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1. Summary of the Context of the Research

The human foot constitutes a pivotal component of the lower-limb kinetic chain, fulfilling multiple
biomechanical functions throughout the gait cycle, including load bearing, impact attenuation,
stability maintenance, and propulsion generation. During locomotion, the rearfoot primarily
dissipates ground reaction forces at heel strike; the midfoot preserves the integrity of the
longitudinal arch, thereby facilitating load transfer and energy transformation; and the forefoot
generates the principal propulsive force during push-off. Consequently, the mechanical coupling
between the foot and footwear exerts a direct influence on plantar pressure distribution, joint loading
patterns, gait stability, and the risk of musculoskeletal injury. Footwear design, therefore, extends
beyond conventional materials engineering and must be regarded as an integrated systems-level
challenge encompassing structural optimization and biomechanical regulation.

Conventional footwear design has largely relied on homogeneous foam materials and empirically
driven geometric modifications to achieve cushioning and support. Although such approaches can
enhance perceived comfort or attenuate impact forces to a certain extent, their regulatory mechanism
predominantly depends on altering bulk material stiffness, thereby limiting the capacity for region-
specific mechanical modulation. Given the pronounced functional heterogeneity of plantar regions
throughout the gait cycle, a uniform structural configuration is inherently constrained in its ability
to simultaneously accommodate rearfoot cushioning, midfoot stabilization, and forefoot propulsion.
Moreover, substantial inter-individual variability in foot morphology, gait patterns, and load
distribution further undermines the efficacy of standardized design paradigms, rendering truly
personalized biomechanical matching difficult to achieve.

Recent advances in additive manufacturing have opened new technological avenues for structural
innovation in footwear design. Three-dimensional printing enables the high-precision fabrication of
complex internal architectures, thereby rendering the integration of lattice structures into midsole
systems technically feasible. By modulating lattice unit topology, porosity, strut thickness, and
spatial arrangement, it becomes possible to tailor global mechanical behavior through geometric
variation while maintaining constant material composition. This paradigm of structurally
programmable design establishes a robust theoretical and technological foundation for region-
specific functional regulation and individualized customization.

Although prior investigations have explored lattice-based insoles or localized cushioning
components, several critical limitations remain. Much of the existing work has focused on a single
or narrowly defined set of lattice topologies, lacking a systematic construction of a multidimensional
geometric parameter space and, more importantly, a quantitative mapping between geometric
descriptors and macroscopic mechanical performance. In addition, performance evaluation has
frequently relied on static compression tests or simplified loading scenarios, which fail to capture
the multi-phase, dynamically evolving load characteristics inherent to real gait.

Moreover, finite element analysis, machine learning—based optimization, and subject-specific gait
data have yet to be integrated into a coherent closed-loop design framework. As a result, structural
generation continues to depend substantially on empirical tuning rather than data-driven automated
optimization. Compounding this challenge, functional requirements vary markedly across
application contexts. For athletic performance enhancement, design priorities center on maximizing
propulsion efficiency and energy return, whereas clinical or orthotic applications place greater
emphasis on controlling arch collapse and alleviating localized pressure concentrations. Such



heterogeneous demands underscore the necessity of establishing a scalable, predictive, and
optimizable structural design framework capable of accommodating diverse biomechanical
objectives.

It is therefore imperative to establish a systematic design methodology that integrates parametric
lattice modelling, foot—shoe coupled finite element analysis, dynamic gait data incorporation, and
multi-objective optimization within a unified framework. Such an approach should enable the
construction of explicit mappings between geometric parameters and macroscopic mechanical
performance across high-dimensional design spaces, while subjecting computational predictions to
rigorous experimental validation to ensure engineering feasibility. By doing so, footwear design can
transition from a paradigm dominated by material selection and empirical iteration toward one
characterized by structurally programmable architectures and data-driven optimization. Situated
within this context, the present study seeks to provide a coherent theoretical foundation and
methodological framework for personalized lattice-based footwear design.



2. The Aims

In response to the foregoing research context and unresolved challenges, this dissertation seeks to
develop an integrated design framework that unifies parametric modelling, finite element analysis,
and machine learning—driven optimization to enable programmable control of footwear structural
performance and gait-informed dynamic optimization.

The central objective is to establish a closed-loop engineering workflow spanning foot morphology
acquisition, structural parameter generation, mechanical performance prediction, and physical
prototype validation. Within this framework, lattice architectures are adaptively configured
according to individual gait characteristics and functional demands, and their engineering feasibility
and biomechanical effectiveness are rigorously verified through experimental evaluation. The
specific research objectives are as follows:

First, to establish a multidimensional parametric lattice modelling framework and to derive a
quantitative mapping between lattice geometric descriptors and macroscopic mechanical
performance. By systematically defining key variables—including unit-cell topology, porosity, strut
thickness, and orientation—a scalable high-dimensional design space is constructed. Finite element
analysis is subsequently employed to evaluate the influence of diverse parameter combinations on
effective stiffness, stress distribution, and deformation patterns, thereby enabling predictive
characterization of structure—property relationships.

Second, to develop a regionally differentiated lattice midsole design strategy guided by functional
demands across the gait cycle. In accordance with the distinct biomechanical roles of rearfoot
cushioning, midfoot stabilization, and forefoot propulsion, a partitioned structural modulation
scheme is formulated. The mechanistic effects of region-specific parameter variations on impact
attenuation capacity, arch control, and propulsive efficiency are systematically examined, thereby
establishing a functional correspondence between structural design variables and phase-dependent
gait requirements.

Third, to construct a dynamic gait—driven multi-objective optimization framework. Subject-specific
gait data are incorporated directly into the objective functions, enabling the formulation of a multi-
objective model that simultaneously accounts for impact attenuation, structural stability, and
propulsive performance. By integrating surrogate modelling with Bayesian optimization, efficient
exploration and accelerated convergence within a high-dimensional design space are achieved,
thereby enhancing the level of automation and data-centric intelligence in the generation of
personalized lattice architectures.

Fourth, to fabricate optimized lattice prototypes using additive manufacturing and to conduct multi-
subject gait experiments alongside mechanical performance testing for systematic validation of
model predictions. Through comprehensive analysis of biomechanical responses under realistic
locomotor conditions, the study evaluates both the in vivo performance and the practical engineering
feasibility of the optimized structures

Through the systematic realization of these research objectives, this dissertation seeks to establish
a scalable and generalizable framework for structural design and optimization. The proposed
methodology provides a coherent technological pathway and rigorous theoretical underpinning for
the advancement of personalized footwear engineering and related intelligent wearable systems.



3. The Methods Used During the Research

To achieve the defined research objectives, this study establishes a systematic technical framework
that integrates parametric modelling, finite element analysis, machine learning—based optimization,
and experimental validation. Guided by a closed-loop engineering logic, the overall methodology
coherently unifies data acquisition, structural generation, numerical simulation, algorithmic
optimization, and physical prototype verification into an integrated workflow encompassing
modelling, simulation, optimization, fabrication, and validation.

At the data acquisition stage, three-dimensional foot scanning and gait capture systems were
employed to obtain subject-specific foot geometry and dynamic locomotor parameters. The
collected dataset encompassed external morphological contours, plantar pressure distributions, and
kinematic as well as kinetic variables throughout the gait cycle. These measurements not only
enabled the reconstruction of individualized geometric foot models but also provided quantitative
foundations for defining structural regulation objectives and establishing performance evaluation
metrics in subsequent optimization procedures.

Within the structural generation stage, a multidimensional parametric lattice modelling framework
was developed. By formally defining critical geometric variables—including unit-cell topology,
strut thickness, porosity, and spatial configuration scalable high-dimensional design space was
constructed, enabling controlled and systematic generation of lattice architectures. Concurrently, the
midsole was functionally partitioned in accordance with phase-specific gait demands, allowing
regionally differentiated structural expression within a unified parametric schema and thereby
establishing a foundation for function-oriented structural modulation.

In the mechanical analysis phase, a coupled foot—shoe finite element model was established to
numerically simulate stress distributions, deformation characteristics, and effective stiffness under
dynamic loading conditions across diverse lattice parameter combinations. Model predictions were
rigorously validated through comparison with experimental measurements, thereby ensuring
computational reliability. On this basis, an explicit mapping between lattice geometric parameters
and macroscopic mechanical performance was derived, providing the computational foundation for
subsequent optimization procedures.

With respect to the optimization strategy, surrogate modelling was integrated with multi-objective
Bayesian optimization to enable iterative exploration of the high-dimensional design space. The
objective functions concurrently incorporated key biomechanical performance metrics—including
impact attenuation, arch stability, and propulsive efficiency—while embedding subject-specific gait
data directly into the optimization formulation. In this manner, structural generation was explicitly
anchored to individualized biomechanical demands. Through successive iterations and convergence
analysis, personalized combinations of structural parameters satisfying multiple performance
constraints were systematically identified.

During the physical validation phase, optimized lattice midsole prototypes were fabricated using
additive manufacturing, followed by multi-subject gait experiments and mechanical performance
assessments. Systematic comparisons of plantar pressure distributions, joint kinematics, and kinetic
parameters were conducted to evaluate the biomechanical performance of the optimized structures
under realistic locomotor conditions. This process further enabled rigorous examination of the

agreement between numerical predictions and empirical measurements.



4. Scientific Results

Based on the systematic investigations conducted in this dissertation, the following innovative
scientific contributions have been achieved:

(1) A multidimensional parametric lattice modelling framework was developed, enabling the
systematic definition and scalable generation of key geometric descriptors, including unit-cell
topology, porosity, strut thickness, and spatial configuration. This unified parametric representation
establishes a methodological foundation for structurally programmable midsole design.

(2) A quantitative mapping between lattice geometric parameters and macroscopic mechanical
performance was established. Through coupled foot—shoe finite element analysis, the relationships
governing effective stiffness evolution, stress distribution characteristics, and deformation modes
across diverse parameter combinations were elucidated, thereby enabling predictive structure—
property characterization driven by geometric design variables.

(3) A functionally partitioned lattice midsole design methodology was proposed. Guided by the
phase-specific biomechanical demands of rearfoot cushioning, midfoot support, and forefoot
propulsion during the gait cycle, a regionally differentiated lattice modulation strategy was
formulated. Numerical simulations and experimental evaluations demonstrated that the partitioned
architecture exhibits superior impact attenuation and stability control compared with homogeneous
configurations.

(4) A dynamic gait—driven multi-objective optimization framework was constructed, embedding
subject-specific kinetic data directly into the objective functions. By concurrently addressing impact
mitigation, structural stability, and propulsive efficiency, automated exploration and structural
generation within a high-dimensional design space were achieved, thereby enhancing the scientific
rigor and personalization capacity of the design process.

(5) An efficient parameter optimization strategy was introduced by integrating finite element
simulations with surrogate modelling and Bayesian optimization. This approach substantially
reduced the computational burden associated with high-dimensional searches while improving
convergence efficiency and robustness.

(6) A closed-loop engineering workflow encompassing modelling, simulation, optimization,
additive manufacturing, and experimental validation was established. Multi-subject gait
experiments systematically confirmed the biomechanical efficacy and engineering feasibility of the
optimized structures under realistic application conditions, providing a replicable technological
pathway for the scalable implementation of personalized footwear structural design.
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