

The MetaTire | n-Wheel architecture aligns naturally with global policy priorities, including:

e Road safety, through stable deformation behavior and elimination of blowout risk;

e Energy efficiency, via reduced hysteresis and improved thermal management for

electrified platforms;
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Figure 12: Future mobility ecosystem enabled by MetaTire, integrating smart fleets, con-
nected infrastructure, digital diagnostics, and circular sustainability.

e Circularity and resource conservation, enabled by modularity and material reuse;
e Digital infrastructure readiness, supporting intelligent transportation and smart-

city systems.

As mobility becomes increasingly connected and data-driven, MetaTire provides a hardware

foundation aligned with these societal objectives.

5.8 A future shaped by structure, digital intelligence, and data

MetaTire | n-Wheel is a convergence platform in which advanced structural mechanics,
closed-loop digital twins, and Al-native intelligence operate as a coherent system. The Third
Revolution of the Wheel is not merely a technological upgrade; it represents a paradigm
shift in which wheels evolve from passive, consumable components into active, data-centric

elements of the mobility ecosystem.

5.9 Roadmap for adoption

Figure illustrates a phased pathway for adoption of the MetaTire | n-Wheel platform,

progressing from structural integration to digital twin deployment and ultimately to full i-
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Figure 13: Phased adoption roadmap for the MetaTire | n-Wheel platform across OEMs,
commercial fleets, autonomous systems, and emerging mobility applications.

Wheel intelligence. This staged approach supports incremental validation, integration, and

scaling across diverse mobility domains.

Closing perspective. The Third Revolution of the Wheel emerges not from a single
invention, but from the convergence of architectured mechanics, closed-loop digital twins, and
embedded intelligence. By redefining the wheel as a structural, digital, and data-generating
platform, MetaTire | n-Wheel establishes a foundation for safer, more efficient, and more
intelligent mobility systems. As this architecture matures, its impact will extend beyond
individual vehicles—reshaping how mobility systems are designed, operated, and integrated

into an increasingly digital and connected world.
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Appendix A: Structural Mechanics of MetaTire

This appendix summarizes the structural mechanics foundations of the MetaTire architec-
ture using a general continuum formulation that admits finite deformation, spatially graded
constitutive behavior, and architectured load-path design. The intent is to establish physical

consistency and generality rather than to present implementation-level details.

Appendix A focuses on the underlying mechanical mechanisms and architectural principles,

rather than on quantitative performance comparisons or benchmark results.

The homogenized quantities introduced here are intended to capture the dominant mechan-
ical effects of architectural design in a conceptually consistent manner, rather than to repre-
sent the output of a specific numerical homogenization scheme. This perspective allows the
formulation to emphasize load-path control, stress-mode structure, and stability mechanisms

that are intrinsic to the MetaTire architecture.

A.1 Effective Constitutive Behavior (Finite Deformation)

The MetaTire structural layer is modeled as an architectured solid occupying a reference

configuration €y C R3, with deformation map
x=p(X), FX)=VxeX), J=detF > 0.
The right Cauchy—Green tensor and Green—Lagrange strain are

C=F'F, E=1L(C-1I).

At the macroscopic (homogenized) level, the architectured cellular material is described by

a stored energy density
W =W (F;X),

which is spatially programmable through unit-cell topology, orientation, grading, and mate-

rial assignment. The associated stress measures follow from standard hyperelastic relations:

oW oW 1

This formulation accommodates anisotropy, nonlinearity, and large deformation, and reduces

to classical linear elasticity as a special case.
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A.2 Load-Path Engineering (General Form)
In the reference configuration, quasistatic equilibrium is governed by
DivP+B =0 in Q,
with prescribed deformations on I',,g and tractions on I'y:
@ =@ on 'y, PN =T on I'y.

MetaTire replaces pressure-driven load transfer with geometry-driven load-path program-

ming. The structural domain is decomposed into M functional subdomains:
M
Q=% UGN =0(#p)
a=1

corresponding, for example, to radial support, lateral/shear transfer, auxetic stabilization,
energy dissipation, and tread/contact regions. Each subdomain is assigned a tailored local
energy density W*(F; X).

Load paths are quantified using mechanics-consistent measures, such as:

Energy partition:

M M
Him:/ Wdv =>" | wedv = > 115,
Q0o Q3 a=1

a=1 0

Traction transfer across internal surfaces Sy C Qo:

R(Sp) — / PNy, dA.
So

By shaping 2§ and programming W<, MetaTire routes forces and deformation through

predefined structural corridors rather than through pressurized membranes.
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A.3 Decoupling Radial and Lateral Responses

Let £, and L, denote representative radial and lateral load cases. Define effective stiffness

measures from incremental equilibrium:

OR, OR,

Kr ~ s Ky~ —— 5
26, |c. 06, e,

where R,, R, are reaction components associated with imposed displacements ¢,., d;.

Decoupling is achieved architecturally by ensuring that the dominant strain-energy contri-
butions satisfy
H}rad (*Cr) > Hshear ('CT‘)7 H'shear(ﬁé) > Hrad(ﬁg),

int int int int

through directional unit-cell design and spatial grading. Unlike pneumatic systems, this

decoupling is geometry-driven and does not rely on internal pressure.

A.4 Stress Homogenization and Regularity (MAC Perspective)

In Macro-Architectured Cellular (MAC) materials, the macroscopic stress field represents a
homogenized description of an underlying microstructural stress distribution. Following the
mechanics-based homogenization framework, the local stress field within an architectured
cellular domain may be expressed as a superposition of a homogenized (macroscopic) stress

and a fluctuation component:
o(y) = IT+(y))on,

where oy is the homogenized stress tensor and 1 (y) is the characteristic stress mode matrix

associated with the cellular architecture, satisfying () = 0 over the representative volume.

Stress homogenization in MetaTire is achieved by architecturally controlling the stress fluc-
tuation modes 1 (y) through unit-cell topology, grading, and connectivity. Smooth geometric
transitions and multi-domain load sharing reduce the amplitude and localization of stress
fluctuations, leading to bounded and regular microstructural stress fields even under large

deformation.

From a mechanics standpoint, stress regularity may be interpreted as limiting the magnitude

and spatial concentration of the characteristic stress modes, such that
|p(y)|| remains bounded over fatigue-critical regions.
This suppresses belt-edge-type singularities commonly observed in layered pneumatic tires

40



and replaces them with distributed stress corridors embedded within the cellular architecture.

Importantly, the homogenized description remains energetically consistent: once the macro-
scopic problem is solved for oy, the detailed local stress field can be reconstructed via the
stress modes, enabling direct assessment of local failure, fatigue initiation, and damage evo-

lution without introducing artificial stress concentrations at material interfaces.

The formulation is equally applicable to finite-deformation settings, with the stress modes

defined with respect to the appropriate Piola or Cauchy stress measures.

A.5 Nonlinear Geometry and Energy Dissipation

Nonlinear deformation mechanisms inherent to architectured cellular geometries enable con-
trolled energy dissipation without relying on bulk rubber hysteresis. For dissipative systems,

the formulation may be extended using a free energy W(F, &) and a dissipation potential

D(&), yielding an incremental variational structure.

The mechanical work dissipated over a loading cycle may be expressed as
FEiss = fP cFdt,

with dissipation localized to designated damping subdomains.

A.6 Auxetic (NPR) Stability Mechanisms

From a mechanics-based homogenization viewpoint, auxetic (negative Poisson’s ratio) archi-
tectures alter the structure of the characteristic stress modes ¥ (y), promoting distributed
deformation and reducing shear-driven amplification under compressive loading. This mod-
ification of stress-mode structure enhances deformation stability and suppresses localization
near constrained contact regions. As a result, auxetic subdomains contribute directly to
the bounded stress fields discussed in Section A.4 and to the fatigue resistance mechanisms
described in Section A.8.

A.7 Thermal Behavior Under EV Loads

Thermo-mechanical response is governed by
pCT =V (va) + Qmecha
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where (Qnecn arises primarily from mechanical dissipation. By reducing Fgis and spread-
ing deformation over architectured domains, MetaTire lowers peak thermal generation and

improves heat diffusion under EV torque cycles.

A.8 Fatigue Behavior and Damage Resistance

Fatigue behavior in architectured cellular materials is governed by the local cyclic stress field
rather than by homogenized stress measures alone. Within the mechanics-based homoge-

nization framework, the local stress field is expressed as

oy, t) = (T+9(y)) oult),

where op(t) is the homogenized cyclic stress and 4 (y) is the characteristic stress mode

matrix associated with the cellular architecture.

Fatigue initiation is controlled by the amplitude and localization of the stress fluctuation
modes. Architectures that produce bounded, smoothly distributed t(y) fields suppress
peak local stress amplitudes and delay the onset of microstructural damage. This contrasts
with layered pneumatic tire systems, where sharp stiffness transitions lead to highly localized

stress concentrations (e.g., belt-edge effects) that dominate fatigue life.

A representative fatigue-life scaling may be written in terms of an effective cyclic stress

measure:

Y

NfO(( ! )m, AO’eff: max H(I—i—t/)(y)) AO’H

Ao-eﬁ‘ yeﬂcrit

where (2., denotes fatigue-critical regions of the cellular domain. By reducing both the

magnitude and spatial concentration of 1(y), MetaTire effectively lowers Aceq for a given
macroscopic load cycle.

From a design perspective, fatigue resistance in MetaTire is therefore achieved through
architectural control of stress modes—via unit-cell topology, grading, and multi-domain load
sharing—rather than through material hysteresis or pressure-based stiffening. This enables
scalable improvements in durability, robustness under high EV torque cycles, and long service

life without reliance on pneumatic confinement.

The figures in this appendix illustrate architectural mechanisms underlying the homoge-
nized constitutive and stress-mode descriptions, rather than serving as direct performance

comparisons.
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A.9 Illustrative Figures for Structural Mechanisms

The following figures provide schematic illustrations of the structural mechanisms discussed
above. They are intended to convey load-path logic, deformation modes, and stress regular-

ity, rather than manufacturing-ready geometries.

Bending-dominated Stretch-dominated

Auxetic / NPR Hybrid

Figure 14: Representative unit-cell families illustrating distinct deformation and stress-
response modes in MetaTire architectures, including bending-dominated, stretch-dominated,
auxetic (negative Poisson’s ratio), and hybrid behaviors. The auxetic panel illustrates NPR
response characteristics, while the underlying mechanism is discussed in Appendix A.6.
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Figure 15: Schematic load-path decomposition within the MetaTire structural layer, il-
lustrating how radial support, lateral/shear transfer, auxetic stabilization, and energy-
dissipation domains route forces and strain energy through architectured cellular subdo-
mains. Load paths are programmed geometrically rather than enforced by internal pressure.
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Figure 16: Ilustration of stress localization mechanisms in pneumatic tires versus stress-
mode—controlled load distribution in MetaTire. Layered pneumatic structures exhibit highly
localized stress concentrations (e.g., belt-edge effects), whereas architectured MetaTire de-
signs suppress stress-mode amplification through smooth geometric transitions and multi-
domain load sharing, leading to bounded and recoverable microstructural stress fields.
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Appendix B: Digital n-Wheel — Mathematical and Simulation

Framework

B.1 Multiscale Model

The Digital n-Wheel framework is built upon a hierarchical multiscale formulation, progress-
ing from unit-cell architecture to homogenized constitutive response, followed by mesoscale

representation and full macroscale system analysis:
Unit cell — homogenized tensor C* — mesoscale — macroscale.

Within the unit cell, the displacement field may be decomposed as

U(y) = Emaco®(y) + 0(y),

where ¢(y) represents the strain mode matrix and 6(y) captures the fluctuation field. The

resulting effective stiffness tensor is given by

zgkl |Q|/ U%J kl

This multiscale formulation provides a computational realization of the homogenized me-
chanical framework introduced in Appendix A, enabling architecture-driven material design

to be carried consistently from the unit-cell level to the full wheel system.

B.2 Isogeometric Analysis (IGA)

The displacement field at the structural level is approximated using isogeometric analysis as

u(é,n,¢) = ZRAgnCdA,
A=1
where R4 denote NURBS or B** spline basis functions [I5,[16]. IGA enables exact geometric
representation, higher-order continuity, and seamless integration across CAD, CAE, and
CAM environments, making it particularly well suited for architectured cellular structures

and complex wheel geometries.
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B.3 Multi-Physics Coupling

Multi-physics coupling is essential for predicting NVH behavior, thermal durability, and
ride performance in architectured non-pneumatic wheel systems under realistic operating

conditions.

The weakly coupled structure—acoustics formulation may be written as

/ 0':5&3:/ pou-n,

together with the corresponding acoustic field equation

1
/ <Ep5p —Vp- Vép) = / paw?(u - n) dp.
Qa sa

Thermo-mechanical coupling is governed by the heat conduction equation

oT
pca =V- (kVT) + Qdissa

where (Qgiss Tepresents heat generation due to mechanical dissipation.

B.4 Topology Optimization Embedding

A generic topology optimization problem for MetaTire architectures may be formulated as

win J = [ f(o(p).e(p) ac,

subject to compliance, buckling, NVH, thermal, fatigue, and manufacturability constraints
[T7,139]. This formulation supports multi-objective and multi-constraint optimization within

a unified digital design environment.

B.5 Reduced-Order Modeling and Acceleration

To enable efficient design iteration and large-scale parametric studies, reduced-order models
(ROMs) are employed in the form
u~V.q,

where V,. denotes a reduced basis constructed using techniques such as proper orthogonal
decomposition (POD), component mode synthesis (CMS), or Ritz vectors [40H42]. GPU
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acceleration further enhances computational efficiency, enabling rapid evaluation of complex,

high-fidelity simulations within the Digital n-Wheel framework.

B.6 Figures

The following figures schematically illustrate the multiscale modeling, isogeometric analysis,

and optimization workflows underlying the Digital n-Wheel framework, and are intended to

convey computational structure rather than quantitative simulation results.
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Figure 17: Multiscale modeling hierarchy underlying the Digital n-Wheel framework.
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Figure 18: Isogeometric analysis (IGA) pipeline for architectured wheel design, illustrating
geometry preservation, homogenization, multi-physics simulation, and optimization integra-
tion.

Appendix C: Topology Optimization Pipeline for MetaTire

This appendix summarizes the topology optimization framework underlying MetaTire archi-
tectures, emphasizing a multidomain, multi-physics formulation integrated with the Digital
n-Wheel platform. The formulation distinguishes explicitly between architectural design
choices, which define functional domains and material representations, and the algorithmic
optimization layer used to solve the resulting design problems. The approach is rooted in
multidomain topology optimization (MDTO) concepts and is implemented within a unified

Generalized Sequential Approximate Optimization (GSAO) framework.

C.1 Functional Domain Decomposition

The MetaTire design space is decomposed into functional subdomains associated with dis-

tinct mechanical roles and performance requirements:

Q= QmdiaLl U Qshear U Qauxetic U Qdamping U Qtread-
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Figure 19: Topology optimization and digital workflow integrated within the Digital n-Wheel
simulation environment.
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This multidomain decomposition defines the architectural layer of the optimization prob-
lem, enabling independent control of material allocation, unit-cell selection, and constraint
enforcement within each subdomain. Selected regions, such as the rim interface or tread
contact layer, may be treated as non-design domains or assigned restricted design freedoms

based on functional and manufacturing considerations.

C.2 Design Variables and Architectural Parameters

At the architectural level, the design state at a spatial location x is described by a vector of

design variables,
p(x) = [p(x), 0(x), g(x), u(x)],

where p denotes material density or volume fraction, # represents local orientation parame-
ters, g defines grading or transition parameters, and u indexes architectured unit-cell fam-
ilies. This representation extends classical density-based topology optimization to support
anisotropic, graded, and cellular material systems, while remaining independent of the nu-

merical optimization algorithm employed.

C.3 Multi-Domain and Multi-Physics Objectives

Given the architectural description, topology optimization of MetaTire systems is posed as
a multi-domain, multi-physics optimization problem. A representative objective functional
may be written as

min J = wC + we® + w3 A + wyT + wsF,
p

where C' denotes structural compliance, ® represents buckling or stability measures, A cap-
tures NVH-related performance metrics, 7' corresponds to thermal response, and F' denotes
fatigue-related objectives. The weighting coefficients w; may be assigned globally or lo-
cally, allowing objectives and constraints to be applied selectively to individual functional

subdomains, consistent with the multidomain optimization paradigm.

C.4 Filtering and Projection

To ensure numerical stability, mesh independence, and manufacturable feature sizes, filtering

and projection operations are applied to the design variables prior to optimization updates.
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A typical filtering operation is expressed as

_ Jo w(x,x') p(x') QY
Jow(x,x)dQy

p(x)

where w is a spatial weighting function and P(-) denotes a projection operator. These
operations act at the numerical level to suppress checkerboarding, control length scales, and

promote robust convergence across multiple domains and coupled physics.

C.5 Optimization Algorithms: GSAO Framework

The algorithmic solution of the resulting optimization problems is carried out within a Gen-
eralized Sequential Approximate Optimization (GSAO) framework[43]. Classical schemes
such as Optimality Criteria (OC) and the Method of Moving Asymptotes (MMA) are recov-
ered as special cases corresponding to particular choices of local approximations and update
strategies. By decoupling the architectural description of the design problem from the nu-
merical solution strategy, the GSAO framework enables consistent treatment of multidomain
design variables, multi-physics constraints, and architectured material representations while

maintaining numerical robustness and computational efficiency.

C.6 Workflow Diagram

The overall topology optimization workflow for MetaTire architectures is illustrated schemat-
ically in Figure 20l The pipeline integrates architectural definition, multiscale homogeniza-
tion, multi-physics simulation, and GSAO-based numerical optimization within the Digital
n-Wheel environment, enabling systematic exploration and refinement of architectured wheel
designs.
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Figure 20: Topology optimization workflow for MetaTire architectures, illustrating multido-
main architectural decomposition, multi-physics analysis, and GSAO-based design iteration

within the Digital n-Wheel framework.
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Appendix D: Material Models and Unit-Cell Library

This appendix summarizes the constituent material models and architectured unit-cell fami-
lies employed in the MetaTire framework. These elements define the material and geometric
building blocks available to the Digital n-Wheel platform and form the basis for homoge-

nization, grading, and topology optimization described in the preceding appendices.

D.1 Base Materials

At the constituent level, MetaTire architectures are constructed from elastomeric and poly-
meric materials modeled using standard hyperelastic formulations. Representative strain-

energy density functions include the Neo-Hookean model,

W:

S

(1 =3)+ 5(J 1,
and the Mooney—Rivlin model,
W = 010(11 — 3) + 001(]2 — 3),

where u, k, Ch, and Cp; are material parameters, I; and I, are invariants of the right
Cauchy—Green deformation tensor, and J denotes the determinant of the deformation gradi-
ent. These constitutive laws describe the intrinsic behavior of the base materials and serve
as inputs to the homogenization procedures outlined in Appendix A; the effective mechanical

response of the MetaTire system is primarily governed by its architectured cellular geometry.

D.2 Unit-Cell Families

A library of architectured unit-cell families is employed to tailor stiffness, deformation modes,
and stability characteristics at the mesoscale. Representative families include:

e Bending-dominated cells, characterized by E.g ~ (t/L)3,

o Stretch-dominated cells, characterized by Eeg ~ (t/L),

e Auzetic cells exhibiting negative effective Poisson’s ratio, veg < 0,

e Hybrid architectures combining directional stiffness, bending compliance, and auxetic
stability mechanisms [0} [7, 13, [44], 45].

o4



These categories are not mutually exclusive; auxetic and hybrid behaviors may arise within
either bending- or stretch-dominated topologies depending on geometric configuration and

deformation mode.

D.3 Graded Architectures

Spatially graded architectures are realized by varying the distribution and selection of unit-
cell families across the MetaTire structure. The resulting effective constitutive response may

be expressed as

C*(x) = > wi(x)CW,

where C*) denotes the effective stiffness tensor associated with the kth unit-cell family and
wy(x) are spatially varying weighting functions. This formulation enables continuous tran-
sitions in stiffness, anisotropy, and damping characteristics, supporting load redistribution,

thermal management, and fatigue mitigation without introducing sharp material interfaces.

D.4 Figures

The unit-cell families and grading concepts employed in the MetaTire framework are illus-

trated schematically in the following figures.
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Figure 21: Representative unit-cell families used in MetaTire architectures, including
bending-dominated, stretch-dominated, auxetic, and hybrid configurations.
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Figure 22: Examples of material and geometric grading used to control load transfer, defor-
mation stability, and thermal response in MetaTire systems.

Appendix E: Case Studies and Benchmarking

This appendix presents representative case studies and comparative benchmarks illustrating
performance trends enabled by MetaTire architectures relative to conventional pneumatic
tires. The results are intended to highlight architectural mechanisms and directional improve-
ments arising from architectured cellular design, rather than to serve as certification-level

validation or regulatory compliance data.

E.1 Structural Benchmarking

Representative simulations indicate that MetaTire architectures can achieve radial stiffness

levels exceeding those of conventional pneumatic tires,

I

MetaTire pneumatic
K} > KP

while simultaneously improving lateral stiffness through architectural decoupling. Unlike

pressure-based systems, radial and lateral responses are tuned independently through geometry-
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driven load paths, avoiding the stiffness coupling that typically forces trade-offs between

handling and ride comfort.

Figure provides a qualitative comparison across multiple performance dimensions, il-
lustrating how MetaTire redistributes stiffness, energy dissipation, and dynamic response

relative to a pneumatic baseline.

Load capacity

Rolling Comfort
resistance
Lateral Ac!;ig;:?\?nce
stiffness i
| — Pneumatic
MetaTire

Energy dissipation

Representative radar plot comparing pneumatic and MetaTire performance

Figure 23: Representative radar plot comparing pneumatic and MetaTire performance across
structural and dynamic metrics. Values are illustrative and emphasize relative trends enabled
by architectured design.

Quantitative trend indicators for selected metrics are summarized in Table [I, normalized

relative to a pneumatic reference on the same vehicle platform.

Table 1: Representative performance improvements of MetaTire relative to a pneumatic tire
under comparable loading and operating conditions.

Performance Metric Pneumatic (Baseline) MetaTire Improvement

Traction 100% +40%
Lateral Stability 100% +152%
1st Vibration Mode 100% +200%
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E.2 Thermal Benchmark

Thermal behavior was assessed under representative electric-vehicle torque loading cycles.
Results indicate that MetaTire architectures exhibit lower peak operating temperatures than

conventional pneumatic tires,
Tpneumatlc > TMetaTlre

max max

This reduction is attributed to decreased hysteretic losses and more spatially distributed
deformation enabled by architectured cellular load paths. By avoiding localized rubber
shear and pressure-driven deformation, MetaTire mitigates thermal hot spots and limits
temperature accumulation under sustained or cyclic torque loads. These characteristics are
particularly advantageous for electrified drivetrains operating under high torque density and

continuous duty cycles.

E.3 NVH Benchmark

NVH performance was evaluated through representative dynamic simulations examining
deformation patterns and mode-shape behavior of MetaTire architectures under varying
excitation conditions. Figure [24]illustrates a sequence of deformation and modal responses

corresponding to different loading states and frequencies.

Compared with conventional pneumatic behavior, MetaTire exhibits more spatially dis-
tributed deformation modes with reduced localization of strain and displacement. The com-
bination of cellular load paths, graded stiffness, and auxetic stabilization promotes modal
spreading and redistribution of modal density. This suppresses dominant resonant responses
and reduces the amplitude of radiated vibration, leading to the observed trend of reduced

acoustic radiation,
AMetaTlre < Apneumatlc‘

These results highlight the role of architectured geometry in shaping NVH performance
through structural design rather than reliance on added damping treatments or vehicle-level

compensatory measures.
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Figure 24: Representative deformation and vibration mode patterns of MetaTire architec-
tures under dynamic loading, illustrating distributed modal response and suppressed localiza-
tion enabled by architectured cellular design. (Figure developed by n-Wheel Technologies.,
Inc.)

E.4 Rolling Resistance and Fatigue

Representative simulations indicate that MetaTire architectures exhibit both reduced rolling

resistance and improved fatigue robustness relative to conventional pneumatic tires,

MetaTire pneumatic
Crr < Cr‘r :

These trends arise from reduced hysteretic energy loss and more uniform stress distributions
enabled by architectured cellular load transfer. Unlike layered pneumatic constructions,
which exhibit localized stress concentrations at belt edges and ply transitions, MetaTire

homogenizes cyclic stresses across multiple load-bearing domains.

Figure illustrates representative fatigue life distributions for pneumatic and MetaTire
architectures. The MetaTire distribution exhibits both an increased mean fatigue life and
reduced variability, reflecting suppressed stress localization and smoother geometric transi-

tions consistent with the homogenization framework described in Appendices A and C.
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Figure 25: Illustrative fatigue life distributions comparing conventional pneumatic tires and
MetaTire architectures, highlighting increased mean fatigue life and reduced variability en-
abled by stress homogenization in architectured cellular designs.
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Appendix F: Glossary and Acronyms

Glossary

MetaTire Meta-architectured non-pneumatic wheel architecture.

n-Wheel Multi-layer wheel platform combining structure, digital twin and intelligence.
Digital n-Wheel Multiscale digital twin pipeline.

i-Wheel Embedded sensing and Al-assisted intelligence layer.

NPR Negative Poisson’s Ratio (auxetic structures).

Topology Optimization Algorithmic material distribution for optimal structures.
IGA Isogeometric Analysis for CAD-accurate simulation.

ROM Reduced-Order Model for fast simulation.

NVH Noise, Vibration and Harshness.

C.» Rolling resistance coefficient.

Acronyms

NPT Non-Pneumatic Tire

EV Electric Vehicle

AV Autonomous Vehicle

CAD/CAE/CAM Design / Engineering / Manufacturing

HPC High Performance Computing
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Executive Brief

The MetaTire | n-Wheel platform represents the first fundamentally new wheel
architecture since the pneumatic tire was invented more than a century ago.
Electrification, autonomy, digital manufacturing and intelligent fleets expose the architec-
tural ceiling of pneumatic tires: coupled stiffness, belt-edge stress singularities, thermal

vulnerability, fatigue limitations and dependence on compensating vehicle systems.

Why a new wheel architecture is necessary. The pneumatic tire’s reliance on internal

pressure creates four irreconcilable contradictions:

e Coupled stiffness modes: ride comfort and lateral stiffness cannot be tuned inde-

pendently.

e Stress concentrations: fatigue-critical zones form inevitably at belt edges and ply

turn-ups.

e Thermal instability: EV torque cycles generate heat faster than rubber-based sys-

tems can dissipate.

e System-level compensations: multi-link suspensions, active dampers, acoustic lay-

ers, TPMS and stability-control layers add weight, energy consumption and cost.

These are not manufacturing defects—they are architectural limitations. Incre-
mental improvements to pneumatic tires are increasingly expensive and deliver diminishing

returns.

Why the third revolution is possible now. Breakthroughs in four domains converge to

make a pressureless, architectured wheel inevitable:

1. Structural Meta-Architecture: graded cellular materials, NPR/auxetic units and
multi-domain load paths enable decoupled stiffness, stable deformation and reduced

thermal buildup.

2. Digital n-Wheel: a multiscale digital-twin pipeline (CAD-IGA-homogenization—topology
optimization—-GPU acceleration) enables full virtual development and structural pro-

grammability.

3. Hybrid Manufacturing: AM/CM hybrid processes allow graded geometries, multi-

domain integration and reusable unit-cell libraries.
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4. i-Wheel Intelligence: embedded sensing, diagnostics, energy harvesting and wireless

communication enable wheel-as-sensor capability and fleet intelligence.

MetaTire | n-Wheel is therefore not a product—it is a platform. It unifies geometry,

simulation and intelligence into a tunable, digital-first wheel ecosystem.

System-level impact. As demonstrated by representative benchmarking studies, the

MetaTire architecture enables:

higher load capacity and lateral stability without ride-comfort compromise;
e lower rolling resistance and improved EV efficiency through reduced hysteretic losses;
e reduced NVH via distributed modal response rather than localized resonance;
e improved thermal robustness under high torque duty cycles;
e longer and more predictable fatigue life due to homogenized stress fields;
e simplified vehicle architecture with fewer compensating subsystems;
e real-time sensing, Al-enhanced diagnostics and fleet-level optimization.
This Executive Brief summarizes why the Third Revolution of the Wheel is both

necessary and inevitable, and why MetaTire | n-Wheel provides the complete

structural, digital and intelligent framework to realize it.

Key Figures Selection

The following figures are selected from the main body and appendices of this white paper
to provide a concise, investor-focused visual summary of the MetaTire | n-Wheel platform.
Together, they illustrate the architectural limitations of pneumatic tires, the technological
convergence enabling the Third Revolution of the Wheel, the structural and digital founda-
tions of the MetaTire platform, and representative performance advantages demonstrated

through benchmarking studies.

Each selected figure plays a distinct role in the Executive Brief: Figure A1l establishes the

architectural limits of pneumatic tires; Figures A2 and A3 introduce the structural and
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architectural foundations of MetaTire; Figures A4 and A5 describe the digital and system-
level platform integration; and Figure A6 summarizes representative performance trends

enabled by architectured, pressureless wheel design.

CONTRADICTIONS
OF PNEUMATIC TIRES
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Figure 26: Intrinsic contradictions of pneumatic tires: pressure-coupled stiffness, stress con-
centrations at belt edges and ply turn-ups, thermal buildup under torque cycles, and fatigue-
critical zones. These limitations are architectural rather than manufacturing-related.
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The Four Enabling Pillars of the Third Wheel Revolution
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Figure 27: The four enabling pillars of the Third Revolution of the Wheel: structural meta-
architecture, digital simulation and twins, hybrid manufacturing, and embedded intelligence.
Their convergence enables a fundamentally new wheel architecture.

element

Auxetic/NPR

Figure 28: Structural meta-architecture of MetaTire: graded cellular materials, auxetic/NPR
unit cells, and multi-domain load paths enabling programmable stiffness, deformation sta-
bility, and improved fatigue robustness.
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Figure 29: Digital n-Wheel multiscale digital-twin pipeline integrating CAD geometry, iso-
geometric analysis (IGA), homogenization, topology optimization, multi-physics simulation,
and manufacturing continuity.
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Figure 30: Three-layer integrated MetaTire | n-Wheel architecture comprising (1) structural
meta-architecture, (2) a digital twin and simulation layer, and (3) an i-Wheel intelligence
layer enabling sensing, diagnostics, and fleet-level optimization.
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Figure 31: Representative benchmarking summary across key performance dimensions, in-
cluding load capacity, comfort, lateral stiffness, rolling resistance, energy dissipation, and
thermal behavior. MetaTire demonstrates consistent architectural advantages relative to
conventional pneumatic tires.
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