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Data-Driven Personalized Lattice Footwear Design and 

Biomechanical Optimization 

 

Abstract 

In recent years, advances in 3D printing, computational mechanics, and machine learning have 

begun to shift footwear biomechanics from conventional material tuning toward structurally 

programmable and fully personalized design paradigms. However, existing studies remain largely 

confined to localized functional optimization, static loading simulations, or structures of limited 

dimensionality, and thus fall short of providing an integrated structure–function framework 

applicable to authentic gait conditions. In particular, substantial gaps persist in understanding how 

programmable lattice architectures can be systematically exploited to enhance cushioning capacity, 

gait stability, and propulsive efficiency across heterogeneous foot morphologies and pathological 

conditions under real-world locomotion. 

This dissertation addresses the aforementioned challenges through three central research 

questions. 

(1) How can parametrically defined lattice architectures enable programmable modulation of 

footwear mechanical performance? Existing studies on lattice-based insoles or heel pads typically 

rely on a single topology or narrowly constrained parameter sets, making it difficult to establish a 

systematic geometric–mechanical mapping. 

(2) How can region-specific lattice midsoles be generated according to the functional demands of 

different plantar zones, and how can the coupling mechanisms between structural modulation and 

gait-phase dynamics be elucidated? Conventional footwear predominantly employs homogeneous 

materials, which fail to precisely accommodate the three primary gait tasks—rearfoot cushioning, 

midfoot stabilization, and forefoot propulsion. 

(3) How can authentic gait dynamics be incorporated into multi-objective optimization of lattice 

structures to enable genuinely personalized footwear design? Traditional design pipelines lack a 

closed-loop connection among individual gait patterns, structural parameters, and functional 

outcomes, resulting in optimization processes that remain largely empirical and trial-and-error in 

nature. 

Building upon these research questions, this dissertation establishes three corresponding 

research objectives. 

(1) To develop a multidimensional parametric lattice modeling framework and to construct a 

programmable geometric–mechanical mapping via finite element analysis. The parameter space 
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encompasses unit-cell geometric descriptors, porosity, strut thickness, and orientation, enabling the 

systematic generation of diverse topologies and the characterization of their mechanical responses. 

(2) To propose a region-specific lattice midsole design methodology—covering the rearfoot, arch, 

lateral midfoot, and forefoot—and to elucidate their functional roles and synergistic interactions 

across different gait phases. 

(3) To construct a dynamic–gait–driven multi-objective optimization framework that integrates 

rearfoot impact mitigation, arch-collapse control, and forefoot propulsion into a unified optimization 

scheme, followed by multi-subject physical validation through 3D printing and gait experimentation. 

Methodologically, the dissertation integrates three-dimensional foot scanning, medical-image-

based reconstruction, individualized foot–footwear coupled finite element modeling, surrogate-

based multi-objective Bayesian optimization, and multi-subject gait experimentation to realize a 

complete closed loop from structural modeling to cross-morphology human-subject verification. 

Through systematic mechanical characterization of unit-cell architectures, dynamic loading 

simulations using individualized foot–footwear coupled FE models across healthy and pathological 

subjects, and surrogate-model–guided exploration of the design space, personalized lattice 

configurations are progressively generated in accordance with subject-specific gait demands while 

preserving framework-level generalizability. The final wearable prototypes are fabricated via 3D 

printing and evaluated in the laboratory through plantar pressure analysis and comprehensive 

kinematic and kinetic gait assessments. 

The findings of this study demonstrate that: 

(1) The proposed parametric lattice framework enables continuous, programmable modulation of 

mechanical behavior, spanning from high energy absorption to high structural support, while 

maintaining robust predictive accuracy across a multidimensional parameter space. 

(2) The region-specific lattice configuration establishes a coherent functional chain across the gait 

cycle—impact attenuation, stability control, and propulsive output. Rearfoot lattices markedly 

reduce peak plantar pressures; arch and lateral midfoot structures enhance mid-stance stability; and 

forefoot lattices increase plantarflexion moments and push-off efficiency. 

(3) The gait-driven, dynamically optimized midsole design substantially reduces equivalent soft-

tissue stress in the heel region (by approximately 25% on average across subjects), preserves more 

natural subtalar joint motion patterns, and enhances forefoot propulsive performance under subject-

specific constraints. 

(4) Wear experiments corroborate the finite element predictions, and subjective evaluations indicate 

that the 3D-printed prototypes outperform the control footwear in overall comfort, arch support, and 

rearfoot cushioning. 

Collectively, this research establishes the first comprehensive design framework for personalized 
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footwear grounded in parametrically programmable lattice architectures and tailored to authentic 

gait dynamics. The integrated methodology—encompassing structural programmability, functional 

zoning, dynamic optimization, and experimental validation—provides a methodological foundation 

for transitioning the footwear industry from standardized manufacturing toward data-driven, on-

demand production. Moreover, it offers a promising technological pathway for advancing athletic 

performance, orthopedic rehabilitation, and intelligent wearable systems. 
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1. Introduction 

1.1 Lower-Limb Function and Footwear Biomechanics 

1.1.1 Fundamental Foot Anatomy 

As the terminal load-bearing structure of the human body, the foot not only fulfills the dual roles of 

support and locomotion but also serves as a critical hub for force transmission and energy regulation 

within the lower-limb kinetic chain[1]. Its anatomical organization is exceptionally complex, 

consisting of 26 bones, 33 joints, and more than 100 ligaments and muscles, which together 

constitute a mechanical system that harmonizes rigid support with compliant cushioning (Figure 

1.1.1). This structurally diverse and hierarchically integrated architecture enables the foot to 

maintain stable weight-bearing while accommodating the diverse demands of dynamic locomotion. 

 

 

Figure 1.1.1 Anatomical illustration of foot bones, ligaments, and soft tissues.[2] 

 

As one of the most critical components within the osseous and soft-tissue systems of the foot, the 

arch complex plays an indispensable biomechanical role[3]. As illustrated in Figure 1.1.2, the medial 

longitudinal arch, lateral longitudinal arch, and transverse arch collectively form a three-

dimensional vaulted structure that not only preserves plantar morphology but also exhibits 

pronounced elastic behavior during locomotion. Experimental evidence has shown that the arches 

deform during the stance phase to store elastic strain energy, which is subsequently released through 

the recoil of the plantar fascia and associated ligaments during toe-off. This “spring effect” 

substantially enhances the energetic efficiency of walking and running, enabling the foot to function 

as a mechanical system equipped with an intrinsic elastic energy-storage mechanism. The stability 

of the arches is highly dependent on soft-tissue constraints—particularly the plantar fascia, the long 

and short plantar ligaments, and the spring ligament—which collectively maintain arch height and 

prevent excessive collapse that could compromise mechanical balance. Clinically, diminished arch-

support function is closely associated with plantar fasciitis, pes planus, and chronic overuse injuries. 
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Figure 1.1.2 Schematic illustration of the right foot arches (left: lateral view; right: medial view, 

adapted from published literature).[4] 

 

During the propulsion phase of gait, the metatarsals play a central role in transmitting concentrated 

ground reaction forces, with the first and second metatarsals typically bearing the highest loads. 

Prolonged asymmetry or imbalance in plantar pressure distribution is often implicated in 

metatarsalgia, stress fractures, and other overuse-related injuries. Beyond supporting longitudinal 

loading, the metatarsals—together with the transverse arch—contribute critically to mediolateral 

stability of the forefoot, enabling the toes to flex and extend with agility while ensuring efficient 

transfer of energy to the ground during push-off. Even subtle alterations in metatarsal head position 

or load distribution can substantially influence gait stability and the distribution of joint stresses. 

The ankle joint, situated between the lower leg and the foot, serves as a pivotal hub within the lower-

limb kinetic chain[5]. Comprising the tibia, fibula, and talus, it primarily facilitates dorsiflexion and 

plantarflexion, while the subtalar joint enables inversion and eversion, thereby enhancing the foot’s 

adaptability to uneven terrain. The stability of the ankle is maintained by a complex ligamentous 

system, among which the medial deltoid ligament and the lateral talofibular ligament complex are 

particularly critical, as they constrain abnormal motion and prevent joint malalignment or sprains. 

During locomotion, the ankle bears the weight transmitted from the trunk and, through coordinated 

interaction with the arches and metatarsals, dissipates impact forces and modulates the lower-limb 

kinetic chain. At initial heel contact, the ankle typically adopts a dorsiflexed posture to absorb 

impact; during toe-off, plantarflexion combined with the elastic recoil generated by Achilles tendon 

stretching contributes to energy return, thereby propelling the body forward. 

 

1.1.2 Functional Roles of the Foot in Support, Cushioning, and 

Propulsion 

From the perspective of the integrated lower-limb kinetic chain, the foot serves not only as the direct 
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interface between the body and the ground but also as a crucial nexus within the global energy-

transfer network. Its intricate anatomical architecture requires it to simultaneously fulfill multiple 

roles during gait: providing stable support, delivering effective impact attenuation, and enabling 

efficient propulsion. 

The plantar surface serves as the primary interface through which forces are transmitted between 

the body and the ground. Its pressure distribution reflects not only localized load-bearing conditions 

but also the overall coordination of the lower-limb kinetic chain. Under typical gait patterns, plantar 

pressure is predominantly concentrated in three regions—the heel, the lateral midfoot, and the 

forefoot—each exhibiting distinct functional roles across the gait cycle. 

In the initial contact phase of gait, the heel is the first region to engage the ground, with the calcaneus 

transmitting impact forces to the lower leg through the ankle joint. At this moment, the arches have 

not yet undergone substantial deformation; shock attenuation is therefore primarily governed by the 

bony architecture and the heel fat pad[6]. Prior studies indicate that the posteromedial region of the 

calcaneus is a focal site of impact stress, and insufficient cushioning in this area can lead to overload 

of the plantar fascia and ankle structures. As the gait progresses into mid-stance, the arches gradually 

collapse and begin to store elastic energy under the tension of the ligaments and the plantar fascia. 

The longitudinal and transverse arches work synergistically to distribute body weight more 

uniformly across the metatarsal heads and the lateral border of the foot. Clinical anatomical 

investigations have shown that the medial longitudinal arch is characterized by pronounced 

elasticity[7], whereas the lateral arch complex provides comparatively greater structural stability. 

The dynamic modulation of the arch system not only reduces peak ground reaction forces but also 

attenuates shock transmission to upstream joints such as the knee, hip, and spine. During the toe-

off phase, the arches recoil from their flattened configuration, and extension of the 

metatarsophalangeal joints releases the stored elastic energy, generating forward propulsive power. 

At this stage, the first and second metatarsals bear the highest loads, serving as key structures for 

propulsion and energy transfer. Finite element analyses have shown that stress in the central region 

of the third metatarsal increases markedly during propulsion[8], a finding that corresponds closely 

with the common clinical sites of stress fractures. 

From the perspective of the integrated kinetic chain, dysfunctions in foot mechanics often trigger a 

cascade of compensatory responses throughout the lower limb. For example, collapse of the arches 

in individuals with pes planus can induce knee valgus and compensatory rotational adjustments at 

the hip[9], whereas pes cavus, characterized by insufficient shock absorption, increases 

susceptibility to stress fractures and ankle injuries. These phenomena underscore that the 

coordinated interplay of support, cushioning, and propulsion within the foot directly governs the 

stability and energetic efficiency of the lower-limb kinetic chain. A deeper understanding of foot 
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function across the gait cycle not only elucidates the biomechanical mechanisms underlying lower-

limb injuries but also provides critical insight for footwear design and rehabilitative interventions. 

Footwear that achieves targeted optimization of support, cushioning, and propulsion holds the 

potential to enhance gait mechanics and mitigate the risk of lower-limb musculoskeletal disorders. 

 

1.1.3 Plantar Pressure 

During the initial contact phase, the heel first engages the ground, with the posteromedial calcaneus 

bearing most of the impact load. Although the pressure peak in this region is high, its duration is 

brief, serving primarily to attenuate impact and establish a stable foundation for the subsequent 

stance phase. As gait transitions into mid-stance, pressure progressively shifts toward the 

longitudinal and transverse arches. The contact area increases and the pressure per unit area 

decreases, reflecting the role of the arches in distributing body weight and maintaining balance. 

Murphy et al.[10] reported that both pressure magnitude and contact area in the midfoot exhibit high 

consistency across repeated gait trials (ICC > 0.9), indicating that this region demonstrates stable 

and highly repeatable mechanical behavior. Such findings further substantiate the pivotal function 

of arch deformation in providing cushioning and facilitating load transfer during stance. In the toe-

off phase, pressure becomes increasingly concentrated in the forefoot, particularly beneath the first 

and second metatarsal heads and the phalanges. This period is characterized by high peak pressures 

and prolonged loading duration, marking the forefoot as the principal contributor to propulsive force 

generation. 

It is noteworthy that plantar pressure distribution varies not only across different gait phases but 

also as a function of multiple individual and environmental factors, including foot morphology (e.g., 

pes planus or pes cavus), movement habits, and footwear design. For instance, individuals with pes 

planus typically exhibit greater contact area and elevated pressure along the medial midfoot, 

whereas those with pes cavus often display concentrated loading in the rearfoot and forefoot due to 

reduced arch engagement[11]. These distinctions hold significant relevance for assessing injury risk 

and informing footwear design strategies. In various athletic activities, particularly high-impact 

tasks such as running and jumping, the regional characteristics of plantar loading become even more 

pronounced. During initial contact, the heel experiences peak impact forces, and its cushioning 

capacity directly influences shock attenuation throughout the lower limb. The arches, functioning 

as elastic structures, absorb and release energy during mid-stance, thereby contributing to gait 

stability. However, persistent abnormal pressure concentration can predispose individuals to 

conditions such as bone stress injuries, stress fractures, or osteoarthritis. Consequently, the dynamic 

distribution of plantar pressure is not only integral to daily comfort but also indicative of the 

biomechanical state of the lower limb, with direct implications for athletic performance and injury 
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susceptibility[12]. 

 

1.1.4 Biomechanical Influence of Footwear on Lower-Limb Function 

Footwear functions not only as an essential component of daily living and athletic activity but also 

as a critical external modulator of lower-limb dynamics and movement performance. The geometric 

configuration and material properties of a shoe directly shape the pathways of force transmission, 

thereby altering gait patterns, joint loading, and overall stability. 

The design of the midsole represents one of the most common and influential structural elements of 

modern footwear. Cushioning-oriented athletic shoes typically incorporate highly elastic materials 

within the midsole to absorb the impact generated at heel strike, thereby reducing the magnitude of 

shock transmitted to the tibia and knee joint—as illustrated in Figure 1.1.3, which depicts stress 

distribution in the knee under specific loading conditions. By mitigating these peak forces, such 

designs help decrease the risk of soft-tissue overload and joint-related injuries.Recent systematic 

reviews and meta-analyses have further demonstrated that moderate midsole cushioning can 

enhance running economy (RE), defined as the oxygen consumption per unit body mass at a given 

running speed[13]. This improvement arises primarily from reduced energy dissipation during the 

stance phase, allowing for more efficient energy transfer throughout the gait cycle. 

 

 

Figure 1.1.3 Meniscal stress distribution under loading.[9, 12] 

 

The relationship between cushioning and running economy is not linear. Studies have shown that a 

moderate midsole thickness, for example, around 10 mm, can improve RE, whereas excessive 

cushioning, such as 20 mm, may increase metabolic cost. This effect arises because overly thick 

soles can diminish the elastic energy–storage contributions of the arches and the Achilles tendon. 

Sole mass further influences running economy: an additional 100 g of shoe weight has been 

associated with roughly a 1% increase in VO₂, thereby reducing RE. Consequently, the design of 
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cushioning materials must balance multiple objectives, impact attenuation, joint protection, weight 

minimization, and efficient energy transfer, to achieve meaningful improvements in performance 

and running economy. 

Heel height is a critical determinant of gait dynamics and the mechanical environment of the lower 

limb. Moderate elevation of the heel alters the initial posture of the ankle and shifts the body’s center 

of mass forward, which in turn induces compensatory changes such as reduced step length, 

decreased walking speed, and prolonged double-support duration[14]. However, excessive heel 

height increases the mechanical load on the knee extensors and ankle plantarflexors, reduces 

posterior stability, and elevates the risk of falls. Long-term use of high-heeled footwear has also 

been associated with a higher incidence of knee osteoarthritis and chronic ankle instability. An 

appropriate heel-height design must therefore strike a balance among cushioning, stability, and 

energy efficiency. Overly elevating the heel can disrupt the coordination of the lower-limb kinetic 

chain and compromise both safety and locomotor performance. 

Excessive foot pronation alters the mechanical pattern of the lower-limb kinetic chain, increasing 

stress on both the knee and the ankle and elevating injury risk. Incorporating firmer materials or 

reinforced structures along the medial side of the midsole can enhance arch support and medial 

stability; footwear with such features is commonly referred to as motion-control shoes. Randomized 

controlled trials have shown that[15], over a six-month follow-up period, recreational runners 

wearing motion-control footwear exhibited significantly lower overall injury risk than those wearing 

neutral shoes (HR = 0.55). The effect was most pronounced in individuals with pronated feet, whose 

injury risk decreased by nearly 66 percent. However, the protective benefits of motion-control 

footwear are primarily limited to runners with excessive pronation. Among individuals with neutral 

or supinated foot types, additional motion-control features do not confer notable advantages and 

may even increase discomfort[16]. Motion-control footwear therefore has a clearly targeted role in 

enhancing stability and reducing injury risk, and its use should be tailored to the specific 

morphological characteristics of the foot. 

In sports medicine and rehabilitation, the biomechanical influence of footwear is equally 

significant[17]. As illustrated in Figure 1.1.4, personalized orthotic insoles and arch-support devices 

are widely used in clinical practice to redistribute plantar pressure and offload high-stress regions. 

Such interventions effectively alleviate conditions such as metatarsalgia, plantar fasciitis, and 

diabetic foot complications. For individuals recovering from lower-limb injuries, footwear that 

provides adequate cushioning and stability can offer essential protection during rehabilitation, 

reducing the risk of reinjury and facilitating the restoration of normal gait mechanics. Even among 

healthy athletic populations, evidence indicates that well-designed footwear interventions can 

reduce the incidence of stress fractures, tendinopathies, and other chronic overuse injuries, thereby 
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contributing to long-term lower-limb health. 

 

 

Figure 1.1.4 Meniscal stress distribution under.[18] 

 

Footwear, through its combined effects on cushioning, stability, and structural support, not only 

improves the mechanical environment of the lower-limb kinetic chain but also plays a pivotal role 

in injury prevention and rehabilitative care. Well-designed footwear can simultaneously enhance 

athletic performance, protect joint health, and meet clinical intervention needs, providing reliable 

external support for the general population, older adults, and individuals with chronic conditions. 

This multifaceted influence positions footwear research as a central topic at the intersection of sports 

medicine, biomechanics, and rehabilitation engineering. 
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1.2 Advantages and Advances of 3D Printing in Footwear Design 

1.2.1 Limitations of Traditional Footwear Manufacturing 

Conventional footwear manufacturing relies predominantly on mold-based fabrication and 

standardized lasts. This approach is grounded in the assumption of an “average foot,” whereby a 

limited range of sizes is expected to accommodate the majority of users. However, analysis of more 

than 1.2 million three-dimensional foot scans from consumers in North America, Europe, and Asia 

has revealed substantial variability in foot length, width, instep height, and heel width across regions, 

sexes, and even among individuals sharing the same nominal shoe size[19]. As illustrated in Figure 

1.2.1, these dimensions exhibit striking dispersion. For example, Asian populations generally 

present wider feet, whereas European populations tend to have higher insteps. Within a single shoe 

size, the foot-width span of 90 percent of individuals can reach 15–20 mm, far exceeding the 

coverage provided by traditional width grading systems. Such morphological diversity indicates 

that size scaling based on a single last cannot adequately address the needs for individualized fit or 

biomechanical compatibility. Geometric mismatch may lead to localized compression or gapping in 

regions such as the forefoot, arch, or heel, compromising natural gait mechanics and reducing 

comfort while altering plantar pressure patterns. For certain populations, including individuals with 

pes planus or diabetic foot conditions, these mismatches may further exacerbate high-pressure 

regions beneath the metatarsal heads and increase the risk of soft-tissue injury[20]. 
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Figure 1.2.1 Comparison of male and female foot dimensions across North America, Europe, and 

Asia.(A–C) Mean foot widths; (D–F) mean instep heights; (G–I) mean heel widths, presented 

separately for each region.[19] 

 

Traditional mold-based manufacturing also entails high fixed costs and limited flexibility. Once a 

mold is produced, even minor design modifications may require weeks or months to implement, 

which constrains rapid iteration and hinders personalized optimization. This rigidity not only 

restricts product diversity but also makes it difficult to meet the growing demands in sports and 

rehabilitation for rapid adaptation and precise individual fit. Moreover, conventional shoemaking 

typically involves dozens of components and multiple material classes, including rubber, EVA, and 

various textiles. These materials are often difficult to disassemble and recycle, resulting in low rates 

of circular reuse. The production process is additionally associated with considerable carbon 

emissions and waste generation, highlighting clear limitations from a sustainability perspective[21]. 

 

1.2.2 Advantages of 3D Printing in Footwear 

One of the most significant advantages of 3D printing is its ability to overcome the geometric 

constraints inherent in traditional mold-based manufacturing, thereby enabling highly complex and 

finely detailed structural designs[22]. Geometries that are difficult or impossible to fabricate using 

conventional techniques—such as hollow honeycomb architectures or auxetic (negative Poisson’s 
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ratio) unit cells—can be readily produced with additive manufacturing. These structures offer 

programmable mechanical properties and, through spatial variation in their configuration, can 

deliver region-specific cushioning, support, and ventilation. Such capabilities allow footwear to 

satisfy the distinct functional requirements of different plantar regions. 

Compared with the mold-development cycle of traditional footwear manufacturing, which often 

spans several weeks or even months, 3D printing can complete the entire process from design to 

fabrication within a matter of hours. This rapid-iteration capability enables “on-demand” 

personalization based on individual foot-scan data and gait measurements. Parameters such as arch 

height, metatarsal morphology, and plantar pressure distribution can be directly mapped onto the 

geometry of insoles or midsoles, thereby substantially enhancing individual fit. For athletes and 

rehabilitation patients, such personalized solutions strikingly improve the balance between comfort 

and functional performance, while greatly increasing the efficiency of customization and structural 

optimization[20]. 

Commonly used materials for 3D-printed footwear include thermoplastic polyurethane (TPU), 

polyamide (PA12), photopolymer resins, and various composite formulations. Among these, TPU 

offers excellent elasticity and abrasion resistance, making it well suited for midsole lattice structures. 

Composite materials combine low weight with high mechanical strength and therefore exhibit 

superior structural efficiency. Several multi-material printing technologies, such as PolyJet and 

dual-extrusion FDM, further enable gradients or spatial transitions between rigid and compliant 

regions within a single component. These capabilities enhance the stability of arch support while 

improving overall fit and comfort[23, 24]. As shown in Figure 1.2.2, TPU-based footwear 

prototypes can be fabricated using FDM technology. 

 

 

Figure 1.2.2 3D printing process and final output of a full-lattice shoe upper fabricated with TPU 

material. 
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Studies have shown that the production of conventional running shoes can generate approximately 

16–21 kg CO₂eq per pair. In contrast, 3D printing can substantially reduce emissions and material 

waste through on-demand fabrication, decreased component counts, lower transportation 

requirements, and minimal reliance on adhesives. For example, a report from HILOS indicates that 

its 3D-printed footwear achieves a roughly 48 percent reduction in carbon emissions and a 99 

percent decrease in water usage[25]. Moreover, 3D printing eliminates the need for large-scale 

factory infrastructure and supports small-batch and distributed manufacturing. This shift not only 

enhances sustainability but also opens new opportunities for innovation in footwear production and 

commercialization models. 

 

1.2.3 Current Applications of 3D Printing in Footwear 

In recent years, 3D printing has been increasingly integrated into the development of athletic 

midsoles. Compared with conventional foam materials, 3D-printed midsoles can employ 

parametrically designed lattice architectures to deliver region-specific cushioning and support. For 

example, low-modulus lattice units can be placed in the heel to enhance impact absorption, whereas 

higher-stiffness units may be deployed in the forefoot to improve propulsion. Such zonal 

configurations not only enhance energy-return efficiency but have also been shown to improve 

running economy and athletic performance to a measurable degree. A representative example is the 

Futurecraft 4D (also branded as 4DFWD) developed jointly by adidas and Carbon[26, 27]. Using a 

digital light synthesis process, this design fabricates a lattice midsole engineered with directional 

mechanical responses that provide targeted energy return and impact attenuation (Figure 1.2.3). The 

structure is parametrically tuned based on athletic motion data and is considered capable of 

improving gait efficiency and overall performance. The emergence of such midsole architectures 

signifies a broader transition within footwear manufacturing from standardized production toward 

data-driven, functionally optimized design paradigms. 
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Figure 1.2.3 4D-printed lattice midsole of the adidas Futurecraft 4D.[26] 

 

In medical and rehabilitation contexts, 3D printing likewise demonstrates substantial potential for 

precision customization. By integrating three-dimensional foot scanning with gait analysis, 

individualized insoles can be generated to correct foot deformities or reduce localized high-pressure 

regions. For example, a study involving individuals at high risk for diabetic ulceration employed 

Kelvin and related lattice structures to design personalized insoles that redistributed plantar pressure 

and effectively reduced high-risk loading zones[28].Assistive devices such as ankle–foot orthoses 

(AFOs) and arch supports have also been rapidly customized through 3D printing. These 

technologies not only improve clinical fitting efficiency but also enhance long-term comfort 

compared with conventional products[29]. 

Major athletic brands such as Adidas, Nike, New Balance, and Reebok have released multiple 

limited-edition products incorporating 3D-printed components, including the Adidas Futurecraft 4D, 

Adidas Climacool, and New Balance TripleCell[30], demonstrating considerable commercial 

potential. Meanwhile, emerging companies such as HILOS and Zellerfeld are exploring full-shoe 

3D printing with an emphasis on sustainability and circular manufacturing. Despite these advances, 

most 3D-printed footwear products remain in the stages of small-scale production or experimental 

deployment. Key challenges persist, including low manufacturing throughput, high production costs, 

and insufficient long-term durability validation. In academic research, efforts are increasingly 

focused on mechanical-performance optimization, multifunctional material development, and 

frameworks for personalized design. These investigations are driving progress in functional 

materials, lattice-structure engineering, and individualized fabrication workflows, with the aim of 

enabling large-scale clinical applications and further enhancing athletic performance. 
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1.3 Data-Driven Parametric Lattice Structures and Programmable 

Mechanical Properties 

1.3.1 Fundamentals of Lattice Architectures 

Lattice structures are composed of periodic or quasi-periodic unit cells that together form a three-

dimensional geometric framework. Unlike traditional solid or foam materials, the mechanical 

behavior of lattices is governed predominantly by their geometric characteristics rather than by the 

intrinsic properties of the base material. This “structure-driven performance” endows lattice 

architectures with the features of programmable materials, allowing their macroscopic mechanical 

responses—including stiffness, strength, energy absorption, and deformation modes—to be tailored 

through adjustments to microscopic geometric parameters[31]. 

Lattice unit cells exhibit a high degree of geometric diversity. Conventional cubic and honeycomb 

configurations are widely used due to their regularity and ease of fabrication. Topologies such as 

body-centered cubic (BCC) and face-centered cubic (FCC) provide favorable mechanical isotropy 

under multiaxial loading. Re-entrant geometries and other auxetic (negative Poisson’s ratio) unit 

cells contract laterally under compression, which markedly enhances energy absorption and impact-

mitigation capabilities[32]. With advances in CAD modeling and additive manufacturing, numerous 

new lattice topologies have been developed in recent years. These innovations enable continuously 

graded lattice designs in which unit-cell parameters vary spatially within a single component, 

allowing region-specific tuning of mechanical performance. Such capabilities offer a powerful 

structural design pathway for addressing complex functional requirements[33]. 

 

1.3.2 Mechanical Characteristics of Lattice Structures 

Lattice structures, owing to their distinctive unit-cell geometries and programmable nature, are 

widely regarded as materials that can be “designed on demand.” In contrast to conventional 

homogeneous materials, their macroscopic mechanical behavior is influenced not only by the 

intrinsic properties of the base material but also by the topology of the unit cells, geometric 

parameters such as strut thickness, porosity, and cell size, and the spatial arrangement of the lattice 

network[32]. This high degree of tunability confers unique advantages in lightweight design, impact 

attenuation, energy absorption, and structural support. It also opens new avenues for the functional 

zoning of footwear components. 
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Figure 1.3.1 Machine-learning-assisted workflow for lattice structure design and optimization.[34] 

 

By modulating porosity or strut thickness, lattice structures can span a wide spectrum of mechanical 

responses, ranging from soft, low-modulus behavior to high stiffness and high modulus. Both finite 

element analyses and experimental studies have shown that structural stiffness and strength decrease 

following a power-law relationship as porosity increases[35], whereas energy-absorption capacity 

is substantially enhanced. When applied to footwear design, these principles imply that high-

porosity, low-stiffness lattice units may be deployed in the heel region to achieve effective impact 

cushioning, while low-porosity, high-stiffness configurations can be assigned to the arch and 

forefoot to provide essential support and propulsive capability. In this way, lattice architectures can 

be tailored to meet the distinct biomechanical requirements of different plantar regions. 

In certain contexts, lattice structures exhibit superior energy-absorption performance under dynamic 

loading compared with conventional foams and honeycomb architectures. Studies have shown that 

well-designed functionally graded lattices can achieve approximately 20–30 percent greater 

cumulative energy absorption under compression than uniform lattices[32]. Truss-based lattices 

maintain good structural stability at high strain rates, whereas surface-based TPMS architectures, 

such as Gyroid structures, demonstrate more uniform stress distributions and higher buckling 

resistance under large deformations[35]. Recent computational and experimental investigations 

further indicate that truss lattices employing nonuniform topologies or inverse-designed 

configurations can achieve 30–90 percent improvements in buckling strength relative to traditional 

or bioinspired structures[36]. Certain specialized topologies, including re-entrant cells and rotating-

honeycomb geometries, exhibit auxetic behavior (negative Poisson’s ratio), contracting laterally 
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under axial compression[37]. This characteristic enhances lateral conformity and promotes efficient 

energy dispersion, allowing the structure to mitigate localized peak pressures and reduce the risk of 

stress-related injury. In footwear applications, auxetic structures are particularly advantageous in 

high-load regions such as the arch and forefoot, where their lateral expansion under compression 

improves comfort and enhances cushioning performance. 

Beyond the tuning of individual mechanical properties, regional and graded design strategies in 

lattice architectures are essential for achieving multi-objective optimization. For example, 

implementing a longitudinal gradient in which stiffness transitions from high to low within a single 

midsole enables an effective balance between structural support and impact cushioning. 

Transversely, combining different topologies can accommodate diverse gait characteristics, such as 

excessive pronation or supination. Such spatially differentiated performance distributions are 

particularly critical in personalized footwear design and rehabilitation interventions, where 

localized geometric modulation can produce targeted functional responses. 

 

1.3.3 Applications of Lattice Structures in Footwear Design 

With the rapid maturation of additive manufacturing technologies, 3D-printed footwear has been 

gradually transitioning from proof-of-concept demonstrations to practical applications. Early 

studies primarily focused on showcasing the geometric complexity achievable through 3D printing, 

such as incorporating honeycomb or lattice architectures into insoles and midsoles to replace 

conventional foam materials. As both academia and industry began to recognize the advantages of 

additive manufacturing in lightweighting, regionalized design, and individualized customization, 

efforts increasingly shifted toward improving cushioning performance, optimizing plantar pressure 

distribution, and enhancing arch support. Recent systematic reviews have further noted that research 

on 3D-printed footwear has expanded from isolated structural testing to broader domains including 

performance enhancement, rehabilitation assistance, and sustainable manufacturing[22]. Thus, 3D 

printing is not merely an alternative fabrication method; it is emerging as a critical technological 

pathway for functional integration and personalized optimization in modern footwear design. 

Improving impact attenuation is one of the most common objectives in applying lattice structures 

to footwear design. Previous studies have demonstrated that adjusting unit-cell size, porosity, and 

stiffness can substantially reduce heel-strike impact peaks while enhancing energy-absorption 

efficiency. For example, Geiger et al.[38] reported that insoles with appropriately tuned hardness 

can reduce peak heel pressure by approximately 37 percent and simultaneously improve forefoot 

load distribution. Leung et al.[39] designed a 3D-printed heel pad based on a re-entrant honeycomb 

topology for plantar protection in individuals with diabetes (Figure 1.3.2). Finite element 

simulations and in vivo testing showed that the heel-contact area increased by roughly 19 percent, 
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and peak heel pressure during gait decreased by approximately 33 percent, outperforming 

conventional PU foam insoles by a considerable margin. 

 

 

Figure 1.3.2 Design of a 3D-printed auxetic heel pad based on re-entrant honeycomb structures and 

its cushioning performance.[40] 

 

Traditional insoles often suffer from either excessive or insufficient arch support, making it difficult 

to accommodate individual anatomical variability. With the advancement of 3D printing, lattice-

based insole designs informed by foot scanning and gait analysis have gained prominence. Such 

approaches enable personalized arch parameters to be embedded directly during the design process, 

thereby improving midfoot stability and redistributing plantar pressure[41]. By tuning lattice fill 

density and unit-cell topology, the stiffness of the arch region can be selectively enhanced, allowing 

it to provide superior support under load. These design strategies not only improve comfort but also 

demonstrate greater stability and gait-correction efficacy than conventional orthotic insoles, 

particularly for individuals with pes planus or pes cavus. Systematic reviews further indicate that 

3D-printed insoles positively influence pain reduction in flat-foot patients, increase arch stability, 

and improve gait dynamics, with benefits largely attributed to optimized arch-mechanics parameters 

achieved through personalization[41]. Compared with traditional plaster-mold customization, 3D 

printing offers clear advantages in fabrication precision and reproducibility. It also enables rapid 
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iteration of various support-height and stiffness configurations, substantially enhancing the 

efficiency and adaptability of rehabilitation interventions. 

Moreover, the programmable nature of lattice architectures enables distinct functional roles to be 

assigned to different regions within the same sole. Low-modulus lattice units can be placed in the 

heel to enhance cushioning; high-stiffness units can be deployed in the forefoot to improve 

propulsive efficiency; and graded lattice configurations in the midfoot can reinforce overall stability. 

This zonal-support strategy transcends the inherent homogeneity of traditional foam materials and 

provides a novel structural pathway for achieving personalized footwear designs. 
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1.4 Applications of Finite Element (FE) and Machine Learning (ML) 

in Footwear Biomechanics 

In footwear research, the finite element (FE) method is widely employed to construct coupled foot–

footwear models[42]. Using medical imaging modalities such as CT and MRI, together with 3D 

foot scans, researchers can generate individualized anatomical models and integrate them with 

footwear structures. These models typically incorporate detailed geometries and material properties 

of bones, soft tissues, ligaments, fascia, and insole or midsole components. As a physics-based 

modeling approach, FE enables high-resolution mechanical analysis of the foot–footwear system 

and provides access to internal stress and strain fields that are difficult or impossible to measure 

directly in experimental settings. 

 

1.4.1 Foot–Footwear Coupled Modeling 

A central challenge in footwear biomechanics is understanding the coupled interaction between the 

foot and the shoe. As illustrated in Figure 1.4.1, finite element (FE) modeling has become an 

effective tool for simulating this interaction, as it can accommodate the complexity of foot anatomy, 

nonlinear material behavior, and detailed foot–shoe contact conditions. By constructing three-

dimensional FE models of the foot–footwear system, researchers can analyze internal tissue loading 

and pressure distribution within the shoe during locomotion, thereby elucidating how different 

footwear designs influence foot biomechanics. Previous studies have developed coupled FE models 

to simulate heel-strike cushioning in athletic footwear, successfully capturing the stress distribution 

arising from foot–insole interaction and validating the model predictions against experimental 

measurements[43]. Such models have been widely applied to diverse footwear types, including 

high-heeled shoes and mountaineering boots, enabling the identification of key design parameters 

that most strongly influence foot mechanical responses and providing valuable guidance for 

functional optimization. It is important to note, however, that due to the high complexity of model 

construction, most foot–shoe FE analyses require certain simplifications. Current challenges include 

improving model accuracy and computational efficiency, obtaining high-quality geometric and 

material data for the foot, defining physiologically realistic boundary and loading conditions, and 

conducting rigorous validation. Despite these limitations, FE-based foot–shoe coupled analysis has 

become an indispensable tool in studies of injury mechanisms and in the optimization of footwear 

design. 
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Figure 1.4.1 Schematic of the shoe–foot finite element model structure and mechanical boundary 

conditions.[42] 

 

1.4.2 Prediction of Plantar Pressure and Tissue Stress 

As noted previously, unfavorable concentrations of plantar pressure are closely associated with 

elevated risk of foot injuries, with abnormally high loads potentially contributing to conditions such 

as plantar fasciitis and diabetic foot ulceration. Traditionally, plantar pressure distribution is 

measured using pressure plates or instrumented insoles; however, FE simulation and ML-based 

prediction now provide powerful complementary tools for analysis and forecasting. The FE method 

enables mechanistic simulation of plantar-pressure formation based on the interaction between the 

foot and insole structures. For example, one study employed FE analysis to evaluate insole designs 

for patients with diabetic neuropathy, comparing materials and geometric configurations to 

determine their effects on peak stress[44]. Through virtual prototyping, the researchers identified 

customized designs capable of effectively reducing high-pressure regions. The findings 

demonstrated that FE simulation can accurately predict plantar pressure distribution and assess the 

efficacy of offloading interventions, thereby reducing the need for iterative trial-and-error 

approaches in clinical practice 

On the other hand, machine learning methods have demonstrated strong data-driven advantages in 

the prediction of plantar pressure. As illustrated in Figure 1.4.2, Mun and Choi introduced a deep 

learning framework capable of reconstructing full plantar-pressure fields from a small number of 
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pressure sensors[45]. Using only nine sensing locations as input, their LSTM model predicted 

pressures at the remaining ninety points with a correlation coefficient of 0.98 and an error of 

approximately 7.9 percent. This approach opens the possibility for developing low-cost smart 

insoles that enable real-time plantar-pressure monitoring and early detection of abnormal loading 

patterns. Machine learning has also been applied to automated interpretation of plantar-pressure 

images. Deep convolutional networks have been used for regional segmentation and key-feature 

extraction from pressure heat maps, supporting the diagnosis of foot deformities and pathological 

gait patterns[46]. FE modeling and ML prediction offer complementary strengths. FE provides 

physics-based, high-fidelity computation of pressure distributions, allowing quantitative evaluation 

of how footwear modifies peak loads across plantar regions and enabling detailed assessment of 

stress in the plantar fascia, soft tissues, and articular cartilage. These capabilities are crucial for 

understanding the biomechanical implications of footwear design and its potential links to injury 

mechanisms. ML, in contrast, leverages large datasets to rapidly estimate pressure fields or classify 

foot conditions, offering efficient and practical tools for monitoring and assessing plantar-loading 

behavior. 

 

 

Figure 1.4.2 LSTM-based Deep Learning Model for Reconstructing Full Plantar Pressure 

Distribution from Sparse Sensors.[45] 

 

1.4.3 Gait Simulation and Recognition 

Gait simulation and gait recognition represent another key domain in footwear biomechanics 

research. FE modeling can be employed to simulate gait processes by integrating dynamic analyses 

or musculoskeletal models to evaluate how different footwear conditions influence walking and 

running mechanics. Such simulations enable assessment of how midsole stiffness and deformation 
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affect gait stability, energy expenditure, and overall locomotor performance. For example, engineers 

at the Massachusetts Institute of Technology developed a simplified modeling framework that uses 

human anthropometric data—such as height and body mass—together with midsole stiffness and 

elasticity to simulate gait patterns specific to a given shoe design[47]. The model predicts how 

footwear characteristics alter gait and identifies design configurations that may reduce metabolic 

cost or improve performance. This virtual testing approach provides valuable insights for optimizing 

midsole structures prior to physical prototyping. 

Studies on gait stability have shown that reduced medial plantar pressure during walking may impair 

balance and increase fall risk in older adults[48]. Simulation-based analyses of how insole support 

influences arch loading can therefore provide valuable guidance for improving gait stability. 

In contrast, machine learning offers clear advantages for gait recognition. ML models trained on 

wearable-sensor data or plantar-pressure distributions can automatically extract gait features for 

applications such as individual identification, gait classification, and abnormality detection[49]. For 

example, combining inertial measurement units with plantar-pressure arrays as model inputs enables 

classification of population-specific gait patterns or detection of pathological gait characteristics[46]. 

Other studies have applied deep learning to classify foot types (e.g., normal foot versus flat foot) 

from static plantar-pressure images, with ResNet-based models achieving markedly higher accuracy 

in detecting flatfoot compared with traditional footprint-index methods[50]. 

 

1.4.4 Data-Driven Optimization 

Data-driven methodologies are rapidly emerging in footwear design and optimization, increasingly 

integrating with FE simulation to form intelligent design workflows. As noted earlier, traditional 

footwear development often relies on designer experience and iterative prototyping. The 

incorporation of FE analysis provides a quantitative foundation for parameter optimization, and the 

addition of ML techniques further accelerates this process. 

In a series of studies published in Footwear Science, Material Strength and Applied Mechanics, npj 

Advanced Manufacturing, and the Journal of Biomechanics[44, 51–53], we proposed a personalized 

footwear design framework that combines FE simulation with machine learning. The approach 

begins by generating extensive mechanical-performance datasets for diverse 3D lattice midsoles or 

insole structures through FE simulation. These data are then used to train ML surrogate models, 

which, when integrated with FE outputs, enable rapid prediction and optimization of compressive 

behavior and deformation characteristics. This pipeline allows efficient exploration of the design 

space and identification of optimal structural configurations. 

Similarly, other studies have employed genetic algorithms, particle swarm optimization, and related 

computational-intelligence methods to optimize insole or midsole structures, achieving objectives 
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such as reduced stress concentration and minimized structural mass[54]. 

Such digitally driven optimization exemplifies a “data-guided design” paradigm: ML models and 

optimization algorithms rapidly screen promising candidates within vast design spaces, while FE 

analysis provides high-fidelity evaluation of their mechanical performance. Together, these tools 

form a powerful framework for accelerating innovation in footwear engineering. 

 

1.4.5 Advantages of FE and ML Methods and Their Integration 

Trends 

The primary strength of the FE method lies in its explicit grounding in physical laws, which enables 

detailed mechanical characterization and produces results with strong interpretability. FE analysis 

can directly visualize how stresses within bones and soft tissues vary under different insole or 

footwear designs, thereby helping to elucidate injury mechanisms and guide design improvements. 

Unlike data-driven approaches, FE modeling does not require large volumes of prior data and can 

provide valid predictions even for new designs or extreme loading conditions. However, FE 

methods have notable limitations. Model construction and computation are resource-intensive, the 

workflow is complex, and predictions are highly sensitive to the accuracy of input parameters. 

Furthermore, FE results must be experimentally validated to ensure reliability. 

The strength of ML methods lies in their ability to leverage large datasets and highly efficient 

algorithms, enabling rapid prediction and strong adaptability. Once trained, ML models can generate 

near–real-time outputs such as plantar-pressure distributions or gait classifications, which is of 

significant value for customized insole design and continuous gait monitoring. ML approaches can 

also capture complex nonlinear relationships and automatically extract patterns that are difficult for 

humans to discern, such as the combined effects of multiple parameters on foot loading. However, 

ML has inherent limitations. Its predictive performance depends heavily on the quality and diversity 

of the training data, and in the absence of physical constraints, it may yield unreliable or non-

physiological predictions. Moreover, the internal mechanisms of many ML models function as a 

“black box”[55], making it challenging to interpret their biomechanical significance directly. 

Integrating ML into the FE simulation workflow can substantially accelerate parameter 

identification and result processing. ML models may be used to rapidly fit material parameters or 

approximate portions of the simulation, thereby reducing computational time. Conversely, large-

scale datasets generated through FE modeling can be used to train ML models, improving predictive 

accuracy in scenarios where extensive experimental data are unavailable. This synergy enables the 

development of digital twins that combine data-driven inference with physics-based modeling. In 

the context of 3D-printed footwear research, FE analysis can be employed to generate extensive 
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databases of midsole designs, while ML facilitates rapid performance evaluation and optimization. 

For smart insole applications, ML can adjust support characteristics in real time based on sensor 

data, whereas FE simulations can be used to assess the biomechanical consequences of such 

adjustments, enabling dynamically personalized protection. 

The integration of FE and ML leverages the precision of physics-based modeling together with the 

efficiency of data-driven approaches, creating a complementary framework for footwear 

biomechanics research and application. This hybrid paradigm has the potential to advance intelligent 

footwear design and functional customization, providing a more robust scientific foundation for 

enhancing ergonomics and protecting foot health. 
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1.5 Research Objectives and Hypotheses 

1.5.1 Limitations in Existing Research 

Despite recent advances in the application of 3D-printed lattice structures for insoles and foot 

orthoses, several critical gaps remain in the current body of research. 

Most existing studies on lattice-based footwear focus on localized pressure redistribution or the 

enhancement of single functional components, such as structural optimization for heel 

cushioning[38, 56] or arch support[23, 57], yet lack a comprehensive optimization framework that 

spans the entire plantar surface. This fragmented research approach limits the ability to account for 

interactions among different plantar regions, resulting in local improvements that often fail to 

translate into measurable enhancements in overall gait performance. 

Moreover, many existing studies rely on static FE simulations or simplified experimental 

conditions[39], which limits their ability to capture the complex and time-varying plantar loading 

patterns that occur during gait. In my previous work[52], although we demonstrated that combined 

FE–ML modeling could achieve approximately a 44.45% reduction in plantar pressure, the 

optimization process was still based primarily on static loading scenarios and did not incorporate 

dynamic gait mechanics. In subsequent research[53], we proposed a metatarsal-pad design 

framework targeting forefoot overload and integrated dynamic biplanar X-ray imaging (DFIS, 

Taoimage, Shanghai, China) to achieve high-precision registration of bone and soft-tissue motion 

during locomotion, thereby improving the anatomical fidelity of the FE model under gait-relevant 

conditions. Although this study incorporated dynamic skeletal postures, the FE simulations were 

still performed at discrete time points rather than across the full gait cycle. 

A further limitation in 3D-printed footwear research lies in the restricted controllability of structural 

parameters. Conventional lattice studies are often constrained by fixed unit-cell geometries or 

narrow parameter combinations[39, 58], resulting in insufficient structural degrees of freedom and 

limiting the ability to achieve high-precision adaptation for individualized needs[52]. Although our 

earlier work demonstrated that a dual-layer lattice metatarsal pad could enhance local tuning 

capacity[53], its controllable parameter range still falls short of meeting the nonlinear mechanical 

demands across the entire plantar surface. 

Furthermore, current research generally lacks a closed-loop cycle that integrates design, validation, 

and optimization. Neither the existing literature nor my prior work has fully achieved dynamic 

coupling among structural parameters, gait responses, and individualized mechanical feedback 

under authentic gait conditions. As a result, the optimization process still retains a degree of “trial-

and-error” behavior, leaving considerable room for improvement in both efficiency and robustness. 

Thus, despite meaningful advances in programmable lattice architectures, data-driven parameter 
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prediction, and localized pressure offloading, significant limitations remain. These include 

insufficient sample diversity, restricted structural degrees of freedom, the absence of dynamic gait 

validation, and the lack of a coordinated whole-plantar optimization framework. 

 

1.5.2 Overall Research Objective 

The overarching objective of this study is to establish a data-driven optimization framework for 

personalized lattice footwear. By integrating three-dimensional foot scanning, gait-pressure data, 

FE analysis, and ML methodologies, the framework forms a closed-loop pipeline encompassing 

data acquisition, structural modeling, optimization, and experimental validation. The goal is to 

transcend traditional footwear design paradigms that rely heavily on empirical judgment and 

iterative trial-and-error, thereby advancing the field from “average-based” manufacturing toward 

genuinely personalized design. 

 

1.5.3 Specific Research Objectives 

This study first examines lattice behavior at the unit-cell level by developing a series of 

representative parametric lattice models encompassing both strut-based and surface-based 

topologies. Through FE analysis, the mechanical characteristics of these architectures are 

systematically quantified, with particular attention to the effects of geometric parameters—such as 

cell size, strut thickness, porosity, and topology—on effective modulus, energy-absorption capacity, 

and buckling stability. Standardized lattice specimens are then fabricated and subjected to 

compression and cyclic-loading experiments to validate the consistency between simulation and 

physical performance. This phase aims to establish a robust unit-cell database that provides the 

mechanical foundation for subsequent personalized footwear modeling and optimization. 

Experimental and clinical data will be collected through participant recruitment. Each participant 

will undergo laboratory assessments that include plantar-pressure measurement, ground reaction 

force recording, and motion-capture–based kinematic analysis, as well as three-dimensional foot 

scanning and medical imaging (CT). Using these multimodal datasets, individualized finite element 

models of the foot will be constructed, enabling precise reconstruction of the geometry and material 

properties of bones, soft tissues, ligaments, and the plantar fascia. The objective of this phase is to 

provide personalized boundary conditions for subsequent footwear design and to reproduce realistic 

foot-loading characteristics within the simulation environment. 

Building upon the individualized foot models, corresponding footwear models will be developed, 

with the midsole segmented into functional regions such as the heel, forefoot, arch, and lateral 

midfoot. Differential lattice-parameter configurations will be assigned to each region according to 
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its biomechanical requirements. For example, high-porosity structures will be deployed in the heel 

to enhance cushioning; low-porosity, high-stiffness architectures will be used in the arch to 

strengthen support; and high-stiffness topologies will be incorporated into the forefoot to improve 

propulsive efficiency. FE simulations will then be used to conduct multi-objective optimization and 

validation of these region-specific designs, followed by laboratory gait testing to evaluate their 

mechanical performance and stability. Through this process, targeted optimization of each 

functional midsole region can be achieved. 

 

1.5.4 Research Hypotheses 

H1: The parametric design of lattice structures can substantially modulate the mechanical 

performance of footwear. By adjusting unit-cell topology, strut thickness, and porosity, it is possible 

to achieve programmable trade-offs among cushioning capacity, structural support, and propulsive 

assistance. 

H2: Finite element models constructed from individualized foot morphology and gait data can 

accurately predict plantar-pressure distribution and internal tissue stress, and can capture 

biomechanical differences across footwear conditions, thereby providing a reliable physical 

foundation for personalized footwear design. 

H3: Regionally differentiated lattice configurations in footwear—targeting the heel, forefoot, arch, 

and lateral midfoot—can achieve function-specific optimization, leading to marked improvements 

in plantar-pressure distribution and overall gait stability. 

H4: An optimization framework that integrates finite element modeling with machine learning can 

significantly enhance computational efficiency while maintaining predictive accuracy. By 

establishing explicit mappings between design parameters and mechanical performance, this 

framework enables rapid design iteration and supports individualized footwear recommendations. 

H5: Lattice footwear designs generated through simulation-based optimization will reproduce their 

predicted benefits in real gait experiments and will demonstrate superior performance compared 

with conventional footwear in both athletic and rehabilitative contexts. 
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2. Materials and methods 

2.1 Participant Recruitment and Clinical Data Acquisition 

2.1.1 Participant Profile and Inclusion Criteria 

Three participants were recruited in this study: a healthy adult male (age 27 years, height 174 cm, 

body mass 75 kg, European shoe size 41.5), a female participant presenting with severe flexible pes 

planus (age 25 years, height 163 cm, body mass 55.5 kg, European shoe size 37), and a male 

participant diagnosed with Becker muscular dystrophy (BMD) accompanied by pathological 

flatfoot (age 26 years, height 175 cm, body mass 60 kg, European shoe size 42). The healthy male 

(HM) participant reported no history of musculoskeletal disorders in the lower limbs, exhibited 

normal gait patterns, and showed no apparent deformities, enabling him to complete all gait 

experiments independently. The flatfoot female (FF) demonstrated clinically confirmed arch 

collapse without acute injury, and the BMD participant presented stable ambulatory function under 

medical supervision, enabling all participants to complete the required gait acquisition procedures 

independently. 

The collected biomechanical data were used for subject-specific parametrized lattice design and 

multi-objective optimization of individualized footwear prototypes. The inclusion of healthy, 

flatfoot, and pathological cases enables the evaluation of the proposed framework across distinct 

biomechanical conditions rather than relying on a single representative morphology. 

 

2.1.2 Ethical Approval and Informed Consent 

This study was approved by the University Ethics Committee prior to commencement (Approval 

No. TY2025071). All experimental procedures adhered strictly to the principles of the Declaration 

of Helsinki and relevant ethical guidelines for human-subject research. 

Before participation, the research team provided all participants with a detailed explanation of the 

study objectives, experimental procedures, potential risks, and anticipated benefits. Written 

informed consent was obtained after ensuring full comprehension of the study requirements. For 

individuals with impaired decision-making capacity or those requiring guardian authorization, the 

consent form would be co-signed by a legal guardian or family member. 

To protect privacy, all personal information was anonymized, and only essential demographic 

variables (age, height, body mass, and shoe size) were retained for analysis. All experimental data 

were stored on encrypted drives and were accessible exclusively to authorized members of the 

research team for use within the defined scope of the study. No data were shared with third parties. 

Through these measures, the study fully complies with both international and domestic standards 



40 

 

for participant rights protection, privacy security, and ethical data management. All 3 participants 

underwent comprehensive baseline biomechanical assessments, including three-dimensional foot 

scanning, gait data acquisition, and subject-specific finite element simulation and multi-objective 

optimization procedures. However, due to safety considerations and the increased physical demands 

associated with dynamic wearable validation, the final 3D-printed footwear fabrication and 

laboratory-based gait testing were conducted exclusively with the HM participant. 

 

2.1.3 Experimental Tasks and Testing Environment 

All experiments were conducted in the Human Movement Biomechanics Laboratory at Ningbo 

University, following standard requirements for gait-analysis research. The laboratory was equipped 

with a three-dimensional motion-capture system (Vicon, Oxford Metrics, UK), embedded force 

platforms (AMTI, USA), and a plantar-pressure measurement system (PEDAR, Novel GmbH, 

Germany). The testing area featured a non-slip surface with controlled room temperature and 

appropriate lighting to ensure experimental stability and participant safety. 

All participants completed two categories of testing tasks. Static standing test: used to obtain 

baseline plantar-pressure distribution and characterize arch morphology. Walking test: each 

participant walked back and forth along the walkway at a self-selected comfortable speed. Plantar 

pressure, ground reaction forces, and lower-limb kinematics were recorded. 

Before formal data collection, each participant performed 5–10 minutes of light walking to 

acclimate to the environment and equipment. During testing, participants were instructed to 

maintain a natural gait and avoid intentional modification of movement patterns. All measurements 

were conducted under standardized conditions, with adequate rest provided beforehand to prevent 

fatigue. A tight-fitting sports outfit was worn to ensure accurate tracking of motion-capture markers. 

Rest intervals of approximately 2–3 minutes were scheduled between trials to minimize fatigue 

effects. Any trial exhibiting abnormal movement or equipment malfunction was discarded and 

repeated. 

  



41 

 

2.2 Foot-Shape Scanning and Gait Data Acquisition 

2.2.1 Foot-Shape Scanning 

To capture the geometric and anatomical characteristics of each participant’s foot, this study 

employed a combination of three-dimensional external foot scanning and medical imaging. The 

external foot contour was acquired using a Foot Scanner (OrthoBaltic, Kaunas, Lithuania), which 

completes high-resolution scans within seconds and generates detailed point-cloud data for footwear 

modeling and shape matching (Figure 2.2.1). Internal anatomical structures were obtained via 

computed tomography (CT), enabling reconstruction of bones, joint surfaces, and soft-tissue 

morphology to support finite element model development. The CT scans were acquired with a slice 

thickness of 0.25 mm, ensuring high image quality and fine anatomical detail. All three-dimensional 

datasets were exported in STL format to facilitate integration with CAD platforms and downstream 

finite element modeling workflows. 

 

 

Figure 2.2.1 Applications of External Foot Scanning. 

 

In determining the scanning posture, the substantial geometric differences of the foot under varying 

load-bearing conditions were taken into account[59]. Prior to formal data collection, three scanning 

conditions—non–weight-bearing, full–weight-bearing, and semi–weight-bearing—were compared. 

Although non–weight-bearing scanning (seated or with the foot elevated) captures the natural, 

unloaded morphology of the foot, it typically yields an artificially elevated arch height, which 

compromises fit accuracy[60]. Full–weight-bearing scanning, on the other hand, may underestimate 

arch height and midfoot curvature due to soft-tissue compression. 

Balancing anatomical fidelity and measurement repeatability, this study adopted a semi–weight-

bearing posture for foot scanning, with the participant standing naturally on both feet and 

distributing body weight evenly. This condition provides a realistic representation of foot geometry 

under typical daily loading. 
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2.2.2 Plantar Pressure Measurement 

To characterize the dynamic loading patterns of the plantar surface during gait, plantar-pressure 

distribution was recorded using the PEDAR-X system (Figure 2.2.2). The system consists of ultra-

thin flexible insole sensors connected to a portable data acquisition unit, allowing continuous 

measurement of plantar pressure under natural walking conditions. The PEDAR insoles incorporate 

capacitive sensing elements distributed across the major plantar regions and provide high flexibility 

and wearability, ensuring that the device does not interfere with each participant’s natural gait. 

 

 

Figure 2.2.2 Plantar Pressure Measurement Using the PEDAR-X System and Experimental Gait 

Setup. 

 

The system sampling frequency was set to 100 Hz to ensure sufficient temporal resolution for 

capturing walking dynamics and short-duration gait events. Prior to data collection, a two-step 

calibration procedure was performed. Zero calibration, conducted under no-load conditions to 

establish a baseline sensor output of zero. And load calibration, performed using standard weights 

applied at multiple points to align sensor output with actual pressure values and ensure measurement 

accuracy. To minimize sensor drift and environmental effects, calibration was repeated for each 

participant immediately before formal testing. 

During the experiment, each participant wore standardized test shoes matched to foot size, with the 

PEDAR insoles placed inside the footwear. The participant were instructed to maintain a natural 

walking rhythm. A minimum of ten valid gait cycles was collected for each participant to ensure 

data representativeness and statistical reliability. 

 

2.2.3 Gait Kinetics and Kinematics 
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Following previously published protocols[12, 61], reflective markers were placed on each 

participant’s tight-fitting clothing and skin by an experienced researcher in accordance with the 

requirements of the OpenSim Gait2392 musculoskeletal model (Figure 2.2.3A). Each participant 

then completed approximately 5 minutes of warm-up walking at a self-selected comfortable pace to 

acclimate to the equipment and testing environment[62]. 

 

 

Figure 2.2.3 Workflow for Inverse Dynamics and Muscle Force Estimation and Experimental Gait 

Setup (A: Marker Placement and OpenSim Pipeline; B: Laboratory Gait Testing Setup).[12] 

 

Ground reaction forces were recorded using two embedded three-dimensional force platforms at a 

sampling frequency of 1000 Hz, capturing vertical, anterior–posterior, and medial–lateral 

components of foot–ground interaction during walking. Simultaneously, kinematic data were 

collected using a 10-camera optical motion-capture system at 200 Hz (Figure 2.2.3B). Walking 

speed was self-selected and monitored using photocells positioned along the walkway. Each walking 

trial was repeated until a complete and valid dataset was obtained. A total of 30 valid gait cycles 

were collected for each participant. Of these, 80% were retained for analysis, while three trials with 
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relatively faster speeds and three with slower speeds were excluded to improve data consistency 

and reliability. 

In OpenSim (version 4.5, National Center for Simulation in Rehabilitation Research, Stanford, 

USA), the musculoskeletal model was scaled by an experienced researcher using reflective marker 

trajectories and anthropometric measurements to match each participant’s body dimensions. The 

maximum allowable deviation between experimental and virtual marker positions was set to < 0.01 

m (Figure 2.2.3A). Inverse kinematics and inverse dynamics were subsequently solved, followed 

by static optimization—minimizing the sum of squared muscle activations—to estimate muscle 

forces[9, 12, 61]. For each participant, the time series of ground reaction forces and lower-leg 

muscle forces from 24 valid gait cycles were time-normalized to 0–100% of the gait cycle. The 

mean curves were then computed and used as boundary conditions for the subsequent finite element 

analyses. 

 

2.2.4 Data Preprocessing and Normalization 

The raw experimental signals inevitably contained noise and artefacts, which could introduce bias 

if used directly in subsequent analyses. Therefore, filtering and smoothing procedures were applied 

prior to data processing. Kinematic and kinetic signals were filtered using the built-in low-pass 

filters in OpenSim’s Inverse Kinematics (default 6 Hz) and Inverse Dynamics tools, respectively, to 

attenuate high-frequency noise and improve the accuracy of joint-angle and joint-moment 

calculations. 

Given the natural variability in gait cadence across participants and trials, all experimental data were 

time-normalized. Initial contact of the dominant foot was defined as 0%, and toe-off as 100%, 

standardizing the entire stance phase to a 0–100% scale. All kinematic, kinetic, and plantar-pressure 

signals were interpolated and resampled along this normalized time axis (standardized to 101 points), 

enabling consistent comparison and statistical analysis across participants and testing conditions. 

To ensure consistency across multimodal datasets, the motion-capture system (200 Hz), force 

platforms (1000 Hz), and PEDAR plantar-pressure system (100 Hz) were synchronized during data 

acquisition. A unified trigger signal initiated all devices simultaneously, and post-processing 

alignment was performed using timestamps and trigger markers. 

Data streams with differing sampling frequencies were resampled to a common temporal resolution 

of 100 Hz using linear interpolation. The resulting synchronized dataset—comprising joint 

kinematics, ground reaction force components, and plantar-pressure distributions—served as the 

consolidated input for subsequent finite element modeling, machine learning analysis, and 

experimental validation. 
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2.3 Parametric Lattice Footwear Modeling 

2.3.1 Parametric Lattice Design 

In this study, parametrized lattice architectures were incorporated into the full midsole as the 

primary load-bearing and functional-tuning structures. By exploiting programmable geometries, the 

lattice enables quantitative modulation of macroscopic cushioning, support, and propulsion 

properties—an approach described in our recent work[52, 53]. Lattice modeling was performed 

using nTopology 5.22.2 (New York, USA; hereafter referred to as nTop). As illustrated in Figure 

2.3.1, all lattice configurations were constructed from cubic unit cells with dimensions of 10 × 10 × 

10 mm. The geometry of each unit cell was governed by a set of adjustable parameters (A, B, T, P, 

θ). Parameters A and B control the spatial positions of key nodes that define the two-dimensional 

cross-sectional contour, with different combinations corresponding to distinct topological classes: 

A < B produces a honeycomb-like structure, A > B generates a re-entrant topology, and A = B yields 

a rectangular configuration. 

 

 

Figure 2.3.1 Topology Diagrams of Honeycomb, Re-entrant, and Rectangular Unit-Cell Structures 

Derived from A, B Parameters. 

 

Honeycomb structures offer advantages in low weight and high specific strength, making them 

suitable for overall mass reduction. Re-entrant architectures exhibit negative Poisson’s ratio 

behavior, undergoing lateral contraction under compressive loading, which enhances cushioning 

performance and conformability. Rectangular topologies, characterized by their geometric 

simplicity and regularity, facilitate controlled tuning and mechanical analysis. Incorporating 

different topologies into specific midsole regions enables targeted functional allocation. The 

thickness parameter (T) governs strut diameter, with increasing T yielding higher effective stiffness 

and load-bearing capacity. T also influences porosity (P), which reflects the void fraction of the 
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lattice and serves as a key determinant of lightweight performance and energy absorption. It is 

important to note that lattice structures are inherently anisotropic, exhibiting direction-dependent 

mechanical responses. Therefore, in this study, structural degrees of freedom were further expanded 

by rotating the unit cell—adjusting the orientation angle (θ) around the three spatial axes (Figure 

2.3.2). By tuning A, B, T, P, and θ, the design space can theoretically span a broad continuum of 

mechanical behaviors, ranging from soft, highly compliant cushioning to stiff, supportive 

configurations. 

 

 

Figure 2.3.2 Fibonacci Sphere–Based Generation of 3D Orientations and Rotated Unit-Cell Models 

for Compression Testing. 

 

2.3.2 Modeling Software and Design Workflow 

Foot-shape STL data acquired under the semi–weight-bearing condition, together with CT-derived 

anatomical structures, were first imported into Geomagic Studio (Geomagic, North Carolina, USA) 

for surface reconstruction, defect repair, and topology inspection. Coordinate systems were unified, 

and self-intersections and mesh holes were eliminated to ensure geometric integrity. Subsequently, 

the processed foot geometry was imported into SolidWorks (Dassault Systèmes, Massachusetts, 

USA) to generate a conforming exterior shell and assembly interfaces. As illustrated in Figure 2.3.3, 

the baseline midsole model was reconstructed directly from a 3D scan of a standard running shoe. 

The geometry was then scaled to match each participant’s foot length and width. During this process, 

non-essential geometric features unrelated to midsole mechanics—such as decorative patterns and 

outsole tread details—were removed, retaining only the core contours of the midsole and outsole as 

the boundary framework for lattice infill. To establish medial-arch support, the midsole geometry 

was locally thickened along the medial plantar curve extracted from each participant’s semi–weight-
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bearing foot scan. Specifically, reinforcement was applied along the normal direction from the 

navicular region to the proximal first metatarsal, forming a continuous structural support foundation 

for the arch. 

 

 

Figure 2.3.3 Layered Structure of Upper Shell, Insole Layer, and Pre-Optimization Midsole Model. 

 

The lattice infill was generated and parametrically assembled in nTop, after which the complete 

model was imported into Ansys Workbench (ANSYS, Inc., Canonsburg, Pennsylvania, USA) for 

finite element analysis. Where required, the FE simulations were subsequently integrated with 

machine learning models to enable surrogate modeling and optimization. 

 

2.3.3 Functional Zoning of the Footwear Midsole 

As illustrated in Figure 2.3.4, the full midsole was partitioned into four functional regions 

comprising the heel, medial arch, lateral midfoot, and forefoot. The partitioning was performed in 

a subject-specific manner based on anatomical landmarks and plantar-pressure distribution patterns 

obtained during baseline gait trials. The boundaries of these zones were determined using plantar-

pressure heat maps together with anatomical landmarks, including the calcaneal tuberosity, 

navicular point, and the heads of the first and fifth metatarsals. Within the unified exterior shell, 

each region was assigned an independent set of continuous parameter fields (A, B, T, P, θ). The 

overall design followed a system-level objective of achieving cushioning, stability, and propulsion, 

with each zone contributing distinctly to these functional targets. 
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Figure 2.3.4 Parametric Design of Four Functionally Segmented Midsole Regions. 

 

During the initial contact phase of gait, the heel region is primarily responsible for impact 

attenuation and is typically subjected to high peak pressures and elevated vertical loading rates. 

Inadequate cushioning can result in impact forces propagating proximally along the lower-limb 

kinetic chain, increasing instantaneous loads on the tibia and knee and potentially contributing to 

fatigue-related discomfort. Consequently, the structural parameters in this region must be configured 

to reduce peak pressure and modulate loading rate as much as possible, while maintaining adequate 

stability. 

During late stance and toe-off, when force is transferred distally from the proximal segments, the 

forefoot plays a central role in propulsion. Accordingly, the structural design of this region 

prioritizes enhancing propulsive capacity. The relevant lattice parameters are optimized to improve 

energy storage–release efficiency and push-off performance; plantar pressure during this phase is 

not included as an optimization target. 

The arch is essential for maintaining lower-limb stability and redistributing loads, and individuals 

at risk of arch collapse require additional structural support. The medial longitudinal arch bears 

load-sharing and elastic energy–storage functions during mid-stance; excessive collapse elevates 

plantar fascia tension and overloads medial structures. The lattice configuration in this region must 

therefore provide sufficient longitudinal support under compression while preserving necessary 

deformation to maintain conformity with the arch. 

The lateral midfoot cooperates with the arch to provide mediolateral stability during gait, 

functioning as a “guiding rail” that limits excessive pronation or supination. If the structure in this 

region is either too compliant or too stiff, it may induce gait instability or exacerbate lateral deviation, 

increasing the control demands placed on the ankle joint. Thus, the lateral midfoot lattice must 

balance moderate flexibility with enhanced constraint against inversion–eversion, supporting 

whole-foot balance and reducing the risk of ankle-related injuries. 

 

2.3.4 Sensitivity Assessment of Lattice Dimensions 

To establish a mechanically reliable database of lattice structures with controllable geometric 
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parameters, this study used the unit cell as the fundamental module and constructed standardized 

hexahedral specimens. A peripheral bounding frame was added to each specimen to enhance 

numerical stability and mitigate edge effects. Because anisotropic unit cells exhibit markedly 

different external geometries depending on their orientation, using traditional “fixed-volume” 

samples would inevitably produce inconsistent distributions of effective material volume[63]. 

To ensure comparability across configurations, a “fixed cell count” modeling strategy was adopted. 

Specifically, a set of geometric parameters was randomly drawn from the parameter space, and a 

strut thickness was randomly assigned for sensitivity analysis. The specimen height was fixed at 

three unit cells (corresponding to a midsole thickness of approximately 30 mm), from which five 

lattice layouts were generated: 3×3×3, 4×4×3, 5×5×3, 6×6×3, and 7×7×3. 

Recognizing that finite element results may be sensitive to mesh resolution, a two-factor 

experimental design was implemented to simultaneously evaluate the influence of cell count and 

mesh density on simulation outcomes. 
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2.4 Finite Element Modeling and Dynamic Gait Simulation 

2.4.1 Finite Element Model of the Foot 

As illustrated in Figure 2.4.1, each participant’s CT images were imported into Mimics 21.0 

(Materialise, Leuven, Belgium). Using grayscale thresholding, the images were segmented slice-

by-slice to isolate the bony structures (including the metatarsals, phalanges, talus, calcaneus, etc.), 

soft tissues, ligaments, and the plantar fascia. The segmented anatomical components were then 

exported to Geomagic for surface smoothing and reconstruction, after which the processed 

geometries were reassembled in SolidWorks to generate the complete foot model. 

 

 

Figure 2.4.1 Segmentation, Optimization, and Reconstruction of the Foot FE Model from CT Data. 

 

To simplify contact computations, the distal, middle, and proximal phalanges were modeled as a 

single rigid-body segment[53]. Following established literature[2, 64], ligament structures were 

incorporated into the foot model, and their attachment sites were manually adjusted with reference 

to each participant’s CT images (Figure 2.4.2). Articular cartilage and connective tissues between 

adjacent bones were represented using solid elements with a thickness of approximately 2–3 mm. 

The plantar fascia and Achilles tendon were assigned thickness values of 3.3 mm[65] and 6.3 

mm[66], respectively. Mesh generation for all anatomical components was performed in Ansys 

Workbench. 
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Figure 2.4.2 Schematic of Mechanical Boundary Conditions and Anatomical Structures in the Foot 

Finite Element Model. 

 

Different tissues were assigned material properties representative of their biomechanical behavior. 

The bones were modeled as isotropic, linearly elastic materials, whereas the soft tissues, Achilles 

tendon, and plantar fascia were described using hyperelastic constitutive models to capture their 

large-deformation characteristics. Ligaments were represented using two-node, tension-only truss 

elements. Because bone stiffness is substantially higher than that of surrounding soft tissues, internal 

distinctions between cortical and trabecular bone have minimal influence on global mechanical 

responses; therefore, no differentiation between these bone types was made in this study[52]. A 

summary of the material parameters used in the model is provided in Table 1. 

 

Table 2.4.1 Material Properties of Model Components. 

Component Property Nodes 

Bone[67, 68] 

3D-tetrahedra; 

E: 17000 MPa; 

ν: 0.3; 

Density 1990 kg/m3 

36576 

Cartilage 

3D-tetrahedra; 

E: 1 MPa; 

ν: 0.4 

2463 

Soft Tissue[57] 

3D-tetrahedra; 

E: 0.15 MPa; 

ν: 0.45; 

Density 950 kg/m3 

8760 

Floor 

3D-tetrahedra; 

E: 14200 MPa; 

ν: 0.1; 

Density 1000 kg/m3 

5535 
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Footwear 

3D-tetrahedra; 

Hyperelastic Material; 

eSun eTPU (95A) 

5535 

Primary Ligaments[69]： 

Anterior talofibular, Anterior tibiofibular, 

Calcaneofibular, Posterior talofibular, 

Tibionavicular, Spring ligament (plantar 

calcaneonavicular), Tibiocalcaneal, 

Anterior tibiotalar, Posterior tibiotalar 

Two-node tension-only truss; 

Hyperelastic Material; 

Cross-section area: 1.5 - 5.91 mm2 

- 

Other Ligaments[67, 68]： 

Cervical ligament, Talonavicular, Posterior 

interosseous, Interosseous membrane 

Two-node tension-only truss; 

Linear Elastic Material; 

E: 264.8 MPa; 

Cross-section area: 1.784 mm2 

- 

Plantar Fascia[67, 68, 70] 

Two-node tension-only truss; 

Hyperelastic Material; 

Young's modulus: 0-700 MPa; 

Cross-section area: 290.7 mm2 

3522 

 

2.4.2 Finite Element Model of the Footwear 

The core of the footwear FE model is the parameterized lattice embedded within the midsole, whose 

mechanical response governs the global cushioning and support characteristics. Following the 

geometric definitions and functional partitioning described in Section 2.3, spatial segmentation of 

the heel, medial arch, lateral midfoot, and forefoot regions was first performed in nTop. A cubic 

lattice cell with edge length 10 × 10 × 10 mm was adopted as the standard unit. The lattice domains 

were then Boolean-united with the outer shell to produce a closed, watertight, and mesh-compatible 

solid suitable for FE preprocessing (Figure 2.4.2). 

The midsole was assigned the material properties of a flexible thermoplastic polyurethane (TPU 

95A; eSun Industrial Co., Ltd.), with a density of 1.21 g/cm³ and an ultimate tensile strength of 

approximately 35 MPa. To accurately characterize the nonlinear behavior of the material under large 

deformations, uniaxial tensile and compressive tests were conducted to obtain the stress–strain 

response. The experimental data were subsequently fitted using a hyperelastic constitutive model, 

which was applied in the FE definition of the TPU material. 

 

2.4.3 Foot–Footwear Coupled Model and Boundary Conditions 

In the coupled FE model, surface-to-surface contact was defined between the plantar soft tissue and 

the footwear interface. To enhance numerical stability and better approximate in vivo contact 

behavior during gait, the plantar–insole friction coefficient (μ) was set to 0.5, consistent with 

previously reported measurements of barefoot–insole interactions[52]. A penalty-based contact 
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algorithm was employed, allowing limited tangential slip to realistically capture the relative motion 

between the foot and footwear throughout stance. Proximal constraints were imposed on the 

superior ends of the tibia and fibula, fixing all degrees of freedom. The ankle joint was modeled 

using frictionless contact to permit physiologic ranges of rotation. Bonded contact definitions were 

applied between bones and cartilage surfaces, as well as between ligaments and their anatomical 

attachment sites, ensuring structural coherence while representing the passive stabilizing role of 

joint and arch-supporting tissues during gait. 

In the finite element model, surface-to-surface contact was defined between the plantar soft tissues 

and the footwear interface. To enhance numerical stability and better approximate in vivo contact 

mechanics during gait, the friction coefficient between the foot and the insole (μ) was set to 0.5, 

consistent with previously reported measurements from barefoot–insole interaction experiments. A 

penalty-based contact formulation was employed, permitting limited tangential slip to more 

realistically capture the relative motion occurring between the plantar surface and the footwear 

throughout stance. Proximally, the superior ends of the tibia and fibula were fully constrained, 

restricting all degrees of freedom. The ankle joint was modeled using frictionless contact to 

accommodate its physiological range of motion. Bonded constraints were applied between bones 

and cartilage, as well as between ligaments and their anatomical attachment sites, ensuring structural 

integrity while representing the passive stabilizing contributions of joint tissues and the medial arch 

during gait. 

The dynamic loading conditions were derived entirely from laboratory measurements (Figure 2.2.3). 

The three-dimensional ground reaction forces recorded by the force platforms were applied to the 

inferior surface of the ground in a time-resolved manner, reproducing the interaction between the 

footwear and the floor during natural walking. Concurrently, a musculoskeletal model constructed 

in OpenSim was used to perform inverse dynamic analyses, yielding the forces of major muscle 

groups—including the resultant Achilles tendon force and the tibialis anterior force—which were 

subsequently mapped to their anatomical attachment sites within the finite element model. All time-

series signals were aligned to gait events, normalized to the stance phase (0–100%), and resampled 

before being used to drive the transient contact analysis. Through the integration of these contact 

definitions, boundary constraints, and dynamic loading inputs, the coupled foot–footwear model 

was able to replicate the principal mechanical interactions occurring between the plantar tissues and 

the footwear throughout the gait cycle. This framework provides a robust computational platform 

for subsequent personalized optimization of lattice structures and for evaluating their functional 

effectiveness. 

Through the integration of these contact definitions, boundary constraints, and experimentally 

derived dynamic loading conditions, the coupled foot–footwear FE model was able to reproduce, to 
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a substantial degree, the mechanical interactions between the plantar tissues and the shoe throughout 

the gait cycle. This model establishes a rigorous computational foundation for the subsequent 

personalized optimization of the lattice midsole structures. 

 

2.4.4 Dynamic Biplanar X-ray Registration 

To enhance the anatomical accuracy of bone positioning in the foot model, dynamic biplanar 

fluoroscopy (DFIS) was used to capture images of each participant’s foot during standing and 

walking. As illustrated in Figure 2.4.3, key anatomical features were extracted via image 

segmentation and edge detection, and the three-dimensional foot model was subsequently registered 

to the coronal and sagittal plane projections. Fine manual adjustments of bone and soft-tissue 

geometry were performed to ensure spatial consistency within the global coordinate system. This 

DFIS-based registration technique is widely regarded as the gold standard for tracking in vivo bone 

motion and provides critical support for the validation and refinement of finite element models[68]. 

 

 

Figure 2.4.3 3D Registration of the Ankle Joint and Soft Tissues Using a Dynamic Biplane X-ray 

Fluoroscopy System. 

 

2.4.5 Mesh Convergence and FE Model Validation 

To ensure the stability and reliability of the FE analyses, a mesh convergence study was conducted. 

The element density within the lattice structures and the plantar soft tissues was progressively 

refined, and the corresponding variations in peak plantar pressure were evaluated across mesh 

configurations. Convergence was deemed achieved when the change in peak pressure fell below 

5%, after which a mesh resolution balancing computational efficiency and numerical accuracy was 

selected. This procedure ensured that the dynamic gait simulations were both computationally 

tractable and biomechanically credible. 
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For external validation, experimental measurements were compared against model predictions. 

Dynamic plantar pressure distributions were recorded using the PEDAR system while each 

participant walked in standard footwear, and the resulting pressure maps were contrasted with those 

obtained from the FE simulations. This comparison enabled quantitative assessment of the model’s 

predictive accuracy. 
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2.5 Machine Learning–Based Footwear Parameter Optimization 

2.5.1 Design Variables and Optimization Objectives 

The geometric attributes of the parameterized lattice structures served as the primary design 

variables, defining the search space for exploring their influence on overall footwear performance. 

As illustrated in Figure 2.5.1, midsole optimization was structured around three functional 

objectives: cushioning, stability, and propulsion. Cushioning performance was quantified by the 

peak equivalent stress within the heel soft tissues predicted by the FE simulations. Stability was 

assessed using the calcaneal pitch angle[71, 72], defined as the angle between the calcaneal 

longitudinal axis and the ground; a larger angle indicates reduced arch collapse and enhanced 

medial–longitudinal-arch support. Propulsive capability was evaluated using the peak ground-

reaction force at the tibial cross-section during the push-off phase derived from the FE model, 

representing the effectiveness of forefoot energy transfer. 

 

 

Figure 2.5.1 Initial Designs via Latin Hypercube Sampling and Three-Objective Finite Element 

Evaluation Workflow. 

 

2.5.2 Lattice Property Dataset and Structure–Performance 

Prediction Model 

The outputs of the FE simulations served as the performance indicators describing the mechanical 

behavior of each lattice configuration under compressive loading. The primary metrics extracted 

were structural deformation measures—including vertical displacement and lateral expansion—

which characterize the morphological response of the lattice during compression. To construct a 

mechanics-informed database linking controllable geometric parameters to structural performance, 

a series of hexahedral “material blocks” composed of lattice unit cells were first generated in 

nTopology. A boundary encapsulation frame was added around each block to enhance numerical 

stability and mitigate edge effects. This design ensured that the recorded responses predominantly 

reflected the intrinsic mechanical properties of the lattice topology rather than artifacts induced by 
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boundary irregularities. 

A mapping was established between the geometric parameters and the deformation-based 

performance metrics, forming the foundational dataset for subsequent machine-learning modeling 

and optimization. Because the raw samples were obtained only at discrete parameter values (e.g., A, 

B ∈ {1, 2, 3, 4, 5}), additional random sampling within the continuous parameter ranges was 

performed to achieve a more uniform distribution of data. As illustrated in Figure 2.5.2, and 

following our previously published workflow⁵³, a two-stage Gaussian Process Regression (GPR) 

framework was adopted. In the first stage, the geometric parameters (A, B, T) were mapped to the 

resulting porosity (P). In the second stage, (A, B, P) together with the lattice rotation angle θ (about 

the three principal axes) were used as input features to independently train predictive models for the 

vertical displacement (Dz) and lateral deformation (Dx, Dy) under compressive loading. Trained on 

the FE-generated dataset compiled during the initial phase, this approach yielded a comprehensive 

and well-balanced database encompassing diverse topologies and parameter combinations. The 

resulting surrogate models demonstrated strong generalization capacity and provided a robust basis 

for downstream optimization of personalized lattice-based footwear structures. 

 

 

Figure 2.5.2 Two-Stage GPR–Based Surrogate Modeling Workflow for Mapping Lattice 

Parameters to Mechanical Responses. 

 

Building upon the lattice property dataset and the trained surrogate models, a machine-learning–

based optimization framework was developed for footwear parameter tuning. The optimization 

employed a two-stage GPR strategy analogous to the lattice-level modeling: the first stage learned 

the geometric mapping (A, B, T) → P, while the second stage implemented a hybrid neural 
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architecture—combining a convolutional neural network (CNN) to extract local patterns from the 

compressive response curves and a fully connected neural network (FCNN) to encode parameter 

features. Using (A, B, P, θ) as inputs, the model independently predicted the mechanical responses 

(Dx, Dy, Dz). Model uncertainty and predictive accuracy were evaluated through cross-validation 

across the full workflow. Additional data augmentation was then incorporated to regularize the 

parameter space, after which the surrogate models were retrained to improve stability and 

generalization performance. 

 

2.5.3 Footwear Parameter Optimization 

To enable systematic optimization of the multi-region midsole design, a formal parameterization of 

the footwear structure was established. Let the midsole design vector be defined as: 

 

𝑥 = {𝑥ℎ𝑒𝑒𝑙 , 𝑥𝑎𝑟𝑐ℎ, 𝑥𝑚𝑖𝑑𝑓𝑜𝑜𝑡 , 𝑥𝑓𝑜𝑟𝑒𝑓𝑜𝑜𝑡}                                       (1) 

 

Each regional parameter set is defined as: 

 

𝑥(.) = (𝐴,𝐵, 𝑇, 𝑃, 𝜃)                                                   (2) 

 

For each participant, a subject-specific multi-objective optimization problem was formulated within 

a unified computational framework, while allowing the objective functions to reflect individual 

biomechanical priorities. For the HM and FF participants, the optimization simultaneously 

minimized peak equivalent stress in the heel soft tissues, maximized midfoot stability (quantified 

by the calcaneal pitch angle), and maximized forefoot propulsive capacity (represented by the peak 

anterior component of the tibial reaction force during push-off). In contrast, for the BMD participant, 

the third objective was redefined as minimizing peak forefoot stress rather than maximizing 

propulsion, in order to reduce excessive localized loading under pathological constraints. The 

formal optimization problem is expressed as: 

 

HM&FF: 𝑚𝑖𝑛𝑥[𝜎ℎ𝑒𝑒𝑙
𝑚𝑎𝑥 , −𝑅𝑓𝑜𝑟𝑐𝑒

𝑚𝑎𝑥 , −𝑆𝑡𝑎𝑏𝑙𝑖𝑧𝑒]                                          (3) 

BMD: 𝑚𝑖𝑛𝑥[𝜎ℎ𝑒𝑒𝑙
𝑚𝑎𝑥 , 𝜎𝑓𝑜𝑟𝑒𝑓𝑜𝑜𝑡

𝑚𝑎𝑥 , −𝑆𝑡𝑎𝑏𝑙𝑖𝑧𝑒]                                           (4) 

 

The optimization workflow adopted a closed-loop strategy that combined surrogate-based pre-

screening with multi-objective Bayesian iterative refinement. For each participant, an initial set of 

25 full-foot design samples was generated using Latin hypercube sampling. Their geometric and 

material parameters were evaluated through FE simulation, and the resulting outputs were used to 
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construct the initial database. As illustrated in Figure 2.5.3, each subsequent iteration proceeded as 

follows: a candidate pool was assembled through hybrid sampling that drew both from the vicinity 

of the current Pareto front (“local neighborhood sampling”) and from the unexplored global design 

space. Candidates were then ranked according to their mean hypervolume contribution 

(HVC_mean), and the top five designs were selected for FE evaluation. After simulation, these new 

samples were added to the archive, and both the Pareto front and the uncertainty field were updated. 

The optimization terminated once no measurable hypervolume improvement was observed over 

three consecutive iterations (15 newly evaluated samples). Upon convergence, a subject-specific 

final design was chosen from the resulting Pareto-optimal set according to the study’s performance 

priorities—maximizing propulsion while balancing heel cushioning and midfoot stability. The 

corresponding continuous parameter fields (A, B, T, P, θ) were extracted for all four functional 

regions of the midsole, followed by cross-region smoothing to ensure manufacturability and 

mechanical coherence. This workflow enabled efficient exploration of the high-dimensional design 

space with a limited number of FE evaluations, avoiding the prohibitive cost of exhaustive search 

while ensuring simultaneous gains in functional performance and engineering feasibility. 

 

 

Figure 2.5.3 Surrogate-Driven Multi-Objective Optimization Workflow for Midsole Parameter 

Design. 
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2.6 Experimental Validation: Compression Testing and Gait 

Experiments 

2.6.1 Material Mechanical Testing 

To characterize the mechanical properties of the printing material and to provide constitutive inputs 

for the finite element model, uniaxial tensile tests were conducted on thermoplastic polyurethane 

(TPU; eSUN, Shore 95A). All specimens were fabricated using a Bambu Lab X1 Carbon printer 

(Bambu Lab, Shenzhen, China), which employs fused deposition modeling (FDM). The printer 

operates with nozzle temperatures up to 300 °C and a heated bed maintained at 110–120 °C. 

Equipped with a high-speed Core-XY motion system and an integrated micro-LiDAR module for 

in-process inspection, the device offers automatic bed-leveling, filament-runout detection, and 

power-loss recovery—capabilities essential for reliably producing the lattice-based footwear 

components required in this study. 

After printing, the specimens were allowed to cool to ambient temperature and were lightly finished 

to remove surface irregularities and minimize residual stresses, ensuring geometric consistency 

across samples. All specimens were prepared in accordance with the ASTM D638 Type V standard 

for tensile testing of plastics. Tests were performed at a loading rate of 5 mm/min on four samples, 

and the full force–displacement response was recorded, including tensile strength, yield stress, and 

elongation at break. These experimental data provided the basis for calibrating the hyperelastic 

constitutive model of TPU, enabling the FE simulations to more accurately capture the material’s 

mechanical behavior under large deformation and cyclic loading conditions. 

 

2.6.2 Lattice Specimen Fabrication and Testing 

Following the calibration of material-level mechanical properties, experimental validation was 

extended to the lattice-structure level. Representative geometric configurations—spanning 

combinations of control points (A, B), strut thickness (T), the resulting porosity (P), and the unit-

cell rotation angle (θ)—were selected from the design space and fabricated as physical lattice 

specimens for compression testing. As illustrated in Figure 2.6.1, our previous work involved 

printing two sets of lattice samples with randomly selected parameters and subjecting them to 

compression tests[52, 53]. All specimens were printed using the FDM-based Bambu Lab X1 Carbon 

system. Compression tests were conducted on a universal testing machine at a loading rate of 5 

mm/min under displacement control (maximum displacement: 5 mm). In the present study, the 

structural characterization was further expanded to accommodate the increased geometric resolution 

required for midsole-specific lattice configurations. 
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Figure 2.6.1 Compression test samples and procedures of randomly parameterized lattice structures 

(adapted from our previous published study) for validating the reliability of simulations and 

algorithms. [52, 53] 

 

As noted earlier, the structural hierarchy in the present work was expanded to accommodate the 

finer spatial resolution required for midsole-specific lattice design. Although the lattice unit-cell size 

was refined from 15 mm in prior studies to 10 mm here, the overall parameterization framework 

and material system remained unchanged. Given that our earlier work had already conducted 

comprehensive experimental validation for this class of lattice–material combinations—with both 

numerical accuracy and physical reliability rigorously demonstrated—material-level testing was not 

repeated in the current study. 

 

2.6.3 Prototype Footwear Fabrication 

Based on the optimal design obtained from the parameter-optimization stage for the HM participant, 

the final parameter fields for the four functional regions—heel, medial arch, lateral midfoot, and 

forefoot—were imported into nTop. Boolean operations were then applied to generate a continuous, 

manufacturable lattice structure embedded within the midsole shell. After performing standard 

manufacturability checks (including manifold integrity, minimum strut diameter, and overhang-

angle constraints), the completed midsole geometry was exported as an STL file for slicing. 

Importantly, the lattice porosity–stiffness gradients in this study were derived entirely from the 

optimization-driven explicit geometric design. Therefore, no slicer-based infill functions (e.g., 

“infill density,” “honeycomb infill,” or other software-defined internal patterns) were used. This 

ensured that the printed lattice faithfully reproduced the optimized geometry without unintended 

secondary modifications introduced during slicing. 
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All wearable components were fabricated using flexible TPU 95A, consistent with the hyperelastic 

material model employed in the finite element simulations. Printing was performed on a Bambu 

Lab X1 Carbon system (FDM process) with a layer thickness of 0.2 mm. During slicing, build 

orientations were selected to minimize support usage while preserving strut continuity within the 

lattice. A unified contour-first slicing strategy was applied across boundaries between functional 

regions to ensure that the optimized cross-regional geometric gradients were faithfully and smoothly 

reproduced in the printed structure. Upon completion of printing, the lattice midsole was allowed to 

cool naturally for approximately 30 minutes before support removal and minor edge finishing, 

ensuring structural integrity and safe wearability. 

 

2.6.4 Gait Testing 

To systematically evaluate the mechanical performance of the lattice-based footwear under realistic 

gait conditions and to validate the FE predictions, comprehensive wear tests were conducted 

exclusively with the HM participant in the gait laboratory. The HM participant completed the 

experimental protocol under three conditions: wearing the 3D-printed lattice footwear, wearing a 

control shoe (a commercially available casual athletic shoe), and walking barefoot. 

The testing procedure followed the protocol described in Section 2.2.3 and was conducted within 

the same laboratory environment and instrumentation setup. To minimize the influence of first-time 

wear on gait behavior, a 5-min accommodation walk was administered prior to each condition, 

allowing the participant to fully adapt to the footwear and testing context (see Figure 2.2.3). All 

conditions were administered in a randomized, counterbalanced order to avoid sequence and 

learning effects. The participant walked at a self-selected comfortable speed, which was 

continuously monitored by photoelectric timing gates positioned along the walkway to ensure 

consistency across trials. For each condition, 30 valid gait cycles were collected. Data were deemed 

valid if the target foot made a complete and stable strike on the force platform, if PEDAR plantar 

pressure signals were fully synchronized with motion-capture data, and if trigger timestamps were 

aligned without evidence of sensor drift or data loss. Two trained researchers supervised the entire 

experiment, monitored fatigue, scheduled rest periods when necessary, and documented subjective 

comfort feedback and any occurrence of discomfort. To reduce confounding effects associated with 

speed fluctuations, the fastest and slowest three gait cycles for each condition were excluded. The 

remaining cycles were averaged within subject and used for subsequent statistical analyses and for 

comparison with finite element model predictions. 

Throughout the experiment, two trained researchers supervised the protocol, monitored the 

participant’s fatigue level, scheduled rest periods when necessary, and documented subjective 

comfort ratings as well as any reported discomfort. To minimize the influence of gait-speed 
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variability, the three fastest and three slowest gait cycles within each condition were discarded. The 

remaining cycles were averaged within subject and used for subsequent statistical analyses and for 

comparison with the finite element model predictions. 

 

2.6.5 Outcome Measures 

The performance of the personalized lattice footwear for the HM participant was evaluated 

comprehensively across three domains: plantar pressure distribution, dynamic gait parameters, and 

subjective user assessment. 

The first outcome metric was peak plantar pressure, used as a primary indicator of load alleviation 

and cushioning performance. Peak pressure represents the maximum instantaneous pressure 

experienced by a given plantar region during the gait cycle and is one of the most direct and widely 

adopted measures of local load concentration and structural shock attenuation. In addition to 

reflecting the magnitude of applied load, it is strongly influenced by regional contact area and 

therefore provides an effective assessment of a shoe’s ability to redistribute pressure, reduce tissue 

stress, and improve contact mechanics. Persistently elevated peak pressures in specific regions are 

associated with increased risk of soft-tissue overload, metatarsalgia, stress fractures, and high-

pressure ulceration in individuals with diabetes. Accordingly, the maximum equivalent stress in the 

heel soft tissue was used as the primary cushioning metric in the finite element simulations, and the 

corresponding plantar-pressure measurements from the gait experiments were used for empirical 

validation. 

With respect to dynamic gait parameters, the analysis focused on how the footwear modulated gait 

stability and propulsive performance. In the finite element model, the calcaneal pitch angle was used 

to assess whether the footwear altered the participant’s subtalar inversion–eversion tendency (Figure 

2.6.2), as this angle reflects changes in medial–longitudinal-arch stability. In parallel, the anterior 

component of the tibial reaction force during push-off served as an indicator of propulsive efficiency, 

quantifying the extent to which the footwear enhanced forward propulsion. During subsequent 

laboratory gait testing, three-dimensional motion-capture data were used to compute ankle 

kinematics, including inversion–eversion angles, while synchronized ground-reaction-force 

measurements enabled calculation of peak anterior force during the propulsive phase. These 

experimental metrics were then compared against the FE predictions for validation. By 

benchmarking the lattice footwear against both the control shoe and the barefoot condition, the study 

provided a multidimensional evaluation of its performance—encompassing mechanical response, 

gait control, and subjective experience—thereby offering comprehensive evidence for the 

effectiveness of the personalized lattice-structure design. 
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Figure 2.6.2 Calcaneal pitch angle measurement for assessing subtalar inversion–eversion. [73] 

 

To complement the objective kinematic and kinetic metrics, this study further incorporates 

subjective perceptual evaluations as an additional assessment dimension. After completing each 

footwear condition, the HM participant rated their overall wearing comfort using a Visual Analog 

Scale (VAS, 0–10). With its high sensitivity and intuitive format[74], the VAS captures participant’s 

immediate perceptions of fit, cushioning, stability and gait naturalness. Integrating these subjective 

ratings with objective measurements such as plantar pressure distribution, gait control metrics and 

propulsive performance provides a more comprehensive understanding of footwear function in 

realistic use contexts, and compensates for perceptual aspects that may be overlooked when relying 

solely on instrumented data. 
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2.7 Statistical Analysis 

2.7.1 Statistical Methods 

This study employed a single-subject repeated-measures design comprising three footwear 

conditions (3D-printed shoe, barefoot, and conventional shoe), with 24 valid gait cycles retained for 

each condition. 

For continuous variables, the stance phase of each gait cycle was first time-normalized to 0–100%. 

Point-wise mean curves and standard deviations were then computed across the 24 cycles for joint 

angles, joint moments, ground reaction forces and ankle joint reaction forces, allowing the 

characterization of waveform patterns and inter-cycle consistency. Scalar parameters—including 

peak joint angles, peak joint moments, peak joint reaction forces and peak vertical ground reaction 

forces—were subsequently extracted from each cycle, and their means and standard deviations were 

calculated. 

For each discrete metric, a one-way permutation test was conducted to assess overall differences 

among the three conditions, serving a role analogous to ANOVA (number of permutations ≥ 10,000; 

α = 0.05). When a significant effect was detected, pairwise permutation tests were performed (3D-

printed shoe vs. barefoot; 3D-printed shoe vs. conventional shoe; conventional shoe vs. barefoot). 

For all comparisons, estimated values (mean ± standard deviation) and the corresponding 

permutation-based p-values are reported. 
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3 Results 

3.1 Material Testing and Model Validation 

3.1.1 Uniaxial Tensile Testing 

Flexible thermoplastic polyurethane (eSUN TPU 95A; eSun Industrial Co., Ltd.) was selected as 

the testing material. According to the manufacturer’s specifications, the material has a density of 

1.21 g/cm³ and an ultimate tensile strength of approximately 35 MPa. Its uniaxial tensile behavior 

was characterized following the ASTM D638 standard, which is widely employed to evaluate the 

mechanical response of polymers under tensile loading. The test protocol provides key parameters 

such as tensile strength, yield strength, ultimate strength and elongation at break. Specimens were 

fabricated in the Type V geometry defined by ASTM D638 (Fig. 3.1.1), a configuration suitable for 

thin-sheet materials and additively manufactured flexible polymers. These measurements supplied 

reliable foundational data for subsequent hyperelastic material calibration in the finite element 

modeling process. 

 

 

Figure 3.1.1 Appearance of Tensile Specimens and Their Deformation During Tensile Testing.[52] 

 

Four specimens were subjected to uniaxial tensile testing at a constant loading rate of 5 mm min⁻¹. 

Throughout the test, tensile strength, yield strength and elongation at break were recorded to obtain 

the material’s principal mechanical parameters. The averaged properties across the four specimens 

were subsequently used for material calibration in the finite element analysis. Figure 3.1.2 illustrates 

the force–displacement curves of the four samples. 
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Figure 3.1.2 Force–Displacement Data Obtained from Tensile Tests of TPU Specimens.[52] 

 

3.1.2 Sensitivity to Cell Count and Mesh Size 

To systematically evaluate how modeling parameters influence the structural mechanical response, 

a two-factor sensitivity analysis was conducted by varying the number of lattice cells (from 3×3×3 

to 7×7×3) and the mesh element size (0.4–1.0 mm). The corresponding effective Young’s modulus 

was computed for each configuration (Fig. 3.1.2). The results indicate that both parameters exert a 

pronounced effect on the predicted structural stiffness. 

 

 

Figure 3.1.3 Effects of Unit-Cell Number and Mesh Size on the Effective Young’s Modulus of the 

Equivalent Structure. 

 

With respect to mesh discretization, reducing the element size from 1.0 mm to 0.4 mm produced a 

marked increase in the effective modulus, indicating that coarse meshes fail to adequately capture 

the geometric intricacies of the lattice and its localized mechanical response. Once the mesh size 

decreased below 0.6 mm, the rate of change in modulus fell to within 3%, and the curve gradually 

approached a plateau. This trend suggests that the simulation had essentially converged within this 

resolution range. Further refinement offered only marginal gains in accuracy while substantially 

increasing computational cost. 
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Regarding the number of unit cells, the effective modulus consistently decreased as the lattice 

dimensions expanded from 3×3×3 to 7×7×3. This behavior is largely attributable to boundary effects: 

smaller arrays contain a higher proportion of edge struts, whose additional constraint and 

reinforcement artificially elevate global stiffness. As the lattice size increases, the relative 

contribution of interior cells grows, diminishing boundary influence and allowing the mechanical 

response to approach the intrinsic behavior of an infinitely periodic lattice. When the array size 

reached 6×6×3 or larger, the change in effective modulus dropped below 5%, indicating that the 

model scale was sufficient to represent the characteristic mechanical performance of the periodic 

architecture. 

Taken together, mesh resolution and cell count exert critical influence on the accuracy of the 

simulated mechanical response. Balancing numerical convergence with computational stability, this 

study adopted a 7×7×3 lattice array and a 0.4 mm mesh size for subsequent analyses, ensuring 

reliable and well-converged predictions of structural performance. 
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3.1.3 Finite Element Validation of the Lattice Architecture 

The lattice design framework employed in this study builds upon the authors’ previous work, with 

an extended hierarchical structure tailored to accommodate the refined spatial resolution required 

in localized regions of a footwear midsole. Although the unit-cell size was reduced from 15 mm to 

10 mm, the overall structural morphology remained consistent with the established parametric 

design methodology, and the material system was unchanged. Since the prior study had already 

provided comprehensive experimental validation for this class of structures and materials, 

demonstrating both simulation accuracy and physical fidelity[52], repeated material-level testing 

was deemed unnecessary. 

To evaluate the reliability of the lattice finite element simulations, cylindrical compression 

specimens were designed for comparative testing (Fig. 3.1.3). Two sets of structural parameters 

were generated programmatically in Python, and physical samples were fabricated using additive 

manufacturing. Compression experiments followed the ASTM D575 standard for assessing the 

compressive behavior of elastomeric materials. Because the standard specimen dimensions could 

disrupt lattice continuity, the geometry was modified to a diameter of 120 mm and a height of 30 

mm to ensure structural integrity and uniform load distribution. 

 

 

Figure 3.1.4 Comparison Between Compression Tests and Finite Element Simulations of Unit-Cell 

Structures.[52] 
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During the compression tests, no evident local damage was observed at a displacement of 5 mm, 

indicating that the specimens remained within the elastic deformation regime. The overall 

deformation patterns closely matched the finite element predictions (Fig. 3.1.2). The deviations 

between the experimental reaction forces and the simulated values were 3.2% for Sample A and 0.4% 

for Sample B. These results confirm that the finite element model developed in this study provides 

robust and reliable predictions of the lattice mechanical response. 
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3.1.4 Validation of the Foot Finite Element Model 

As described earlier, plantar pressure data were collected under laboratory conditions during 

barefoot walking and compared with the predictions of the FE foot model to assess its validity. The 

results demonstrated strong agreement in both peak magnitudes and primary load-bearing regions. 

Across the three key phases of gait, the deviations in peak pressure were maintained at 

approximately 5% relative to the insole measurements: +3.4% at heel strike, –1.9% at mid-stance, 

and –5.5% at push-off. The locations and spatial patterns of pressure hotspots were also consistent 

with the experimental observations. These findings indicate that the FE foot model accurately 

captures the plantar loading characteristics of real gait, thereby providing a reliable foundation for 

subsequent footwear simulations. 

 

 

Figure 3.1.5 Comparison Between FE-Predicted Plantar Pressure and Insole-Measured Plantar 

Pressure. 
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3.2 Parametric Outcomes of the Lattice Structures 

3.2.1 Deformation Modes of Representative Unit Cells 

As described in Section 2.3.1, variations in structural parameters yield three principal categories of 

unit-cell architectures: honeycomb, re-entrant, and rectangular configurations (Fig. 3.2.1A). Under 

compressive loading, the honeycomb and rectangular lattices typically exhibit a positive Poisson’s 

ratio, expanding laterally as axial compression increases. In contrast, re-entrant lattices are 

theoretically capable of displaying an auxetic response, characterized by lateral contraction during 

axial compression. 

 

Figure 3.2.1 Deformation Modes of Typical Unit-Cell Structures (A: Three Types of Unit Cells; B: 

Distribution of Expansive/Contractive Behavior). 

 

In practice, however, the effective Poisson’s ratio is governed not only by the topological form but 

also by porosity. When struts are overly thick or porosity is insufficient, internal contact between 

cell members may occur, preventing the lattice from manifesting its intrinsic auxetic behavior even 

if the underlying topology is re-entrant. This phenomenon has been systematically analyzed in the 

authors’ previous work[52]. As shown in Fig. 3.2.1B, without rotational modulation of the unit cell, 

83.10% of parameter combinations produced lateral expansion under compression, whereas only 

16.90% exhibited a negative Poisson’s ratio. 
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3.2.2 Machine-Learning Training and GPR-Based Dataset Expansion 

In this study, the initial simulation dataset derived from FE analyses was expanded through Gaussian 

Process Regression (GPR) sampling, after which the predictive models for lateral deformations (Dx 

and Dy) under compressive loading were evaluated following the authors’ previously established 

procedure[52]. Figure 3.2.2 illustrates the correspondence between predicted and ground-truth 

values, together with the residual distributions. 

 

 

Figure 3.2.2 Fitting Accuracy and Residual Statistics of the GPR Model for Predicting Lateral 

Deformations. 

 

Overall, the fitted models achieved high predictive accuracy in both deformation directions. The 

coefficient of determination reached 0.876 for Dx and 0.932 for Dy, with corresponding RMSE 

values of 0.303 and 0.184. The residuals in both directions were symmetrically distributed and 

tightly clustered, with the majority falling within ±0.5. These results indicate that the models exhibit 

no meaningful systematic bias and provide reliable predictions of lateral deformation behavior. 
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3.2.3 Influence of Structural Parameters on Mechanical Performance 

Portions of the analyses presented in this section have been published in the authors’ previous 

work[53], from which the relevant figures and conclusions are reproduced here. As shown in Fig. 

3.2.3, the reaction forces generated under compressive loading (F1–F5) increase monotonically with 

structural diameter, corresponding to larger values of parameter T and reduced porosity. This trend 

indicates that higher T generally yields a stronger mechanical response. At the same time, 

parameters A and B modulate this increase in distinct ways, suggesting that they influence the lattice 

mechanics through different mechanisms. For example, under the combination A = 5 and B = 1, the 

reaction force exhibits the steepest rise with increasing T. 

 

 

Figure 3.2.3 Influence of Structural Parameters on the Variation Trends of Mechanical Metrics.[53] 

 

In contrast, the lateral deformation (denoted as D in the figure) displays a more complex dependence 

on the A–B parameter combinations, revealing pronounced nonlinear coupling. These observations 

imply that the geometric parameters interact with one another, jointly shaping the deformation 

behavior and mechanical performance of the lattice architecture. 
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3.3 Finite Element–Based Structural Optimization 

Building on the initial database of 25 samples for each participant, a multiobjective optimization 

framework was developed to iteratively refine the midsole architecture. The overall iterative 

behavior is shown in Fig. 3.3.1A. After approximately 8–10 iterations, the growth rate diminished 

and gradually approached a plateau, indicating stabilization of the Pareto set. Although the absolute 

HV magnitudes differed among participants—reflecting differences in feasible objective ranges—

the temporal convergence behavior remained consistent, demonstrating the robustness of the 

optimization framework under heterogeneous individual constraints. 

 

 

Figure 3.3.1 Subject-Specific Multi-Objective Optimization and Evolution of Biomechanical 

Metrics (A: Hypervolume progression and convergence behavior for HM, FF, and BMD; B: 

Objective-space distribution of heel stress and forefoot response; C: Iterative evolution of peak 
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heel stress; D: Iterative evolution of forefoot propulsion force; E: Iterative evolution of forefoot 

stress; F: Iterative changes in calcaneal pitch angle across participants.) 

 

Figure 3.3.1B presents the distribution of evaluated samples within the objective space. For the HM 

and FF participants, the trade-off between peak heel stress and forefoot propulsion force is shown. 

As iterations progressed (color transition from blue to red), the samples migrated toward regions 

characterized by reduced heel stress and enhanced propulsion. The density of high-performing 

solutions increased markedly in the later rounds, indicating effective mitigation of the classical 

cushioning–propulsion trade-off. For the BMD participant, the objective space was defined by peak 

heel stress and peak forefoot stress rather than propulsion force. The optimization process 

progressively shifted the solutions toward a low-stress domain for both regions, reflecting 

constrained but stable improvement within pathological biomechanical limits. Although calcaneal 

pitch angle was retained as a stability-related objective during optimization, its variation across 

iterations remained relatively small, suggesting limited sensitivity to the explored parameter range. 

Consequently, while midfoot stability was monitored throughout the process, it was not treated as 

the dominant criterion during final solution selection. 

The iteration-wise evolution of the primary objectives is shown in Fig. 3.3.1C–F. For heel stress 

(Fig. 3.3.1C), all three participants demonstrated a general downward trend during optimization. 

The FF participant exhibited the most pronounced stress reduction, decreasing from approximately 

0.18–0.20 MPa in early iterations to around 0.13–0.14 MPa in later rounds. The HM participant 

stabilized near 0.15 MPa, while the BMD participant converged within a relatively higher but 

controlled stress band, consistent with pathological loading constraints. For propulsion performance 

(Fig. 3.3.1D), both HM and FF participants showed gradual increases in peak forefoot propulsive 

force over iterations. HM exhibited the largest absolute propulsion values, reaching above 1564 N, 

while FF demonstrated moderate yet consistent gains. These trends confirm that lattice parameter 

modulation effectively enhanced forward energy transfer without compromising heel cushioning. 

For the BMD participant (Fig. 3.3.1E), forefoot stress decreased progressively across iterations, 

approaching a stable minimum near 0.22 MPa. The absence of propulsion maximization for this 

participant reflects the clinically oriented objective prioritizing load alleviation. The calcaneal pitch 

angle (Fig. 3.3.1F) exhibited subject-dependent modulation. FF and BMD participants showed 

slight increases in midfoot stability over iterations, whereas HM demonstrated minimal variation. 

Unlike the earlier single-subject analysis, midfoot stability was retained as an active objective 

component in the multi-subject framework. 

For each participant, the final design was selected from the converged Pareto set using a Utopia-

closest criterion after normalization of objectives. For propulsion-oriented participants (HM and 

FF), compromise solutions preserved high propulsion while maintaining low heel stress. For the 
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BMD participant, the selected design minimized both heel and forefoot stress while maintaining 

stable arch geometry. The resulting subject-specific optimal parameter sets were subsequently used 

to generate the final midsole geometries for simulation evaluation. Physical fabrication and 

laboratory gait validation were conducted exclusively for the HM participant, as described in 

Section 2.1.2. The resulting optimal compromise solution achieved a rearfoot pressure of 0.151 MPa 

and a propulsive force of 1565.6 N. Notably, while maintaining the highest propulsion performance, 

its pressure level exceeded the minimum-pressure configuration by only about 3.7%. The optimized 

parameter set was then used to generate the final midsole structure, which was fabricated using a 

Bambu Lab X1C additive manufacturing system. 
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3.4 3D-Printed Footwear and Gait Testing 

3.4.1 Fabrication of the Prototype Footwear 

To assess the manufacturability of the parametric lattice design and its structural integrity under 

realistic use conditions, prototype footwear was fabricated using fused deposition modeling (FDM) 

(Fig. 3.4.1). All components were printed with TPU elastomer (Shore 95A), a material chosen for 

its flexibility, toughness and fatigue resistance, ensuring that the midsole could withstand repeated 

compression and rebound during gait. 

 

 

Figure 3.4.1 Schematic of the 3D Printing Process for the Prototype Footwear. 

 

To ensure accurate reproduction of lattice strut dimensions, porosity, and regional transitions, a fine-

printing mode with a 0.2 mm layer height and a 0.2 mm first-layer height was employed. This 

resolution allows reliable fabrication of lattice struts approximately 0.8–1.2 mm in diameter while 

maintaining continuous deposition of TPU, thereby preserving geometric fidelity at both the macro- 

and micro-scales. The line width for the outer and inner walls was set to 0.42–0.45 mm to ensure 

stable formation of the hollow lattice cell boundaries and to prevent geometric deviations caused by 

excessive extrusion. The same line-width range was used for top surfaces and sparse infill, which 

enhances interfacial bonding between the lattice and the enclosing shell. For geometric detailing, 

the slicer was configured with a 0.012 mm resolution and a 0.049 mm compensation radius for inter-

layer spacing. These settings effectively reduce local errors in high-curvature regions, improving 

the accuracy and surface conformity of complex anatomical features such as the arch and metatarsal 

areas. 

Because the lattice architecture is inherently hollow, two perimeter walls were applied to ensure 

sufficient structural strength at the interface between the external shell and the internal lattice. The 

top and bottom surfaces were reinforced with five and three solid layers, respectively, providing the 

necessary compressive resistance and durability during initial heel contact. To emulate the graded 

mechanical response characteristic of TPU midsoles in real use, a sparse infill density of 15% was 

adopted, with a printing orientation of 45°. A minimum infill area constraint of 15 mm² was enabled 
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to guarantee stable fabrication of locally small geometric features within the lattice. This strategy 

achieves an effective balance between lightweight construction and structural resilience, particularly 

benefiting regions such as the forefoot and arch where nonlinear mechanical behavior is essential. 

Because TPU is prone to stringing at high printing speeds, a progressive overhang slow-down 

strategy was implemented to dynamically adjust the print speed across different overhang angles, 

thereby preventing deformation of the lattice cantilever structures. The travel speed was set to 500 

mm s⁻¹ to maintain printing efficiency while minimizing excessive filament stretching during rapid 

retraction. To further enhance deposition continuity, the general printing acceleration was set to 

10,000 mm/s², with a reduced acceleration of 5,000 mm/s² for the outer walls. The lattice regions 

employed percentage-based acceleration control (100%), enabling a balance between structural 

stability and printing throughput. 

For multi-zone lattice midsoles with complex internal cavities, support generation is particularly 

critical. A tree-support strategy (automatic mode) was employed, offering low material usage and 

easy removal, making it well suited for flexible, porous structures. Because TPU is susceptible to 

edge warping, a brim attachment mode was applied with a 5 mm boundary width and a 0.1 mm 

offset between the model and brim to improve adhesion stability while facilitating post-processing 

removal. 

To prevent material accumulation along intersecting extrusion paths, the reduced infill retraction 

and outer-wall wipe features were enabled, ensuring smoother filament deposition. These settings 

were especially effective in high-porosity regions, reducing surface defects and improving overall 

print fidelity. 

The printing time for each shoe was approximately 50 hours. After printing, the parts were allowed 

to rest for about 30 minutes to ensure adequate cooling before support removal and edge finishing. 
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3.4.2 Plantar Pressure 

As shown in Fig. 3.4.2, a one-way permutation “ANOVA-like” test (sum of squares as the test 

statistic, 10,000 permutations, α = 0.05) was conducted on the peak plantar pressure in the rearfoot 

region during the loading response phase. The analysis revealed a significant main effect of 

condition (p = 0.0001). Subsequent pairwise permutation comparisons indicated that the barefoot 

condition exhibited significantly higher peak pressures than both the 3D-printed shoe (p = 0.0001) 

and the conventional shoe (p = 0.0001), whereas no significant difference was observed between 

the 3D-printed and conventional footwear (p = 0.8060). Analysis of peak rearfoot pressure at initial 

contact yielded a similarly significant main effect (p = 0.0001). Pairwise tests showed significant 

differences across all three comparisons—3D-printed vs. conventional (p = 0.0001), barefoot vs. 

conventional (p = 0.0001), and 3D-printed vs. barefoot (p = 0.0001). Overall, the 3D-printed shoe 

demonstrated the most effective cushioning performance in the rearfoot region. 
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Figure 3.4.2 Comparison of Peak Plantar Pressure and Peak Plantar Stress at Heel Strike and 

Forefoot Toe-Off during the Gait Cycle. 

 

During the push-off phase, the permutation-based “ANOVA-like” test for peak forefoot plantar 

pressure also revealed a significant main effect of condition (p = 0.0001). Pairwise comparisons 

showed significant differences between the 3D-printed and conventional shoes (p = 0.0001) as well 

as between the barefoot and conventional conditions (p = 0.0001), whereas no significant difference 

was observed between the 3D-printed and barefoot conditions (p = 0.8784). This indicates that peak 

forefoot pressures in the 3D-printed and barefoot conditions were both higher than those in the 

conventional shoe (Fig. 3.4.2). 
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A parallel analysis of peak forefoot pressure (expressed as pressure magnitude rather than total force) 

likewise demonstrated a significant main effect (p = 0.0001). Follow-up permutation tests confirmed 

significant differences across all three comparisons: 3D-printed vs. conventional (p = 0.0001), 

barefoot vs. conventional (p = 0.0001), and 3D-printed vs. barefoot (p = 0.0001). The overall pattern 

showed the highest pressures in the barefoot condition, intermediate pressures in the 3D-printed 

shoe and the lowest pressures in the conventional shoe. 

These findings suggest that during push-off, the 3D-printed shoe delivers a forefoot propulsive 

performance comparable to barefoot walking while maintaining a moderate pressure level, thereby 

achieving a balance between propulsion enhancement and pressure management. 
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3.4.3 Gait Kinematics and Kinetics 

As shown in Fig. 3.4.3, the joint kinematic and kinetic profiles across the three conditions exhibited 

broadly similar cyclical patterns, yet discernible differences emerged at specific phases of the gait 

cycle. 

 

 

Figure 3.4.3 Comparison of Lower-Limb Joint Kinematics and Kinetics across Three Footwear 

Conditions (A, Subtalar; B, Ankle; C, Knee Joints). 
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In the subtalar joint (Fig. 3.4.3A), the 3D-printed shoe exhibited a more pronounced inversion 

during the loading response, closely resembling the barefoot condition. As the gait progressed into 

mid-stance, the joint angles across all three conditions converged. During terminal push-off, both 

the barefoot and 3D-printed conditions returned to near-neutral alignment, whereas the conventional 

shoe remained in a sustained inverted position. The corresponding moment profiles showed similar 

distinctions. The 3D-printed shoe produced a higher early-stance moment peak, the barefoot 

condition generated the highest moment during push-off and the conventional shoe maintained the 

flattest and least variable trajectory across the cycle. 

In the ankle joint (Fig. 3.4.3B), all three conditions displayed the characteristic plantarflexion–

dorsiflexion pattern. However, the 3D-printed shoe maintained a consistently greater dorsiflexion 

angle from initial contact through push-off. The barefoot and conventional conditions showed 

similar behavior during initial loading, whereas the barefoot condition exhibited a larger 

dorsiflexion excursion during push-off. Regarding joint moments, differences among conditions 

were minimal during the loading response. In the push-off phase, however, both the 3D-printed and 

barefoot conditions demonstrated higher moment peaks compared with the conventional shoe. 

In the ankle joint (Fig. 3.4.3B), all three conditions exhibited the characteristic plantarflexion–

dorsiflexion cycle, yet notable differences emerged in amplitude. The 3D-printed shoe maintained 

a consistently greater dorsiflexion angle from initial contact through push-off. The barefoot and 

conventional conditions behaved similarly during early stance, while the barefoot condition showed 

a larger dorsiflexion excursion during push-off. Joint moment patterns were comparable across 

conditions during the loading response. In contrast, the push-off phase revealed clear divergences, 

with both the 3D-printed and barefoot conditions generating higher moment peaks than the 

conventional shoe. 

In the knee joint (Fig. 3.4.3C), all three conditions demonstrated a consistent flexion–extension 

pattern. The barefoot condition exhibited greater flexion during the loading response, whereas the 

3D-printed and conventional shoes followed more similar angle trajectories. As stance progressed, 

differences among the three conditions diminished, particularly in the mid-to-late stance phases. For 

knee joint moments, the 3D-printed shoe produced a smaller peak moment during the loading 

response, while the barefoot condition generated higher moments in both early and late stance. 

Building on the waveform patterns shown in Fig. 3.4.3, the discrete joint parameters further 

quantified the differences among conditions (Table 3.4.1). Both the 3D-printed and barefoot 

conditions exhibited greater subtalar joint mobility. For peak eversion angle, the 3D-printed shoe 

(14.11° ± 1.40) and barefoot condition (12.32° ± 1.43) were significantly higher than the 

conventional shoe (9.79° ± 1.16, p < 0.01). A similar pattern emerged for ROM, with the 3D-printed 

shoe showing the largest excursion (16.17° ± 1.39), followed by barefoot (14.56° ± 2.11) and the 
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conventional shoe presenting the smallest ROM (9.18° ± 1.53, p < 0.01). Peak inversion angle was 

lowest in the conventional condition (–0.61° ± 1.55, p < 0.01), reinforcing its more restrictive 

influence on subtalar motion. For joint moments, the barefoot condition exhibited the highest peak 

inversion moment during push-off (31.67 ± 1.36 Nm), whereas the conventional shoe showed the 

lowest (28.94 ± 1.04 Nm, p < 0.01), with the 3D-printed shoe falling between the two. 

 

Table 3.4.1 Key kinematic and kinetic discrete parameters of the subtalar, ankle, and knee joints 

across the three conditions (mean ± SD). 

Metric 
3D-Printed 

Shoe 
Barefoot 

Conventional 

Shoe 
p 

Subtalar 

Peak inversion angle 2.05±0.91⁂ 2.23±2.27⁂ -0.61±1.55*⁑ ＜0.01 

Peak eversion angle 14.11±1.40⁑⁂ 12.32±1.43*⁂ 9.79±1.16*⁑ ＜0.01 

ROM 16.17±1.39⁑⁂ 14.56±2.11*⁂ 9.18±1.53*⁑ ＜0.01 

Peak inversion 

moment 
30.46±1.18⁑⁂ 31.67±1.36*⁂ 28.94±1.04*⁑ ＜0.01 

Ankle 

Peak dorsiflexion 

Angle 
23.79±0.74⁑⁂ 15.26±0.89*⁂ 6.42±0.69*⁑ ＜0.01 

Peak plantarflexion 

Angle 
2.25±1.11⁑⁂ 12.53±2.08*⁂ 17.82±2.00*⁑ ＜0.01 

ROM 26.04±1.34⁑⁂ 27.78±2.10*⁂ 24.24±1.90*⁑ ＜0.01 

Peak dorsiflexion 

moment 
5.92±0.29⁑⁂ 0.85±0.58*⁂ 5.12±0.69*⁑ ＜0.01 

Peak plantarflexion 

moment 

146.82±

2.53⁑⁂ 

148.92±

3.18*⁂ 
126.13±2.28*⁑ ＜0.01 

Knee 

Minimum extension 

angle 
7.08±0.82⁑⁂ 11.46±1.09*⁂ 8.55±1.01*⁑ ＜0.01 

Peak flexion angle 52.04±1.01⁑⁂ 47.70±1.76*⁂ 50.15±1.54*⁑ ＜0.01 

ROM 44.97±1.00⁑⁂ 36.23±2.01*⁂ 41.60±1.64*⁑ ＜0.01 

Peak extension 

moment 
30.45±5.01⁑⁂ 44.28±5.12* 42.24±5.04* ＜0.01 

Peak flexion 

moment 
32.96±2.60⁑ 52.97±6.06*⁂ 31.85±2.23⁑ ＜0.01 

Note: * Significant difference from the 3D-printed shoe condition. ⁑ Significant difference from the 

barefoot condition. ⁂ Significant difference from the conventional shoe condition. 

 

For the ankle joint, the 3D-printed shoe exhibited a markedly greater peak dorsiflexion angle during 

stance (23.79° ± 0.74), substantially exceeding both the barefoot (15.26° ± 0.89) and conventional 

shoe conditions (6.42° ± 0.69, p < 0.01), a pattern consistent with the larger dorsiflexion trajectory 

observed in the waveform analysis. In contrast, the barefoot and conventional shoes demonstrated 

greater peak plantarflexion angles during late stance (12.53° ± 2.08 and 17.82° ± 2.00, respectively; 
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both p < 0.01), reflecting the similarity in their push-off mechanics. For ankle joint ROM, the 

barefoot condition displayed the greatest excursion (27.78° ± 2.10), followed by the 3D-printed shoe 

(26.04° ± 1.34), while the conventional shoe showed the smallest ROM (24.24° ± 1.90). These 

findings suggest that the personalized lattice structure maintains functional modulation without 

restricting ankle mobility. In terms of kinetics, both the 3D-printed shoe and barefoot conditions 

generated higher peak plantarflexion moments during push-off (approximately 146–148 Nm), 

significantly exceeding those of the conventional shoe (126.13 ± 2.28 Nm, p < 0.01), indicating 

enhanced propulsive capability in the former two conditions. For peak dorsiflexion moment, the 

3D-printed shoe exhibited the highest value (5.92 ± 0.29 Nm), whereas the barefoot condition 

produced the lowest (0.85 ± 0.58 Nm, p < 0.01). This suggests that the personalized lattice structure 

provides increased dorsiflexion support during early loading, thereby improving impact attenuation 

and the mechanical response at initial contact. 

The discrete knee-joint parameters revealed clear differences in load-regulation strategies across the 

three gait conditions. During early stance, the barefoot condition exhibited the largest minimum 

extension angle (11.46° ± 1.09), followed by the conventional shoe (8.55° ± 1.01), whereas the 3D-

printed shoe showed the smallest value (7.08° ± 0.82, p < 0.01). This indicates that, upon initial 

contact, the knee tends to adopt a more flexed posture when wearing the 3D-printed shoe, reflecting 

a more pronounced shock-attenuation strategy. Regarding peak knee flexion, the 3D-printed shoe 

again produced the highest value (52.04° ± 1.01), significantly exceeding both the barefoot (47.70° 

± 1.76) and conventional shoe conditions (50.15° ± 1.54, p < 0.01). This suggests that the lattice-

augmented midsole allows for greater flexion during mid-to-late stance, which may facilitate 

improved energy absorption and propulsion. A similar trend was observed for knee ROM: the 3D-

printed shoe exhibited the largest range (44.97° ± 1.00), followed by the conventional shoe (41.60° 

± 1.64), with barefoot demonstrating the smallest excursion (36.23° ± 2.01). These results indicate 

that the personalized lattice architecture expands functional knee mobility without imposing 

additional mechanical load, enabling a more “elastic” response pattern during stance. In terms of 

knee joint kinetics, the barefoot condition showed substantially higher peak flexion moments around 

push-off (52.97 ± 6.06 Nm, p < 0.01), reflecting the greater demand on active musculature in the 

absence of cushioning structures. In contrast, both the 3D-printed and conventional shoes produced 

lower flexion moments. Peak extension moment exhibited the opposite pattern: the barefoot and 

conventional conditions displayed higher values, whereas the 3D-printed shoe showed the lowest 

(30.45 ± 5.01 Nm, p < 0.01). This reduction in extension loading suggests that the personalized 

lattice midsole may optimize load transmission during mid-to-late stance, thereby reducing 

instantaneous demands on the knee extensors. 
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3.4.4 Subjective Feedback 

To complement the objective biomechanical findings, subjective evaluations were collected after 

testing using a Visual Analog Scale (VAS, 0–10) to assess overall comfort, rearfoot cushioning, 

forefoot propulsion sensation, gait stability and arch support across the three conditions. 

For overall comfort, the 3D-printed shoe received a score of 9. The participant reported that “the 

upper provides excellent containment, and the lattice structure creates a very soft interface between 

the foot and the midsole.” The conventional shoe received a score of 8 and was described as “not 

soft enough in the midsole.” The barefoot condition scored 6 due to its lack of cushioning, with the 

participant noting “a harder landing sensation and pronounced vibration.” 

Differences were most pronounced in rearfoot cushioning. The 3D-printed shoe received a perfect 

score of 10, described as “almost no impact at heel strike, as if cushioned by a cloud.” The 

conventional shoe scored 7, while the barefoot condition scored 5 and was described as “heel pain 

with noticeable impact.” These impressions align closely with the objective reduction in peak 

rearfoot pressure. 

For forefoot propulsion sensation, the 3D-printed shoe received a score of 8. The participant 

reported “a smoother push-off and easier release of calf power.” Both the conventional shoe and 

barefoot conditions received scores of 7, although the barefoot condition was described as having 

“direct power transfer but more concentrated pressure.” 

With respect to gait stability, the barefoot condition received the highest score (8), with the 

participant noting “a stronger sense of ground contact and more direct control.” Both the 3D-printed 

and conventional shoes scored 7. For the 3D-printed shoe, the participant remarked that “the rearfoot 

feels slightly soft at landing, with moderate stability, but mid-stance and push-off remain very stable.” 

In terms of arch support, the 3D-printed shoe scored 8, with the participant noting that “the arch 

feels supported without being intrusive.” The conventional shoe scored lower (6) due to its lack of 

dedicated arch structure. The barefoot condition was not applicable for this category. 
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4 Discussion  

This study establishes a closed-loop footwear design framework centered on parametric lattice 

modeling, individualized gait data acquisition, finite element analysis, multiobjective optimization 

and dynamic experimental validation. Subject-specific simulations and optimization were 

performed for three participants, while laboratory-based wearable validation was conducted 

exclusively in the HM participant. The framework enables footwear structures to be shaped not by 

empirical material selection but through programmable geometries that allow targeted mechanical 

modulation, while incorporating subject-specific biomechanical information directly into structural 

generation and performance optimization. In doing so, it advances footwear design from traditional 

material-based approaches to structurally tunable systems, offering a new theoretical foundation and 

engineering pathway for footwear biomechanics and on-demand manufacturing. 

 

4.1 Mechanical Expressiveness of Parametric Lattices and the 

Mechanisms Underlying Footwear Functional Reconfiguration 

The multidimensional parametric lattice system developed in this study demonstrates that, even 

within a single material class, lattice architectures can achieve highly tunable and continuously 

predictable mechanical responses purely through geometric configuration. By introducing 

parameters such as topology type, strut thickness, porosity, unit-cell scale and spatial orientation, 

key structural properties—including effective elastic modulus, energy absorption capacity, buckling 

modes and lateral deformation behavior—can be modulated smoothly across a broad performance 

range. In contrast to traditional midsole design strategies that rely on altering material properties or 

foam densities, the present study adopts a geometry-driven approach to mechanical tuning, enabling 

substantial functional differentiation while maintaining an identical material system. This 

programmable, geometry-centered mechanical capability represents the foundational rationale for 

the long-term strategic value of lattice architectures in footwear design. 

Through large-scale FE simulations combined with previously validated experimental data, this 

study establishes a continuous mapping between geometric parameters and mechanical responses, 

further elucidating the constitutive distinctions among different lattice topologies under 

compression. The results indicate that re-entrant architectures can reliably exhibit a negative 

Poisson’s ratio when designed within an appropriate porosity range, and their characteristic lateral 

contraction endows the structure with confinement and stabilization capabilities that are difficult to 

achieve with conventional materials. By contrast, honeycomb and rectangular topologies display 

typical positive Poisson’s ratio behavior, making them more suitable for energy absorption and 

compliant deformation scenarios, consistent with established findings in structural mechanics[75–
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77]. The study also reveals that buckling onset, buckling mode and post-buckling behavior across 

these topologies are all highly controllable. Importantly, such behaviors are not governed by any 

single geometric attribute but instead emerge from coupled interactions among multiple parameters. 

For instance, minor adjustments in strut thickness can alter local buckling pathways, whereas 

porosity and unit-cell orientation predominantly shape the global stress-transfer mechanism. The 

diverse nonlinear deformation modes arising from these multi-parameter interactions render the 

lattice response under large deformation, transient impact and cyclic loading conditions more 

representative of the complex loading environment encountered during human gait. This enhanced 

mechanical plasticity provides a robust foundation for functional tuning of footwear across a broad 

range of use conditions. 

The construction of this multidimensional geometric parameter space not only expands the 

expressive capacity of lattice architectures but also transforms structural response from a passive 

material outcome into a predictable and tunable engineering variable. The findings demonstrate that 

lattice structures are no longer merely lightweighting or energy-absorbing components; rather, they 

function as designable mechanical units with properties that can be prescribed independently of the 

base material. Their mechanical behavior becomes a deterministic function of geometry, thereby 

establishing the theoretical foundation for treating lattices as “programmable materials” in footwear 

design. 

Another key finding of this study is the functional translatability of lattice structures within footwear. 

In conventional footwear, cushioning, support and propulsion capabilities are primarily governed 

by material constitutive properties and overall geometric form[78], leaving limited capacity for 

region-specific or phase-specific modulation throughout the gait cycle. In contrast, by tuning unit-

cell topology, porosity and orientation, the present lattice system enables the midsole to exhibit 

markedly different mechanical responses across plantar regions, each aligned with the functional 

demands of distinct gait phases. For example, during heel strike, compliant lattice zones absorb 

impact energy and substantially reduce peak plantar pressure and soft-tissue stress. In the arch 

region, high-stiffness configurations restrain arch collapse and maintain a calcaneal pitch angle 

closer to its natural alignment. In the forefoot, directional control of lattice orientation enhances 

plantarflexion moment generation, thereby improving push-off efficiency. Through this mechanism, 

the lattice no longer serves a single localized purpose; instead, it forms a continuous functional chain 

across the gait cycle, enabling coordinated, region-specific mechanical regulation. This capacity for 

spatially and temporally differentiated response marks a higher-order mode of structural–functional 

expression in footwear design. 

Moreover, this study shows that the regulatory effects of lattice architectures extend beyond local 

redistribution of plantar pressure and propagate along the lower-limb kinetic chain, altering the 
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kinematic and kinetic behavior of upstream joints such as the ankle and knee. Regional variations 

in midsole deformation influence not only the magnitude and direction of the ground reaction force 

but also the trajectory of its line of action, thereby reshaping joint load distribution and modulating 

the neuromuscular control strategies of the lower extremity. These findings indicate that the design 

of lattice midsoles transcends the domain of localized material engineering and instead constitutes 

a cross-regional, cross-joint and cross-system biomechanical coordination process. Consequently, 

this work provides a new theoretical perspective for future footwear optimization grounded in 

whole-chain dynamics and suggests that personalized footwear design should evolve from localized 

response tuning toward a framework of system-level locomotor modulation. 

Most importantly, the lattice parameterization framework proposed in this study offers a 

fundamentally new mode of structural expression in footwear design, shifting the design paradigm 

from materials dictating function to structure dictating function. Within this framework, structure is 

no longer the passive outcome of material processing but emerges as a modelable, tunable and 

verifiable design variable. Through systematic modulation of topology, porosity, strut thickness and 

orientation, footwear performance can be predictably tailored within the geometric design space. 

This shift frees footwear design from the limited adjustability of traditional material formulations 

and foam densities, moving instead toward a programmable structural system driven by geometry 

and computational modeling. Such a system not only provides the engineering feasibility required 

for high-resolution functional differentiation but also lays the technological foundation for truly 

personalized footwear. As printable materials expand, manufacturing precision improves and the 

parameter space continues to grow[79, 80], lattice architectures are poised to become the core 

structural unit in next-generation footwear, propelling the field from empirically guided 

development toward a new engineering era of functionally controlled and computationally designed 

structures. 
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4.2 Functional Coupling and Regional Synergy of Zoned Lattice 

Midsoles 

Human gait is intrinsically a spatiotemporally coupled dynamical process in which different plantar 

regions do not operate as isolated units but instead form a continuous and coordinated mechanical 

response through load transfer along the kinetic chain. Although each phase of the gait cycle 

imposes distinct functional demands on the foot, conventional footwear typically relies on uniform 

adjustments of material properties to accommodate these variations, leading to inherent limitations 

in local functional expression. For example, the material and structural characteristics of the rearfoot 

region influence not only lower-limb biomechanics but also stance duration[81], postural 

stability[82] and potentially spinal loading[83]. Forefoot stiffness directly affects propulsive 

efficiency, mechanical energy utilization and even injury risk[84]. Similarly, heel cups and lateral 

support structures have been shown to significantly modulate peak plantar pressure and postural 

control, respectively[85, 86]. 

However, most of these studies adopt a “single-structure–single-metric” analytical paradigm, 

producing region-specific functional interpretations that provide limited insight into how internal 

footwear structures coordinate across regions and across the entire gait cycle. As a result, the 

mechanisms by which footwear mediates multi-regional mechanical synergy during dynamic 

locomotion remain insufficiently understood. 

Against this backdrop, the zoned lattice midsole model proposed in this study seeks to reconstruct 

the correspondence between plantar structure and function from a systems-level perspective. 

Geometrically, the midsole is partitioned into regions such as the rearfoot, arch, lateral midfoot and 

forefoot; however, these regions do not operate as independent modules. Instead, through parameter-

continuous and topology-tunable lattice architectures, they maintain smooth spatial transitions and 

engage sequentially—“in relay”—to fulfill the functional demands of different phases of the gait 

cycle. 

This design yields a continuous-field mechanical regulation system driven by structural parameters, 

enabling cushioning, stability and propulsion to emerge as dynamically coordinated, multi-regional 

responses across the entire gait cycle. Such a paradigm breaks from the traditional separation of 

regional functions in footwear design and offers a new theoretical framework for understanding how 

internal footwear structures exert system-level influence across the gait kinetic chain. 

In the early stance phase, the compliant lattice in the rearfoot region serves as a critical “entry 

regulator” of the load pathway. Through nonlinear buckling and progressive compression, this 

lattice zone effectively reduces the initial slope of the ground reaction force curve, thereby lowering 

both impact peak magnitude and loading rate. This mechanical mechanism not only mitigates 
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transient stress concentration on the heel’s soft tissues and fat pad but also provides a wider temporal 

window for the ankle joint and lower-leg musculature to respond and modulate loading. Unlike 

traditional midsoles that rely primarily on material damping to achieve cushioning, the compliant 

lattice implements a delayed-buffering strategy: its deformation pattern preserves the natural 

energy-absorption role of the calf musculature observed in barefoot locomotion, while avoiding the 

high impact and focal stress associated with barefoot heel strike. As a result of the smoother initial 

impact management, the line of action of the ground reaction force enters the midfoot phase more 

stably, establishing more favorable initial conditions for arch and lateral midfoot support. This 

reduces the likelihood of excessive pronation or compensatory muscular activity that can arise from 

insufficient rearfoot cushioning. 

As the center of pressure migrates anteriorly, load is progressively transferred from the rearfoot to 

the midfoot complex. During this phase, the arch and lateral midfoot jointly function as a postural 

nexus: they must dissipate residual impact energy carried over from heel strike while simultaneously 

establishing a stable and advantageous geometric configuration for subsequent forefoot propulsion. 

In this study, the use of a higher-stiffness lattice in the arch region effectively constrained medial 

longitudinal arch collapse without eliminating the elastic deformation essential for shock attenuation 

and energy storage. This “elastic constraint rather than mechanical locking” enhances load-sharing 

efficiency while preserving the arch’s intrinsic energy storage–release characteristics. Concurrently, 

the lateral midfoot region, governed by transverse lattice orientation and localized stiffness tuning, 

provides flexible restraint against excessive coronal-plane internal rotation, thereby maintaining the 

foot within a more physiologically stable postural corridor during mid-stance. Both FE simulations 

across participants and laboratory gait measurements in the HM participant indicated that the 

calcaneal pitch angle during mid-stance remained closer to its natural physiological range, while 

subtalar joint ROM—despite being slightly elevated at initial contact—converged toward the values 

observed in the conventional shoe during mid-to-late stance. This indicates that the midfoot lattice 

does not impose rigid corrective forces but instead employs a force-path–guidance mechanism that 

redirects stress flow while allowing controlled deformation. In essence, the midfoot lattice 

establishes an elastic field capable of both supporting and yielding appropriately, redistributing load 

along trajectories that favor efficient forefoot propulsion. This ensures a dynamically smooth 

transition from cushioning to propulsion, integrating the functional roles of adjacent regions into a 

coherent mechanical continuum. 

This midfoot nexus generates regulatory effects that directly shape the structural–functional 

behavior of the forefoot during propulsion. The lattice topology and orientation in the forefoot 

region were designed to enhance effective sagittal-plane stiffness, enabling greater energy storage 

and return during push-off. At the same time, localized buckling modes increase the functional 
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contact area, thereby reducing peak forefoot pressure and producing a combined effect of efficient 

propulsion with moderated pressure distribution. Crucially, the improvement in propulsive 

efficiency does not arise from a simplistic amplification of local stiffness; rather, it is contingent on 

the mechanical preprocessing achieved by upstream regions of the kinetic chain. If rearfoot 

cushioning is insufficient, the midfoot must absorb more residual impact through pronounced 

postural compensation, distorting its geometric configuration and shifting load paths away from 

those that best facilitate propulsion. Under such unfavorable initial conditions, the forefoot is forced 

to generate push-off power with lower mechanical effectiveness, reduced energy return and 

increased risk of localized overload. The coordinated lattice design of the rearfoot and midfoot in 

this study effectively prevents these issues: the compliant rearfoot moderates and delays impact 

transmission, while the midfoot complex stabilizes arch height and coronal-plane posture through 

elastic constraint. Consequently, the forefoot enters the push-off phase in a configuration closer to 

natural gait, with improved alignment of load paths. Within this globally “pre-shaped” mechanical 

environment, the forefoot lattice is able to express barefoot-like propulsion characteristics—high 

energy return and effective moment generation—while avoiding the elevated local pressures 

typically associated with barefoot stance. This combination of barefoot-style propulsion and 

pressure-mitigated contact exemplifies the cross-regional synergy enabled by the zoned lattice 

architecture: each region does not merely execute an isolated local function but participates in a 

temporally sequenced relay of mechanical regulation across the gait cycle. Such multi-region 

coupling achieves system-level optimization that is difficult to realize with traditional homogeneous 

materials. 

From a systems perspective, the cross-regional synergies demonstrated in this study are not merely 

post hoc interpretations of experimental observations but are outcomes actively discovered and 

exploited during the optimization process itself. Within the multiobjective optimization framework, 

each candidate structure is evaluated not on isolated metrics—such as rearfoot peak pressure, arch 

postural stability or forefoot propulsion—but on the combined performance of these metrics under 

dynamic gait loading. As a result, the optimization algorithm inherently “perceives” the coupling 

relationships formed through load transfer along the plantar kinetic chain, and subsequently 

leverages these interdependencies to enhance global performance during iterative search. Although 

the machine-learning surrogate model exhibits a degree of black-box behavior[55], limiting direct 

inspection of its internal input–output mapping, the evolutionary trajectory of the optimization 

reveals its implicit logic. Certain structural modifications—such as increasing arch stiffness or 

adjusting the transverse orientation of the lateral midfoot lattice—were retained in the final Pareto-

optimal solutions not because they improved local deformation metrics in isolation, but because 

they altered stress-flow pathways, moderated the transmission of rearfoot impact, redirected midfoot 
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load trajectories and ultimately enhanced forefoot propulsive efficiency. In other words, the 

optimization process does not simply stack three local functions; rather, it uses the high-dimensional 

design space provided by the parametric lattice to autonomously discover a cross-regional, cross-

phase coordination strategy. Because the midsole is a continuous structure, changes in local 

parameters propagate through geometric and mechanical fields, influencing dynamic behavior 

across the entire stance phase. The optimization framework leverages this property to regulate foot–

shoe coupling at the system scale. This phenomenon not only reinforces the intrinsic system-level 

nature of gait as a linked kinetic chain but also illustrates that zoned lattice structures provide 

sufficient adjustable degrees of freedom for the algorithm to overcome the traditional linear logic 

of “material property, local function,” enabling genuine system-level optimization at the structural 

level. Looking forward, incorporating multi-phase gait constraints, multimaterial combinations or 

musculoskeletal feedback would further amplify this capacity to “optimize through coupling,” 

advancing footwear design from localized adjustments toward holistic regulation of the full-cycle 

kinetic chain. 

In a recent review, Mohammadi et al. advocated for a stricter single-variable experimental paradigm 

in footwear biomechanics, recommending that researchers isolate one design factor—such as a 

localized outsole geometry or a single material component—by constructing simplified prototypes 

and elucidating their functional mechanisms through controlled mechanical testing[87]. This 

perspective is well grounded in materials science and structural engineering, where isolating 

variables can indeed facilitate clear causal inference. However, its marginal utility within footwear 

biomechanics is rapidly diminishing. The effects of numerous isolated variables—such as midsole 

thickness, heel geometry, forefoot stiffness, lateral stability features and material properties—have 

already been extensively characterized[88, 89]. Further repetition of single-variable studies often 

yields little more than confirmatory evidence for well-established phenomena, offering limited 

theoretical advancement. As discussed earlier, the influence of footwear on gait arises from cross-

regional load transfer, structural coupling and neuromuscular regulation acting in concert. While 

single-variable designs allow experimental control, they inherently fail to capture these inter-

regional interactions and cannot reveal the coordinated mechanisms that govern foot–shoe dynamics 

during locomotion. This limitation has become increasingly pronounced as modern footwear 

evolves toward multi-component, structurally integrated systems. What the field now urgently 

requires is not more granular single-factor experiments, but datasets of sufficient scale, ecological 

validity and population diversity to uncover cross-population, cross-task and cross-design 

regularities. Equally important are advanced modeling and optimization tools capable of 

systematically exploring vast, high-dimensional structural design spaces. This perspective aligns 

closely with the future research directions proposed by Steffen Willwacher and colleagues,90 who 
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highlight several key avenues for breakthrough: building large, representative real-world databases; 

leveraging 3D printing to enable structural freedom in experimental footwear; integrating FE, 

machine learning and gait dynamics into unified modeling frameworks; and strengthening 

interdisciplinary collaboration among materials science, engineering, biomechanics and data 

science. Taken together, the future of footwear research lies not in increasingly narrow single-

variable validations, but in the development of research frameworks capable of uncovering system-

level principles and multi-structure synergies. 

Viewed against these emerging research trajectories, it becomes evident that traditional single-

variable experimental paradigms can no longer meet the analytical demands of modern movement 

science, particularly when investigating complex structure–function relationships. The zoned, 

parameterized lattice framework proposed in this study addresses this gap by enabling simultaneous 

modulation of mechanical properties across the entire midsole. This allows footwear structures to 

be modeled, optimized and interpreted as an integrated system rather than as an assemblage of 

isolated components. Through multiobjective optimization and a unified FE–ML surrogate 

modeling approach, the present study evaluates the systemic impact of structural variations on 

plantar pressure distribution, foot postural control and propulsive dynamics under dynamic gait 

conditions. This moves beyond the conventional logic of linking a local structure to a single outcome 

measure and instead captures the interconnected nature of foot–shoe mechanics. The value of the 

zoned lattice midsole does not lie in merely mapping the rearfoot, arch and forefoot onto traditional 

functions—cushioning, support and propulsion. Rather, its programmable architectural design 

organizes these functions into a temporally and spatially continuous sequence of coordinated 

behaviors. The structure becomes a mechanical field that evolves with gait events, engaging in 

dynamic relays among impact attenuation, posture regulation and energy return. Such a synergy-

centered structural logic enables a system-level reinterpretation of the structure–gait relationship. 

By integrating structural programmability with biomechanical coherence, this work establishes both 

the structural foundation and the biomechanical rationale for transitioning footwear design from 

traditional “component-stacking” paradigms toward holistic, field-driven design. This perspective 

aligns with the broader shift in movement science toward understanding locomotion as an emergent 

property of coordinated, multi-scale interactions rather than isolated mechanical events. 
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4.3 Dynamic-Gait–Driven Multiobjective Structural Optimization 

and Its Implications 

Conventional approaches to footwear structural design and optimization typically rely on static 

loading conditions, homogeneous materials or limited parameter adjustments, with research 

objectives often centered on a single functional outcome[22]. Such methods fail to capture the 

complexity of real locomotion, including the multi-peaked nature of ground reaction forces, the 

time-varying deformation of plantar soft tissues, the phase-dependent modulation of joint posture 

and the shifting coordination among musculoskeletal elements across gait phases. Critically, 

different plantar regions undertake distinct mechanical roles during stance, and their functional 

demands evolve continuously over time. As a result, any optimization based solely on static 

conditions or isolated time points is intrinsically constrained. 

By integrating FE simulation, a GPR-based surrogate model and multiobjective Bayesian 

optimization, this study establishes a closed-loop structural generation framework that links data, 

modeling, optimization and validation into a unified pipeline. This framework allows subject-

specific gait characteristics to directly inform the search and convergence of lattice parameters. In 

contrast to traditional design workflows driven largely by expert intuition, the proposed method 

uses quantifiable data as the primary driver, autonomously exploring a high-dimensional structural 

space and iteratively approaching solutions that best satisfy individual functional requirements. This 

transition from experience-driven to data-driven design endows footwear structures with system-

level adaptivity and personalization for the first time, laying the technical foundation for truly 

functional, individualized customization. 

The scientific significance of dynamic-gait–driven optimization lies in its ability to align structural 

regulation directly with real usage conditions. Variations in rearfoot soft-tissue stress are evaluated 

using the actual time course of the ground reaction force during gait, capturing changes in impact 

peak magnitude and loading rate at initial contact. Arch stability is assessed through the dynamic 

evolution of the calcaneal pitch angle across the entire stance phase—rather than through static arch 

metrics commonly used in orthotic research—thereby reflecting the distinct stability requirements 

of the cushioning, transition and propulsion sub-phases. Forefoot propulsive performance is 

quantified by inverse dynamics at push-off, ensuring that the optimization target encompasses joint 

moment generation, gait rhythm and forward progression capacity. By incorporating these dynamic 

metrics into the optimization framework, structural tuning transcends traditional pressure-

management or localized stiffness control and establishes a continuous, quantifiable linkage to 

whole-body locomotor performance. This transforms the relationship between footwear structure 

and the gait kinetic chain, yielding a new coupling logic that is inherently temporal, functional and 
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system-level. 

At the level of optimization mechanics, the GPR model—trained on a large corpus of initial finite-

element (FE) simulations—successfully captured the highly nonlinear mapping between lattice 

geometric parameters and their mechanical responses. While maintaining high predictive fidelity, 

the surrogate model markedly reduced computational cost: structural evaluations that would 

otherwise require numerous transient contact FE solutions were compressed to a negligible fraction 

of their original expense, thereby enabling Bayesian optimization to operate efficiently within a 

high-dimensional and continuous parameter space. Although similar surrogate-based approaches 

have been reported in computational materials and structural design[36, 90], they have largely 

remained confined to material property prediction or the validation of single configurations. 

Building upon a multilayered mapping across material behavior, structural topology, and 

mechanical attributes, the present study embeds the GPR surrogate model into the region-specific 

optimization of the midsole lattice, achieving cross-regional coordination that traditional FE 

frameworks cannot readily support. This system enables simultaneous evaluation of multiple 

functional attributes—including rearfoot cushioning compliance, arch-support stiffness, midfoot–

lateral stability control, and forefoot propulsion enhancement—within a unified optimization cycle, 

ultimately constructing a Pareto front that reflects the intrinsic trade-offs among multi-objective 

performance targets. Notably, the optimization landscape exhibits characteristic conflicts: for 

example, excessive reduction in rearfoot pressure may diminish forefoot propulsive efficiency, 

whereas strengthening forefoot propulsion typically elevates local stress in that region. By 

quantifying predictive uncertainty, Bayesian optimization actively identifies, at each iteration, the 

candidate sample with the highest expected information gain, thus maintaining a principled balance 

between exploration and exploitation. Through this iterative process, the solution space 

progressively converges toward an optimal performance regime capable of satisfying the complex 

interplay among competing objectives. 

It is worth emphasizing that the optimized designs demonstrated a high degree of consistency 

between FE-based predictions and experimental validations. This concordance serves not only as a 

conventional assessment of model accuracy, but more critically as compelling evidence for the 

feasibility of the dynamic-gait-driven optimization paradigm proposed in this study. Across plantar-

pressure distributions, joint kinematic trajectories, and propulsive dynamics during toe-off, the 

experimentally observed trends closely mirrored the model predictions, indicating that the lattice 

structures, when implemented in real wearable conditions, faithfully reproduced the intended 

mechanical regulation mechanisms encoded in the simulations. Such cross-scale agreement—from 

the cellular architecture of the lattice, to the mesostructural configuration of the midsole, and further 

to whole-body locomotor behavior—signifies that the optimized structures transcend the theoretical 
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domain of numerical simulation and can be transferred with high fidelity to actual human movement. 

This multiscale coherence marks a conceptual shift: structure optimization informed by gait data is 

no longer a speculative or purely computational construct, but a design methodology with tangible 

engineering implementability. 

Viewed from a broader perspective, the workflow established in this study represents an early 

prototype of future intelligent footwear design. Foot-shape scanning provides the geometric 

constraints; gait acquisition supplies physiologically realistic boundary conditions; and surrogate-

assisted multi-objective optimization autonomously generates individualized lattice midsoles—

eliminating the reliance on empirical parameter tuning or labor-intensive prototyping cycles. Such 

an end-to-end, data-driven generative framework lays a robust foundation for personalized, on-

demand manufacturing systems and offers a highly scalable technological pathway for diverse 

applications, including injury prevention, rehabilitation support, pressure management, and 

performance enhancement. 

More fundamentally, the concept of dynamic-gait-driven structural optimization extends well 

beyond the footwear domain, offering a new paradigm for designing human–equipment coupled 

systems. In principle, this methodology can be generalized to a wide spectrum of wearable or 

assistive devices: for instance, enabling the creation of phase-adaptive prosthetic footplates tailored 

to an individual’s locomotor profile; achieving precise mechanical matching in orthotic devices to 

modulate local tissue loading; developing intelligent protective gear capable of redistributing 

pressure in real time; or advancing multi-objective mechanical design for full-body wearable 

systems. In this sense, the present work not only advances the field of footwear engineering but also 

provides a conceptual and methodological foundation for next-generation human–machine 

interaction systems, bridging disciplines through a unified structural design philosophy. 
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4.4 Multiscale Biomechanical Validation of Lattice Footwear and Its 

Engineering Prospects 

The experimental findings obtained in the validation phase not only further corroborate the 

reliability of the prior model predictions, but also provide essential empirical support for the 

multiscale biomechanical chain that links microstructural regulation to macroscopic gait behavior. 

A defining feature of lattice architectures is that their mechanical performance is governed directly 

by geometry: the high-dimensional design space encoded by strut thickness, unit-cell topology, 

porosity, and orientation enables highly localized mechanical tuning at the microscale, while the 

resulting effects propagate through the soft tissues of the foot and the kinetic chain of the lower limb, 

ultimately manifesting in plantar-pressure redistribution, joint-posture modulation, propulsive 

dynamics, and even global gait patterns. Laboratory wearable trials conducted in the HM participant 

demonstrated that the local load-bearing behavior of the lattice structures closely reproduced the 

patterns predicted by finite-element analysis. Subject-specific simulations for the FF and BMD 

participants showed consistent directional improvements within the computational framework. This 

agreement extends beyond localized biomechanical indicators—such as peak pressures and stress 

trajectories—to higher-order functional responses, including midfoot postural stability and forefoot 

propulsive efficiency. More importantly, the consistency spans two fundamentally different 

evaluative dimensions: objective biomechanical measurements and subjective perceptual 

assessment. The HM participant’s reported experiences of rearfoot cushioning, arch support, and 

forefoot propulsion aligned with the predicted functional trends, indicating that the influence of 

lattice architecture extends from the structural domain into perceptual and behavioral domains. This 

observation suggests that lattice structures possess not only the capacity to act as localized material 

substitutes, but also the system-level potential to modulate human movement patterns. Their 

geometric programmability enables coherent mapping across multiple scales: microstructural tuning, 

mesoscale tissue response, macroscale kinetic-chain behavior, and subjective experience. The 

continuity of this chain, verified experimentally in the HM participant and supported 

computationally in the other participant-specific simulations, establishes both the theoretical 

foundation and evidence necessary for developing structure-centered, personalized movement-

intervention strategies in the future. 

From a structural standpoint, the performance of the lattice midsole observed in the HM wearable 

experiment aligns closely with the predictions of the finite-element simulations. In the rearfoot 

region, the compliant lattice exhibited stable nonlinear compression under authentic gait-induced 

impacts, effectively reducing peak pressures and moderating the rate of impact rise—behaviors 

consistent with FE predictions. This agreement indicates that the intended mechanisms of localized 
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buckling and progressive collapse operate reliably under real loading conditions. The midfoot 

composite zone likewise demonstrated responses in accordance with model expectations; by 

modulating local stiffness and lateral deformation capacity, the lattice facilitated subtalar-joint 

posture transitions during stance that more closely resembled those of natural gait. In the forefoot 

region, the lattice architecture enhanced energetic return during toe-off through its tailored topology 

and orientation, yielding an increase in propulsive torque—a trend also mirrored in the simulated 

improvements in propulsion performance. Collectively, these findings confirm that, in the HM 

wearable validation, geometric tuning at the microscale can be translated in a stable and predictable 

manner into macroscale biomechanical effects; the corresponding simulation results suggest similar 

transferability for FF and BMD under subject-specific constraints. Structural modifications 

influence not only localized pressures and deformations but also foot posture and the broader 

behavior of the lower-limb kinetic chain. Taken together, the results demonstrate that parametric 

lattice architectures constitute not merely an alternative material system, but a functionally 

actionable structural mechanism capable of modulating whole-shoe and whole-gait performance. 

This capability establishes a solid foundation for deploying lattice structures as the core functional 

components of next-generation footwear systems. 

What is particularly noteworthy is that the experimental results obtained in the HM wearable 

validation not only validated the mechanical predictions of the finite-element analyses but also 

demonstrated the stability and comfort of the lattice structures under real wearing conditions. The 

midsole lattice exhibited excellent deformation recovery during repeated loading–unloading cycles, 

with the FDM-fabricated spatial strut network achieving sufficient structural continuity, geometric 

accuracy, and regional transition quality to meet the mechanical demands of gait. Even under 

complex loading scenarios—including high strain gradients, localized buckling, and multiaxial 

loading—the lattice maintained a stable global configuration and reproduced the mechanical 

response patterns anticipated by the simulations. Subjective evaluations further reinforce these 

findings. The HM participant reported that the lattice-equipped footwear provided superior impact 

attenuation during landing, smoother forefoot rollover during toe-off, and a more natural overall 

gait compared with the control shoe. These perceptions suggest that the localized mechanical 

enhancements induced by microscale geometric tuning have translated into movement experiences 

recognizable by the neuromuscular control system. The convergence between structural 

performance and perceptual feedback thus offers compelling evidence for the broader applicability 

of lattice architectures in wearable systems. 

The significance of this study extends far beyond validating the performance of a single footwear 

prototype. Its primary contribution lies in articulating a transferable, coupled design methodology 

that links structural regulation with functional expression. The parametric lattice–based midsole 
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design enables researchers to construct structural units with tunable mechanical properties through 

subtle adjustments to local geometric parameters. When integrated with gait-driven multi-objective 

optimization, these units can autonomously assemble into task-specific “functional formulations.” 

In running scenarios, for instance, the framework can enhance forefoot propulsion while 

simultaneously improving rearfoot energy absorption. In multidirectional sports such as basketball, 

local stiffness modulation along the lateral midfoot can increase transverse stability. In hiking or 

trail-running contexts, graded lattice architectures can be configured to improve impact attenuation 

and adaptability to uneven terrain. Compared with traditional midsole design approaches—typically 

constrained by material properties, localized thickening, or discrete functional components—the 

lattice methodology introduces a paradigm in which structure, rather than material, becomes the 

primary design variable. Function is expressed through geometry, while the material serves mainly 

as the substrate that enables its realization. This shift in design philosophy establishes a 

methodological foundation for future programmable footwear and structurally adaptive sports 

equipment across diverse use scenarios. 

In rehabilitation and podiatric contexts, the potential value of lattice structures becomes particularly 

pronounced. For pathological foot conditions such as flatfoot, high-arched foot, and diabetic foot, 

conventional insoles or orthoses typically rely on regionally varied foam materials to provide 

localized support[91, 92]. However, such material-based zoning offers limited control over 

structural behavior and is insufficient for simultaneously modulating deformation modes, buckling 

pathways, transverse constraint, and energy-transfer characteristics—mechanical attributes that are 

essential for restoring or optimizing foot function. By contrast, lattice architectures enable 

systematic modulation of geometric parameters to redistribute stress peaks, alter soft-tissue 

deformation patterns, and influence plantar loading trajectories and postural control within localized 

regions. Because these adjustments arise from computationally defined and continuously tunable 

geometric inputs, the resulting interventions no longer depend on heuristic or experience-driven 

partitioning. Instead, they allow the formation of predictable, personalized support strategies[53, 

93]. This capability provides a more engineered and reproducible pathway for customized orthotic 

design tailored to pathological foot types. 

Looking further ahead, integrating lattice architectures with sensor networks and embedded 

electronic systems could transform footwear from a fixed-function passive structure into an actively 

responsive device[94, 95]. The intrinsic programmability of lattice geometry naturally provides the 

actuation units required for such systems. For example, regional stiffness could be modulated in real 

time based on continuous pressure feedback; in-shoe sensors could detect gait abnormalities and 

trigger localized structural responses; and support patterns could be adaptively adjusted during 

training or rehabilitation to accommodate changing load conditions, thereby enabling more precise 
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gait correction. Moreover, embedding miniature sensors within the lattice itself would allow for 

fatigue monitoring, pressure-pattern recognition, and motion-feature tracking, effectively enabling 

the midsole to undertake certain computational and actuation tasks typically associated with 

lightweight exoskeletal systems. Existing variable-stiffness footwear concepts already demonstrate 

the technical feasibility of this direction. ANTA’s “Wolverine” system, for instance (Fig. 4.4.1), 

employs carbon plates, adjustable mechanisms, and sensor-driven control to dynamically tune 

longitudinal bending stiffness, thereby maintaining stable mechanical posture and joint power 

output during high-speed or high-load movements. Its design objective is to automatically 

compensate for the decline in propulsive stiffness that accompanies late-stage fatigue, thus 

sustaining athletic performance. Although such technologies remain in the exploratory engineering 

phase, they clearly illustrate an evolutionary trajectory in which footwear progresses from static 

structural optimization toward real-time, system-level regulation. This trajectory also provides a 

tangible reference for the deeper integration of lattice architectures with intelligent actuation 

mechanisms. 

 

 

Figure 4.4.1 ANTA “Wolverine” Adjustable Bending-Stiffness Sole System and Its Longitudinal 

Stiffness Tuning Performance. 

 

Furthermore, the overarching concepts advanced in this study—structural programmability, gait-

driven design, and multi-objective optimization—are not confined to the footwear domain. Their 

essence lies in translating individual mechanical demands into computable and controllable 

structural parameters, and in establishing a stable multiscale mapping from microstructural 

geometry to macroscopic behavioral outcomes through systematic validation. This principle applies 

equally to a broader class of biomechanical devices, including prosthetic footplates, ankle–foot 

orthoses, and lower-limb exoskeletons, all of which fundamentally depend on mechanical 

controllability and individual-specific adaptation[96, 97]. Current approaches in these fields 
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typically rely on limited-dimensional adjustments—such as modifying material stiffness, altering 

global shape, or incorporating mechanical hinges—rendering it difficult to meet the dynamic, multi-

regional, and multi-phase functional requirements inherent to human movement. In contrast, the 

lattice model and optimization framework developed in this study offer an extensible structural 

representation: local mechanical attributes can be directly governed through geometric parameters, 

and structural responses can be precisely matched to an individual’s gait characteristics. This 

capability enables higher functional specificity and greater adaptability across user populations. The 

multiscale experimental validation further suggests that lattice architectures, beyond demonstrating 

stable and predictable regulatory behavior in footwear, hold promise for translation into more 

complex movement or rehabilitation scenarios. As a form of functionally programmable material, 

lattice structures transcend the intrinsic limitations of conventional materials, shifting equipment 

design away from isolated structural adjustments toward system-level control of movement. With 

continued advances in personalized scanning, real-time gait monitoring, and intelligent 

manufacturing, such architectures may become foundational elements of next-generation wearable 

systems—capable of autonomously adapting and actively regulating performance based on human 

biomechanical dynamics. In this sense, footwear design is transitioning from a traditional materials-

centric paradigm toward a structurally oriented, dynamically informed era of intelligent 

performance. The structural logic developed here is poised to influence a much broader landscape 

within sports science and rehabilitation engineering. 
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4.5 Limitations 

Despite presenting a relatively comprehensive framework for parametric lattice–footwear design, 

and achieving a coherent integration of structural modeling, finite-element analysis, dynamic gait 

validation, and multi-objective optimization, it remains necessary from a scientific perspective to 

acknowledge several limitations of this study. These limitations relate to the characteristics of the 

research participants, the constraints of the experimental design, the simplifying assumptions 

underlying the computational models, the materials and fabrication methods employed, and the 

overall scope of the methodological framework. 

The experimental wearable validation phase relied on an in-depth single-participant case study 

(HM), while subject-specific modeling and optimization were performed across three participants. 

Although this design expands computational generalizability, the limited experimental sample size 

naturally constrains statistical inference. Foot biomechanics vary substantially across individuals, 

factors such as arch height, soft-tissue thickness, joint compliance, body-mass index, gait strategy, 

and neuromuscular control can all influence plantar-pressure patterns and lower-limb kinetic 

behavior. Yet under the requirement to maintain tight control of experimental variables and to 

preserve the integrity of the modeling–simulation–optimization–validation loop, a case-based 

approach offers unusually clean observational conditions. In contrast to large-sample studies where 

behavioral heterogeneity and gait variability often obscure underlying mechanisms, the single-

participant design reduces noise stemming from inter-individual differences and allows the 

mechanical regulation pathways of the lattice structure to emerge with greater clarity. In this sense, 

although the sample size is limited, the value of the study does not lie in statistical inference. Rather, 

it resides in demonstrating how individual-level structural response mechanisms manifest 

consistently across geometric parameters, foot mechanics, and gait outcomes. This provides a 

verifiable conceptual foundation for future efforts aimed at personalized, structure-driven design. 

Although the finite-element model used in this study was validated through material testing, 

parameter calibration, mesh convergence analysis, and comparisons with plantar-pressure 

measurements, it inevitably incorporates a number of simplifying assumptions. The soft tissues of 

the plantar region were modeled as homogeneous, isotropic, and time-independent; the plantar 

fascia was represented in a reduced form; and the modeling of inter-bone articulation, cartilage 

friction, and ligamentous constraints did not fully reflect anatomical detail. As a result, the model 

remains an approximation rather than a complete physiological replica, particularly when describing 

localized stress peaks, deep-tissue loading, or fine-scale behavior under complex boundary 

conditions. It is important to emphasize that such simplifications are not specific to this study but 

are characteristic of foot finite-element modeling more broadly. The foot is an inherently complex, 

multi-tissue, multi-material, and multi-joint system. Attempting to reconstruct every biomechanical 
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feature within a single model would dramatically increase dimensionality and computational cost, 

while also complicating parameter identification, numerical stability, and the interpretability of 

outcomes. In fact, most published foot FE studies adopt a comparable level of abstraction and tissue 

simplification, reflecting a consensus that, in engineering and biomechanical applications, the 

primary aim is not absolute physiological fidelity but rather the accurate capture of key mechanical 

mechanisms within a reasonable margin of precision[98, 99]. Despite its simplifications, the model 

developed in this study reproduced experimental trends in overall pressure distribution, regional 

loading differences, and the relative effects of structural modulation. This agreement suggests that 

the abstractions did not compromise its utility for mechanism analysis or structural optimization. 

From a methodological perspective, the modeling strategy should therefore be viewed as a 

pragmatic balance among problem complexity, computational feasibility, and research objectives. 

As advances in soft-tissue constitutive modeling, individualized imaging, and high-performance 

computing continue, the level of anatomical detail in foot FE models will undoubtedly increase. Yet 

for the present study’s focus on structural regulation mechanisms and personalized optimization, 

the adopted modeling fidelity is sufficient to provide reliable, interpretable, and experimentally 

verifiable mechanical insight. 

It should be noted that although the TPU 95A material used in this study is suitable for fabricating 

experimental midsole prototypes, its long-term service performance has not yet been systematically 

evaluated. Lattice architectures consist of slender struts and internal cavities, and in real-world use 

they must withstand high-frequency cyclic loading and complex gait conditions. Over extended 

periods of operation, phenomena such as material fatigue, shifts in buckling behavior, micro-crack 

initiation and growth, and accumulated damage at nodal connections may arise, ultimately leading 

to gradual reductions in structural stiffness and energy-absorption capacity. Such forms of 

degradation stem not only from the intrinsic properties of the material but also from common 

challenges faced by 3D-printed footwear research more broadly[100]. The experimental validation 

conducted here focused primarily on short-duration gait tests and limited repetitions of walking, 

which cannot fully capture the high-cycle, long-duration loading typical of everyday use. 

Consequently, any extrapolation to long-term reliability should be made cautiously. Yet this 

material-level limitation does not undermine the generality of the methodological framework 

proposed in this study. In the present context, TPU 95A serves as a manufacturable, testable, and 

reproducible structural carrier whose primary function is to realize the geometric expression and 

structural degrees of freedom required for parametric lattice design, rather than to dictate the success 

of the method itself. The framework centers on structural programmability, and its effectiveness 

arises from the ability of geometric parameters to regulate functional performance, rather than from 

the inherent qualities of any particular material. In fact, the replaceability of the material is one of 
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the strengths of the approach. As higher-performance materials become available, such as E-TPU 

with improved rebound properties, multi-phase elastomers with extended fatigue life, flexible 

thermosets with specialized response characteristics, and even programmable materials capable of 

time-varying stiffness[101, 102], the functional space of lattice structures will continue to expand. 

These materials promise not only greater energy return, fatigue resistance, and buckling stability, 

but also finer control and broader dynamic range in structural modulation. At the same time, 

advances in multi-material 3D printing will make it possible to combine soft and stiff phases, create 

continuous material gradients, and integrate responsive materials within a single midsole. Such 

capabilities offer a powerful technical platform for exploring more complex cross-regional 

mechanical interactions and multidimensional functional regulation. 

The scope of the experimental scenarios and evaluation metrics adopted in this study also constitutes 

a surface-level limitation. The validation focused primarily on steady walking, a highly controllable 

task, and did not include more demanding activities such as running, abrupt stopping and turning, 

incline or decline locomotion, or traversal of irregular terrain. Similarly, the assessment metrics 

were restricted to mechanical quantities such as plantar pressure, joint kinematics, and gait dynamics, 

without consideration of higher-level physiological and behavioral indicators including metabolic 

cost, long-term comfort, muscle fatigue patterns, or injury risk. From the standpoint of 

comprehensiveness, these restrictions indeed limit the extent to which the performance of lattice 

structures can be extrapolated to more realistic and complex movement contexts. However, much 

like the simplifications inherent in materials selection and modeling assumptions, the constrained 

experimental scope should be understood as a necessary and rational abstraction during the early 

stages of methodological development. Steady walking, with its strong controllability, high 

repeatability, and minimal inter-individual variability, provides a clean environment in which gait-

chain alterations induced by structural modulation can be identified and attributed with greater 

confidence. Likewise, focusing on core mechanical indicators allows the structure–function 

mapping and the optimization framework to be validated at their most direct and interpretable levels. 

In this sense, the objective of the present work is not to exhaust all possible application scenarios 

but to verify the feasibility of the fundamental mechanism—structure-driven regulation—and to 

establish a theoretical and methodological foundation that can be extended. As future experiments 

incorporate multi-scenario, multi-intensity, multi-terrain, and even fatigue-state gait conditions, the 

regulatory behavior of lattice structures across diverse contexts will become increasingly 

informative. The structure–gait coupling model, dynamic target-setting strategy, and multi-objective 

optimization procedures developed in this study provide an initial methodological platform for such 

expansion. Viewed in this way, the current “limitations” do not reflect shortcomings in the capability 

of the approach, but rather represent the foundational theoretical and experimental layer required 
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before moving into more complex locomotor ecologies. Building on this foundation, subsequent 

research will be able to explore, in a more systematic manner, the performance and adaptation 

mechanisms of lattice structures across a wide range of movement environments. 

In summary, this study does present several limitations related to sample size, modeling assumptions, 

material durability, and the specificity of the experimental conditions. These limitations, however, 

arise largely from the level of abstraction and methodological choices required when studying foot 

biomechanics as a complex system, rather than from shortcomings in the approach itself. Given 

current technological and methodological constraints, any attempt to fully reconstruct the multi-

tissue, multi-material and multi-joint physiology of the foot, or to design experiments encompassing 

the full spectrum of human movement, would inevitably encounter an unmanageable space of 

variables and substantial interpretive noise. The present work instead advances along a controlled, 

verifiable and traceable path. This strategy allows structural parameterization, mechanical 

prediction and gait-driven optimization to operate coherently within a unified framework, and 

enables the functional influence of lattice structures on plantar loading, joint posture and propulsive 

dynamics to be confirmed through experiment. Viewed in this light, the limitations identified here 

should be regarded less as boundaries that restrict the method and more as directions in which future 

work may grow. The concepts introduced in this thesis, including structural programmability, 

dynamic target setting, multiscale validation and multi-objective optimization, hold clear promise 

for extension to larger datasets, more demanding movement tasks, broader material systems and 

models that integrate multiple disciplinary perspectives. As imaging technologies, materials science, 

high-performance computation and intelligent wearable devices continue to advance, the framework 

developed in this study is likely to support applications across a far wider movement ecology. It 

may ultimately contribute to a shift in footwear design from localized structural adjustments toward 

a genuinely systemic, biomechanics-informed and individualized era of intelligent performance. 
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5 Conclusions and future works 

5.1 Main Research Conclusions 

This dissertation centers on parametric lattice architectures and establishes an integrated research 

framework that spans midsole structural design, numerical simulation and dynamic validation. The 

analysis focuses on three core functional demands of gait—cushioning, stability and propulsion. 

The main conclusions are as follows: 

(1) The multidimensional parametric lattice system covers a broad mechanical spectrum ranging 

from compliant energy absorption to high-stiffness support. 

Through systematic modulation of geometric parameters, including topology type, strut thickness, 

porosity, unit-cell scale and orientation, the lattice structures exhibit continuously tunable 

mechanical responses and enable pronounced functional differentiation within a single material 

system. The finite-element simulations align closely with existing experimental evidence, 

demonstrating that the system reliably and accurately maps microstructural geometry to 

macroscopic mechanical behavior. 

(2) The region-specific lattice midsole, designed for gait tasks, enables coordinated regulation 

across both regions and gait phases. 

The lattice configurations in the rearfoot, arch and forefoot perform distinct mechanical roles 

throughout the gait cycle. Rearfoot energy absorption, arch postural modulation, lateral midfoot 

constraint and forefoot propulsion enhancement act in sequence and are linked through force-chain 

transmission, forming a continuous and coordinated mechanism. The midsole therefore functions 

not as an assembly of isolated components but as a structurally programmable system that 

participates in the mechanical execution of the entire gait process. 

(3) Gait-driven multi-objective optimization verifies the feasibility and effectiveness of 

personalized lattice design. 

By integrating finite-element simulation, Gaussian Process Regression surrogate modeling and 

multi-objective Bayesian optimization, this study achieves, for the first time, structural parameter 

search using real gait dynamics as input. The optimal solutions exhibit consistent trends in both 

simulation and experiment, indicating that personalized lattice midsoles can simultaneously 

improve cushioning, stability and propulsion. This demonstrates the advantages of a structure–gait 

coupling approach. 

(4) Multiscale validation confirms that microstructural modulation can be reliably translated into 

macroscopic gait improvement. 

The fabricated prototypes and wear experiments show substantial reductions in rearfoot impact, 

improved arch stability, enhanced toe-off propulsion and clear subjective benefits. These findings 
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collectively demonstrate that geometric tuning at the microstructural level can meaningfully 

influence plantar-pressure distribution, joint kinematics and overall gait behavior, establishing 

lattice structures as an effective strategy for achieving multiscale functional regulation. 

 

5.2 Contributions of This Thesis 

(1) Methodological contribution: establishment of a complete and reusable lattice design framework. 

This study develops an end-to-end workflow that integrates parametric lattice modeling, finite-

element simulation, structure–function mapping, gait-driven multi-objective optimization and 

experimental validation. The framework shifts footwear structural design from empirical parameter 

tuning toward data-driven and model-driven decision making. By combining surrogate modeling 

with Bayesian optimization, it enables efficient exploration of high-dimensional design spaces and 

provides a standardized pathway for implementing structural programmability. 

(2) Theoretical contribution: formulation of the coordinated regulation mechanism of lattice 

structures within the gait kinetic chain. 

The dissertation identifies how lattice architectures exert region-specific yet continuous regulation 

throughout the entire gait cycle. It elucidates how structural parameters in different foot regions 

influence load transfer, postural control and propulsive dynamics, and introduces the concept of a 

“structure–gait coupled regulatory chain.” This mechanism demonstrates that a lattice midsole 

functions not as a local feature but as an integrated participant in dynamic force transmission, 

offering new theoretical insight into the coupling between footwear structures and the human 

locomotor system. 

(3) Engineering contribution: development of a practical design and fabrication scheme for midsoles. 

The thesis implements parametric lattice midsoles through 3D printing and validates their 

performance in real gait conditions, extending the concept of structural programmability from 

simulation into wearable prototypes. The approach exhibits strong scalability and can be adapted to 

athletic footwear, rehabilitative footwear and plantar orthotic devices. It provides an engineering 

framework that supports on-demand manufacturing and personalized functional customization. 

 

5.3 Future Research Directions 

Although this dissertation establishes a relatively complete design framework for parametric lattice 

footwear, the complexity of foot biomechanics and the diversity of movement scenarios indicate 

that many avenues remain open for further investigation. The present study adopted an in-depth 

single-participant case approach, which ensured strong consistency between modeling, simulation 

and experimental validation, but inevitably limits the generalizability of the findings. Future work 
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should involve larger and more representative cohorts encompassing a range of foot morphologies, 

body weights, ages and movement habits. Such studies would help elucidate how lattice structures 

adapt to individual variability and would support the development of a dual-scale design paradigm 

that functions at both the population and individual levels. 

A second direction concerns the finite-element modeling of the foot. In this study, necessary 

engineering simplifications were applied to tissue constitutive behavior, joint contact interactions 

and the representation of muscle forces. Although these abstractions did not impede the 

identification of the primary mechanical mechanisms, future work may progressively incorporate 

more realistic tissue properties and dynamic characteristics. Such enhancements would allow the 

model to approach physiological conditions more closely while remaining computationally tractable, 

thereby improving both the accuracy and interpretability of structure–gait coupling predictions. 

At the material level, substantial opportunities for advancement remain. Although TPU 95A satisfies 

the requirements for prototype fabrication, its fatigue life, buckling stability and long-term 

performance are limited. With the rapid development of multi-material 3D printing, variable-

stiffness elastomers, high-rebound polymers and responsive materials, future research may explore 

strategies that couple material selection with geometric design. Examples include embedding soft–

hard gradients, multiphase compositions or programmable materials within a single lattice. Such 

approaches would allow the midsole to exhibit higher-dimensional mechanical behavior and 

enhance its capacity for energy management under complex gait conditions. 

In terms of structural representation, this dissertation employs parameterized modeling based on 

predefined families of lattice topologies. This approach offers a clear and controllable design space, 

but it also constrains the diversity of attainable structural forms. Future work may incorporate 

topology optimization, TPMS-based architectures and generative geometric modeling to move 

beyond fixed unit types and expand the midsole design into a more continuous and unconstrained 

geometric domain. Such developments would allow finer coordination between small-scale and 

large-scale structural features and enable richer forms of multiscale mechanical regulation. 

The experimental validation in this study focused primarily on steady walking, which offers a clean 

and controlled setting for identifying the dominant structural effects. However, this scope does not 

capture the multidirectional, high-intensity or inherently uncertain conditions characteristic of real-

world movement. Future research should extend the investigation to a broader range of tasks, 

including running, directional changes, incline and decline locomotion, uneven terrain and fatigue-

induced gait alterations, in order to assess the stability and robustness of lattice structures across 

diverse scenarios. With ongoing advances in wearable sensing, mobile motion capture and real-

world data acquisition technologies, it will become increasingly feasible to validate and iteratively 

refine structural optimization strategies within natural movement environments, thereby bringing 
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the integration of modeling and experimentation closer to authentic ecological conditions. 

Finally, as flexible sensors, miniature actuators and variable-stiffness materials continue to advance, 

lattice architectures hold the potential to evolve from static geometric structures into functional 

entities capable of real-time adjustment. Future systems may incorporate a closed-loop interplay 

among structural configuration, sensing and active modulation, allowing footwear to modify local 

stiffness or deformation patterns in response to pressure distribution, movement state or even fatigue 

level. Such developments would represent a substantive step toward truly intelligent structural 

systems. Beyond transforming the design paradigm of footwear itself, this trajectory may also exert 

significant influence on broader domains such as rehabilitation and orthotics, podiatric medicine, 

sports protection and lower-limb exoskeleton technologies. 
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Thesis points 

1st Thesis point: Establishment of a Programmable Parametric Lattice Modeling Framework 

Enabling Multidimensional Control of Footwear Structural Mechanics 

This dissertation introduces a programmable parametric lattice modeling framework tailored for 

footwear applications, in which key structural elements—including unit-cell topology (such as 

honeycomb, re-entrant and rectangular forms), strut thickness, porosity and spatial orientation—are 

unified within a multidimensional geometric design space. This framework enables continuous and 

precise control of lattice morphology and mechanical response, allowing structures generated from 

a single material system to span a wide spectrum of behaviors ranging from compliant energy 

absorption to high-stiffness support. Local adjustments can further be applied to satisfy region-

specific functional requirements. Compared with traditional midsole design approaches that rely 

primarily on material properties or foam-density modulation, the proposed framework shifts the 

basis of mechanical performance from “material-determined” to “geometry-driven.” This transition 

lays the foundation for programmable and functionally tunable footwear structures, offering a more 

versatile and controllable pathway for engineering next-generation midsoles. 

 

 

 

Building on a systematic suite of FE simulations, this study constructs a geometric–mechanical 
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mapping database that covers a broad parameter range and clarifies how different combinations of 

design variables influence structural stiffness, transverse deformation, energy absorption capacity 

and buckling response. The results demonstrate that lattice architectures can achieve predictable and 

continuously adjustable mechanical behaviors through geometric manipulation, exhibiting 

multidimensional, multi-stage and inherently designable mechanical modes. This programmable 

structural system frees the midsole from dependence on inherent material constitutive properties 

and instead enables fine-scale and region-specific performance configuration through geometry 

alone. It establishes a theoretical premise in which “structure defines function,” and forms the 

methodological core for subsequent gait-driven optimization and personalized design. 
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2nd Thesis point: Development of a Region-Specific Lattice Midsole Design Method and 

Establishment of a Clear Coupling Mechanism Between Structural Regulation and Gait Function 

This dissertation proposes and implements a region-specific lattice midsole design method informed 

by functional demands of the gait cycle. The midsole is partitioned into four major regions—rearfoot, 

arch, lateral midfoot and forefoot—each assigned lattice topologies, porosity levels and stiffness 

gradients tailored to its mechanical role. Through spatially continuous transitions and parametric 

geometric representation, the study constructs a “continuous functional chain” spanning the entire 

gait cycle, from initial contact to toe-off. The compliant rearfoot structures absorb impact and reduce 

vertical loading rates; the stiffer, orientation-specific architectures in the arch and lateral midfoot 

regulate medial collapse and coronal-plane posture; and the directionally reinforced forefoot lattices 

enhance plantarflexion torque and propulsive efficiency. More importantly, the work identifies the 

dynamic coupling mechanisms linking these regions. Rearfoot energy absorption alters the 

preparatory state of midfoot posture, midfoot stability directly influences forefoot propulsion 

efficiency and together they form an integrated force-transmission system that operates across 

regions and gait phases. This reveals that midsole design should not be conceived as a simple 

aggregation of local functional components. Instead, it should be understood as a system-level 

regulatory framework organized along the mechanics of the entire gait kinetic chain. The findings 

provide a new theoretical basis for understanding how midsole structures participate in and 

modulate the full gait process. 
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3rd Thesis point: Development of a Dynamic-Gait-Driven Multi-Objective Optimization 

Framework for Personalized Lattice Structures Enabling Automated Functional Coordination 

This dissertation establishes a multi-objective optimization framework for personalized lattice 

structures, driven directly by dynamic gait data. The framework integrates finite-element analysis, 

Gaussian Process Regression surrogate modeling and multi-objective Bayesian optimization into a 

unified system. For the first time, an individual’s foot morphology and gait dynamics are 

incorporated directly into the structural parameter search, enabling simultaneous optimization of 

rearfoot impact attenuation, arch postural stability and forefoot propulsion efficiency. 

 

 

 

The optimization operates in a closed-loop sequence of model solving, surrogate learning, multi-



117 

 

objective exploration and experimental validation. This process efficiently converges toward the 

Pareto front within a high-dimensional parameter space, shifting structural regulation from 

empirical trial-and-error to a computationally guided and automated reasoning procedure. The final 

designs not only exhibit marked improvements in impact reduction, postural control and propulsive 

enhancement in simulation but also successfully transfer to physical prototypes, where their 

performance is confirmed experimentally. 
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4th Thesis point: Systematic Validation of the Biomechanical Benefits of Lattice Footwear at the 

Human Scale and Demonstration of Cross-Scale Structure–Response Mapping 

This dissertation systematically validates the cross-scale effects of lattice structures—from 

microstructural geometric modulation to human-scale movement performance—through plantar-

pressure measurements (PEDAR), ground reaction forces, three-dimensional kinematics and joint-

level dynamics. The experimental results show that the lattice rearfoot effectively reduces localized 

impact during initial contact; the midfoot region maintains a more natural subtalar posture during 

stance and alleviates knee extensor loading; and the forefoot structure enhances plantarflexion 

torque output during toe-off while avoiding excessive local pressures. Subjective evaluations further 

indicate clear advantages in cushioning, arch support and overall comfort when wearing the lattice-

equipped footwear. Together, these findings demonstrate that localized mechanical regulation 

introduced through microstructural geometry can be reliably translated into meaningful 

biomechanical improvements at the human scale, thereby confirming both the effectiveness and the 

transferability of the proposed design framework. 
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5th Thesis point: Demonstration of the Engineering Potential of Parametric Lattice Structures for 

Personalized Footwear, Clinical Orthotics and Performance Enhancement, and Proposal of a 

Generalizable Design–Optimization–Validation Workflow 

This dissertation demonstrates the strong engineering scalability of the proposed parametric lattice 

framework, which can generate individualized structural configurations based on foot morphology, 

plantar-pressure distribution and gait dynamics. The approach is applicable to a wide range of 

scenarios, including personalized athletic footwear, orthotic devices for populations with arch 

collapse or other podiatric conditions, plantar-pressure management for diabetic foot, and 

performance-oriented footwear for competitive sports. The study further establishes a closed-loop 

workflow encompassing structural modeling, mechanical simulation, gait-driven optimization, 3D-

printed fabrication and experimental validation. This workflow shifts structural design from 

experience-based decision making to data-driven automated generation, and supports a transition in 

footwear manufacturing from uniform mass production toward on-demand customization. Beyond 

footwear, the process can be extended to diverse gait-related wearable systems. It also provides a 

practical engineering framework and theoretical foundation for future developments in intelligent 

wearable devices, adaptive footwear and systems capable of real-time gait regulation. 
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