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A B S T R A C T

Fabricating lattice structures with optimal physical, mechanical, and biological properties remains one of the key 
challenges in biomedical engineering. Meta-structures are geometry-driven systems that use structural archi
tecture, often through periodic, hierarchical or graded designs, to achieve mechanical or functional properties 
not typically found in conventional bulk materials. Lattice meta-structures have emerged as a promising 
approach to meet the demanding requirements of biomedical devices, particularly due to their ability to mimic 
the structural and functional characteristics of host tissues. However, conventional meta-structures —composed 
of repeating single unit cells— often fall short in addressing all critical performance criteria. To overcome these 
limitations, hybrid meta-structures —combining two or more repeating architectures—have been developed, 
combining different structural architectures to enhance adaptability and functionality. The present review aims 
to provide a comprehensive overview of the design strategies and biomedical applications of hybrid meta- 
structures. Additionally, it offers insights into current challenges and outlines potential directions for future 
research in this rapidly evolving field.

1. Introduction

Meta-structures are artificially engineered architectures character
ized by specific internal geometries that confer unique physical or me
chanical properties—without altering the chemical composition of the 
base material. Typically designed as lattice systems, these structures 
enable unconventional behaviors not observed in conventional mate
rials. Such attributes have broadened their applications across diverse 
domains, including public safety, aerospace engineering, sensing tech
nologies, and biomedical engineering (Ma et al., 2025; Wang et al., 
2023a; Suhas et al., 2025; Dogan et al., 2020).

Amid the rising demand for advanced health technologies, there is an 
urgent need for innovative design approaches capable of fulfilling 
complex functional requirements. However, fabricating biomedical de
vices that achieve both superior mechanical performance and biological 
compatibility remains a substantial challenge (Wang et al., 2022a; 
Foroughi and Razavi, 2022a; Lu et al., 2020). These requirements often 
conflict. For example, in bone tissue engineering, three-dimensional 

(3D) scaffolds must provide sufficient mechanical strength to with
stand physiological loads while also maintaining high porosity to facil
itate nutrient transport and cell infiltration—creating an inherent 
trade-off between structural strength and permeability. In such sce
narios, the design strategy becomes a pivotal factor in achieving an 
optimal balance (Xu et al., 2024; Zhang et al., 2019).

One promising approach to overcoming these challenges lies in the 
use of meta-structures. While conventional meta-structures—such as re- 
entrant lattices—offer remarkable mechanical properties, they may still 
fall short of meeting the full spectrum of biomedical performance re
quirements (Yarali et al., 2024; Shirzad et al., 2024a). In response, 
hybrid meta-structures have emerged as a novel and adaptable solution. 
These architectures combine two or more distinct structural system
s—either by integrating different meta-structures or by incorporating a 
meta-structure with a conventional design (Fig. 3). This hybridization 
preserves the advantages of traditional lattice configurations while 
introducing greater tunability and functional versatility, making them 
particularly well-suited to the multifaceted demands of biomedical 
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device design (Jin et al., 2020; Wang et al., 2023b; Li et al., 2024a; 
Shirzad et al., 2024b).

The study aims to provide a comprehensive overview of hybrid meta- 
structures, focusing on their design strategies and their applications 
across various subfields of biomedical engineering (Fig. 1). Specifically, 
this paper highlights recent advancements in the implementation of 
hybrid meta-structures and offers a critical perspective on potential 
future research directions.

This review discusses the innovative concept of using hybrid meta- 
structures for biomedical applications and highlights their advantages 
over conventional meta-structure designs. The covered topics include. 

• Application of hybrid meta-structures for bone scaffolds and 
implants

• Application of hybrid meta-structures for mouth, dental, and jaw 
implants

• Application of hybrid meta-structures for interface area
• Application of hybrid meta-structures for stent
• Application of hybrid meta-structures for soft robotics and wearable 

devices
• Other emerging biomedical applications

2. Various designs for fabrication of hybrid meta-structures

Lattice-based meta-structures are widely employed across multiple 
engineering disciplines. Notable application areas include biomedical 
engineering (Shirzad et al., 2023), mechanical engineering (Miao et al., 
2024), aerospace engineering (Khan and Riccio, 2024), and electrical 

engineering (Ma et al., 2025). Due to the varying functional re
quirements in these fields, each application necessitates a tailored 
design strategy to achieve optimal performance. In this review, lattice 
meta-structures are categorized into two primary design methodologies, 
followed by the introduction of a hybrid design approach.

2.1. Surface- and plate-based designs

One of the most common design strategies in meta-structure fabri
cation involves surface- and plate-based architectures. These systems are 
composed of repeating unit cells interconnected by walls or plates, 
forming continuous networks. Plate-based designs can incorporate 
either isotropic or anisotropic architectures, depending on the intended 
application (Fig. 2a) (Tancogne-Dejean et al., 2018). Surface-based de
signs, by contrast, tend to be more geometrically complex. Two notable 
subcategories are kirigami/origami-inspired structures and triply peri
odic minimal surfaces (TPMS) (Fig. 2b and c) (Viet et al., 2022; Qiu 
et al., 2024; Sabahi et al., 2024). These architectures are widely recog
nized for their combination of high strength and lightweight properties, 
making them suitable for applications that require deployability, flexi
bility, or enhanced surface area (Zhang and Paik, 2022; Feng et al., 
2022).

2.2. Rod-based designs

Rod- or truss-based lattice structures constitute another major cate
gory of meta-structures, extensively used across various domains. These 
designs are valued for their high porosity and low density, combined 

Fig. 1. Schematic illustration of the design of hybrid meta-structures and their applications in bone (Liu et al., 2024), dental (Alemayehu et al., 2025), disk (Barri 
et al., 2022), skin (Park et al., 2023), stent (Ghofrani et al., 2024), soft robotics (Pu et al., 2024), wearable devices (Oh et al., 2023), multifunctional applications such 
as interface and drug delivery (Jiang and Li, 2018a).
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with excellent mechanical performance under compressive or tensile 
loads (Fig. 2d). The internal architecture of rod-based lattices can be 
precisely engineered by adjusting parameters such as strut thickness, 
unit cell topology, and rod cross-sectional geometry to achieve targeted 
physical and mechanical properties (Shirzad et al., 2020; Wang et al., 
2021a).

A particularly noteworthy subgroup within this category is the 
auxetic meta-structure, which exhibits a negative Poisson’s ratio 
(NPR)—a characteristic that leads to lateral expansion under tensile 

loading (Fig. 2e). This counterintuitive mechanical behavior results in 
enhanced energy absorption, indentation resistance, and deformation 
tunability, making auxetic lattices especially appealing for biomedical 
and protective applications (Shirzad et al., 2022, 2024a; Hedayati et al., 
2023; Montgomery-Liljeroth et al., 2023). For instance, auxetic lattices 
can be utilized in stent designs requiring circumferential expansion—an 
essential feature for proper deployment. Additionally, their tunable 
auxetic behavior allows them to mimic the high auxeticity observed in 
tendon tissues or the lower auxetic response characteristic of cancellous 

Fig. 2. Various meta-structure designs (Tancogne-Dejean et al., 2018). (a) Isotropic and anisotropic plate-based design and (b) TPMS design (Viet et al., 2022). (c) 
Step-by-step design of a kirigami structure (Zhang and Paik, 2022). (d) 3D truss or rod-based lattice structures (Tancogne-Dejean and Mohr, 2018). (e) Concept of 
auxetic designs with three conventional auxetic structures (Zhang et al., 2025a).
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bone (Shirzad et al., 2023; Gatt et al., 2015; Hasanzadeh et al., 2025).

2.3. Hybrid meta-structures

Hybrid meta-structures refer to architectures that combine at least 
two distinct structural types—either two different meta-structures or a 
meta-structure integrated with a conventional design, such as a grid- 
based framework. The hybrid design strategy allows for enhanced me
chanical or functional performance by leveraging the unique advantages 
of each component.

The integration can take two primary forms: (1) interpenetrated 
hybrid structures, in which two architectures are combined within the 
same spatial domain, and (2) side-by-side hybrid structures, where 
distinct components are placed adjacent to one another within the 
overall design. These approaches offer flexibility in tuning local and 
global properties, enabling tailored responses under specific loading or 
functional requirements.

It is important to note that in the present study, gradual changes in 
porosity or density using similar base unit cells—commonly referred to 
as gradient structures—are not classified as hybrid meta-structures, as 
they do not involve the combination of structurally distinct 
architectures.

3. Application of hybrid meta-structures for bone scaffolds and 
implants

Developing new biomaterials has long been one of the most critical 
challenges in biomedical engineering, especially in the design of im
plants that can meet complex clinical demands. The emergence of lattice 
structures—particularly lattice-based meta-structures—has significantly 
advanced the fabrication of biocompatible implants with tailored 
physical and mechanical properties (Liu et al., 2024; Shirzad et al., 
2023; Zadpoor, 2020; Giorgio et al., 2021; Saldívar et al., 2025). With 
recent progress in advanced manufacturing techniques, it is now feasible 
to construct increasingly complex architectures, further enhancing the 
performance of biomedical implants (Fig. 3) by better matching the 
mechanical properties of host tissue and promoting cell adhesion and 
proliferation at the implantation site. In this context, hybrid 
meta-structures have been introduced to improve mechanical, physical, 
and biological characteristics (Ma et al., 2025).

One of the foremost benefits of hybrid meta-structures is the 
enhancement of mechanical performance. This improvement can be 
achieved by combining various structural designs. For example, Kang 
et al. (2025) proposed a hybrid scaffold that incorporated and modified 
both auxetic and conventional honeycomb structures, using biocom
patible materials to enhance mechanical behavior. The hybrid approach 
allowed for improved control over Poisson’s ratio and transverse 
deformation, which in turn optimized auxeticity and strengthened me
chanical resilience. Moreover, hybridization offers a wider range of 
mechanical tunability than single-architecture designs (Fig. 4a) (Ding 
et al., 2021; Zhang et al., 2025b; Wang et al., 2017; Bobbert et al., 2020; 
Xiong et al., 2020a; Shirzad et al., 2021; Distefano et al., 2023; Ozdemir 
et al., 2023). Complex hybrid configurations can also significantly boost 
energy absorption capacity. For instance, dynamic loading conditions 
can be better managed through hierarchical hybrid structures such as 
TPMS-Voronoi tessellations (Fig. 4b), whose multi-level design inher
ently enhances load-bearing capability from multiple perspectives (Mu 
et al., 2023).

In addition to improving mechanical behavior, hybrid meta- 
structures can help mitigate stress shielding, thereby extending 
implant longevity (Wojnicz et al., 2021). Stress shielding arises when an 
implant bears a disproportionate share of mechanical load, leading to 
decreased stress in the surrounding bone tissue. This imbalance reduces 
bone cell activity and may result in bone resorption over time (Kök et al., 
2025; Jafari Chashmi et al., 2020). Although conventional 
meta-structures can help alleviate stress shielding, they sometimes do so 
at the expense of yield strength. Hybrid designs can help balance these 
competing requirements by offering programmable mechanical re
sponses tailored to specific anatomical or clinical scenarios (Chen et al., 
2022; Zeng et al., 2023). This approach enables the fabrication of 
patient-specific implants by employing auxetic designs in regions 
requiring lower mechanical properties and conventional structures 
where higher strength is needed. As a result, stress shielding can be 
effectively controlled, and the implant–bone contact is improved, 
potentially reducing the risk of implant loosening and promoting an 
osseointegration-friendly environment (Fig. 4c) (Rana et al., 2023; 
Kolken et al., 2018). Osseointegration, the process by which bone tissue 
integrates with the implant surface, is a key determinant of the device’s 
long-term success. Its efficiency can be influenced by structural design 
parameters (Jain and Ghosh, 2024; Zhang et al., 2025c).

Fig. 3. Fabrication of hybrid meta-structures to meet the requirements of an appropriate bone tissue scaffolds (Shirzad et al., 2024a).
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While mechanical properties are crucial, mass transport character
istics are equally important in bone tissue engineering. Scaffolds must 
function as three-dimensional frameworks that not only support me
chanical loads but also promote fluid and nutrient transport to facilitate 

bone regeneration (Fig. 4d) (Li et al., 2024a; Peng et al., 2023; Foroughi 
and Razavi, 2022b). Hybrid meta-structures offer a promising solution 
to the inherent conflict between structural strength and permeability. 
Their geometrical versatility enables them to minimize stress 

Fig. 4. Designing various hybrid meta-structures for bone-implanted medical devices and different applications. (a–b) Hybrid TPMS structures for enhancing me
chanical properties (Ding et al., 2021; Mu et al., 2023). (c) Implementing hybridization to improve osseointegration in the surrounding bone (Kolken et al., 2018). 
(d–e) hybridization and bio-inspiration strategy for fabrication of multi-objective scaffolds with superior permeability and wall shear stress (Wang et al., 2022b; Chen 
et al., 2024). (f) Role of hybrid meta-structures in cell viability in scaffolds (Yu et al., 2023).
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concentrations and manage deformation effectively, ensuring robust 
mechanical behavior while maintaining sufficient porosity for biological 
function (Shirzad et al., 2024a; Li et al., 2021a, 2024a; Wang et al., 
2022b; Garner et al., 2019).

Another key parameter is wall shear stress, which is influenced by 
the fluid flow through the porous scaffold. Optimizing this shear 
stress—ideally below 30 mPa—can promote cell attachment, growth, 
and differentiation. However, permeability, mechanical properties, and 

shear stress are interdependent and must be optimized together (Chen 
et al., 2024; Xiong et al., 2024). Chen et al. (2024) introduced a 
bamboo-inspired hybrid meta-structure—combining auxetic designs 
with 3D truss-based architectures—to achieve a balance between me
chanical performance and fluid characteristics in titanium implants. 
Their design demonstrated mechanical properties comparable to those 
of natural cortical bone (elastic modulus: 17–22 GPa; yield stress: 
120–160 MPa), while maintaining high fluid permeability. This synergy 

Fig. 5. (a) Using hybrid TPMS structures for dental implants to control stress shielding and improve load-bearing behavior (Alemayehu et al., 2025). (b) Bone 
regeneration and in-vivo study of using hybrid meta-structures for mandibular application (Ma et al., 2023a). (c) Bioinspired meta-structure with shape-matching 
behavior for mouth implants (Lee et al., 2024).
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of mechanical and fluid properties can help reduce stress shielding and 
facilitate deep cell migration within the scaffold (Fig. 4e). It is worth 
noting that while conventional auxetic structures are inherently highly 
permeable, hybridization with truss elements offers enhanced control 
over mechanical performance.

Ultimately, the goal of any scaffold is to create an environment 
conducive to bone cell adhesion, proliferation, and regeneration. While 
single-unit cell architectures can achieve either mechanical or biological 
targets, multi-objective designs require hybrid architectures. Re
searchers have successfully combined rod- and surface-based structures 
to simultaneously improve mechanical performance and cell viability 
(Özeren and Altan, 2020; Yu et al., 2023; Choi et al., 2025). Fig. 4f il
lustrates how the integration of various meta-structures enables the 
design of multifunctional scaffolds. By employing hierarchical archi
tectures—such as primitive, diamond, gyroid, and I-graph-wrapped 
structures—it is possible to achieve mechanical properties within the 
range of natural bone, with a 73.7 % increase in yield strength compared 
to mono-structure scaffolds. Additionally, the hierarchical porosity in 
these hybrid designs allows for tunable permeability, which can enhance 
cell growth rates compared to simple designs (Yu et al., 2023). Addi
tional studies have explored heterogeneous architectures (Garner et al., 
2022), isotropic structures (Zhang et al., 2024a), and strategies to 
maximize surface area for enhanced biological interaction, further 
demonstrating the broad potential of hybrid meta-structures in bone 
tissue engineering (Zhang et al., 2021a).

4. Application of hybrid meta-structures for mouth, dental, and 
jaw implants

In modern society, where facial aesthetics and oral health are closely 
linked to self-confidence and overall well-being, the demand for dental 
and jaw implants has significantly increased. This growing demand has 
driven continuous advancements in biomaterials and fabrication tech
nologies (Jiang et al., 2020; Saghiri et al., 2021). However, the devel
opment of long-lasting, biocompatible implants for such delicate and 
mechanically active regions remains a significant challenge (Oladapo 
et al., 2022).

One of the key concerns in this area is the stress shielding effect, 
particularly in dental and jaw implants. This phenomenon arises from 
the mechanical mismatch between the implant material and the sur
rounding host tissue. Tough, high-stiffness materials—primarily metal
s—are commonly used to withstand continuous static and dynamic loads 
in the oral environment (Xiong et al., 2020b; Xu et al., 2022). However, 
these materials often cause uneven load distribution, leading to bone 
resorption over time. To address this issue, researchers have explored 
topology optimization and novel structural designs (Xu et al., 2022; 
Ouldyerou et al., 2022).

In this context, hybrid meta-structures (Fig. 5a) have been proposed 
as a promising solution. These architectures are designed to simulta
neously withstand external loading, reduce stress shielding, and pro
mote osseointegration—all of which are critical for successful implant 
function (Alemayehu et al., 2025; Yang et al., 2022; Zhai et al., 2023). 
Hybrid structures can facilitate bone regeneration at the implant site, 
enhancing osseointegration and ensuring a durable connection between 
the jawbone and the implant (Kalia et al., 2024; Mehboob et al., 2022; 
Zhang et al., 2024b). One of most important characteristics of these 
structures is the balancing between bending and buckling in porous 
designs, along with optimized stress distribution, making them an 
appropriate choice for jaw implants (Zhang et al., 2024b).

Beyond their mechanical advantages, hybrid meta-structures also 
enhance the biological performance of dental implants (Kök et al., 2025; 
Obaton et al., 2017). For example, Obaton et al. demonstrated that 
dental implants with varying lattice cell sizes could increase bone 
penetration by approximately 30 %, underlining the value of structural 
heterogeneity in optimizing bone–implant interactions (Obaton et al., 
2017). Importantly, this effect is not limited to traditional dental 

implants. The versatility of hybrid designs enables their use in broader 
applications—such as jaw and oral implants—to achieve 
multi-functional performance.

All the aforementioned challenges—mechanical performance, stress 
shielding, and osseointegration—are also critical in the context of jaw 
and mouth implants. Due to the frequent use of metallic or high-stiffness 
materials in these regions, achieving a balance between mechanical and 
biological performance is essential. To address this, hybrid meta- 
structures have been explored as a promising design strategy to recon
cile these competing requirements.

Such hybridization strategies may involve, for example, integrating 
conventional hexagonal architectures with 3D rod-based elements (Peng 
et al., 2021) or combining different lattice configurations within a 
spherical geometry to match complex anatomical features (Kilina et al., 
2024). These studies aim to develop optimized pore architectures that 
simultaneously deliver high mechanical stability and enhanced biolog
ical compatibility (Peng et al., 2021; Zhang et al., 2024c; Senhora et al., 
2022; Van Kootwijk et al., 2022). Importantly, bone regeneration plays 
an even more prominent role in jaw and mouth implants due to its direct 
impact on aesthetic outcomes (Ma et al., 2023a) (Fig. 5b) As a result, the 
structural design must not only ensure mechanical integration but also 
support effective biological remodeling.

Additionally, the fabrication of multiscale, adaptable three- 
dimensional structures is crucial for mouth and jaw implants. These 
anatomical regions are characterized by complex geometries and het
erogeneous physical and mechanical properties, making implant design 
particularly challenging. Therefore, the development of multi-functional 
implants with tunable properties that can closely mimic the native tissue 
environment is highly desirable (Senhora et al., 2022; Lee et al., 2024). 
For instance, Lee et al. (2024) designed a bioinspired structure that 
combines octopus-like suction features with an auxetic lattice design. 
This hybrid architecture serves two primary purposes. First, the 
flare-shaped suction cap, inspired by octopus tentacles, enhances 
adhesion in the moist oral environment. Second, the auxetic component, 
with its negative Poisson’s ratio, enables better conformity to the com
plex, deformable structure of the mouth (Fig. 5c). This hybrid structure 
can be applied as an oral prosthetic device on the irregular and moist 
surface of palatal tissues. The design exemplifies how bioinspiration 
combined with hybrid meta-structures can be leveraged to address the 
unique functional requirements of oral and maxillofacial implants.

5. Application of hybrid meta-structures for interface area

The human body contains numerous biological interface regions that 
exhibit complex transitional structures. These interfaces have evolved 
over thousands of years to facilitate gradual transitions from soft to hard 
tissues, providing mechanical continuity and biological function. Some 
of the most critical interface areas include. 

• tendo-to-bone (Zhu et al., 2021),
• ligament-to-bone (Zhu et al., 2025),
• muscle-to-tendon (Narayanan and Calve, 2021),
• cartilage-to-bone (Khajehmohammadi et al., 2023),
• enamel-to-dentin (Sui et al., 2016),
• cancellous-to-cortical bone transition (Li et al., 2021a).

Due to their intricate hierarchical architectures and mechanical 
gradients, these interface zones are highly vulnerable to injury. A deep 
understanding of their biomechanics, combined with precise implant 
design, can significantly reduce patient recovery time and support 
earlier return to normal function (Apostolakos et al., 2014; Baldino 
et al., 2016).

One of the most studied interface areas is the enthesis, or the tendon- 
to-bone junction, which must withstand high loads while minimizing 
stress concentrations. Designing implants that can replicate this func
tionality is challenging. A promising strategy involves modifying TPMS- 
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based structures by integrating them with randomly distributed particles 
designs. For example, combining gyroid structures with randomly 
distributed particles in the transition zone between soft and hard regions 
can help control strain concentrations and enable smoother changes in 
the modulus profile compared to single porous structures (Fig. 6a) 
(Saldívar et al., 2023). This approach can also be extended to 
ligament-to-bone interfaces, where similar soft-to-hard tissue transitions 
exist (Laurent et al., 2018).

Another critical interface is the cartilage-to-bone region, which is 
frequently damaged and exhibits low intrinsic healing capacity. Native 
cartilage exhibits a multi-zonal structure, and effective biomimicry re
quires scaffolds that replicate this organization (Han et al., 2021). A 
viable strategy is to design zonal hybrid architectures that mimic the 
biochemical and mechanical gradients of this interface (Fig. 6b) 
(Vijayavenkataraman et al., 2018). These scaffolds can be further 
enhanced by spatially controlled cell placement within mechanically 
supportive matrices, thereby achieving both biological fidelity and 
mechanical robustness (Golebiowska and Nukavarapu, 2022).

A particularly promising application of hybrid meta-structures is in 
cancellous-to-cortical bone interfaces, where multi-level energy ab
sorption and anisotropic mechanical behavior are essential. Studies have 
demonstrated that hybrid architectures significantly enhance the energy 
absorption capacity of scaffolds in these regions due to their multi- 
morphology and hierarchical design (Li et al., 2021a; Xi et al., 2023; 
Lin et al., 2025; Zhang et al., 2023a; Surmeneva et al., 2017; Ma et al., 
2020). As shown in Fig. 6c, during compressive loading, such scaffolds 
exhibit increasing strain-dependent energy absorption, which can help 
dissipate forces and protect surrounding tissues. Another critical feature 
of bone is anisotropy, which can be effectively mimicked through hybrid 
meta-structures. Reproducing this directional mechanical behavior fa
cilitates the development of patient-specific implants, improves load 
distribution, and reduces complications such as stress shielding (Ma 
et al., 2020; Khaleghi et al., 2021; Sh Sufiiarov et al., 2021; Gao et al., 
2024).

Looking toward advanced strategies, four-dimensional (4D) prin
ting—which enables time-dependent shape transformation—can be 

Fig. 6. (a) Fabrication of various structures for (a) tendon-to-bone (Saldívar et al., 2023), (b) cartilage-to-bone (Vijayavenkataraman et al., 2018), (c) 
cancellous-to-cortical bone area (Xi et al., 2023). (d) Using the 4D printing method to recover the original shape of a porous structure for an interface problem (Sang 
et al., 2023). (e) Application of interface design for soft-to-soft tissue interaction (Warner et al., 2017).
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integrated with hybrid meta-structures to develop dynamic, multi- 
functional interface implants. For example, structures deformed dur
ing insertion can recover their original shape post-implantation, 
enhancing adaptability and functionality (Fig. 6d) (Sang et al., 2023, 
2024).

Finally, hybrid meta-structures are also promising in non-bony in
terfaces, such as tendon-to-muscle junctions and more anatomically 
complex regions like the pelvis. These areas involve the interaction of 
two soft tissues or heterogeneous organs, and benefit greatly from the 
tunable, multi-material capabilities of hybrid meta-structure designs 
(Fig. 6e) (Warner et al., 2017; Li et al., 2024b). Designing hybrid 
structures for the interface area can not only mimic the mechanical 
properties of various tissues but also offer the ability to tailor physical 
properties such as porosity and Poisson’s ratio (Warner et al., 2017).

6. Application of hybrid meta-structures for stent

In today’s increasingly sedentary lifestyle, coronary artery disease 
remains one of the leading causes of mortality. This condition results 
from the buildup of plaques—composed of fats and cholesterol—along 
the inner walls of arteries, leading to narrowed vascular pathways and 
impaired blood flow (Gupta and Meena, 2023; Messeder et al., 2024). In 
response, biomedical engineering has advanced significantly in devel
oping artificial vascular implants, including stents, to treat these 
occlusive conditions.

Stents are cylindrical devices, often designed to be expandable, that 
restore and maintain blood flow through narrowed or blocked vessels. 
To perform effectively, stents must possess a unique combination of 
mechanical strength, flexibility, and radial support to maintain vessel 
patency while avoiding damage to the surrounding tissue (Ahadi et al., 
2023; Feng et al., 2024).

One major challenge in stent design is restenosis—the re-narrowing 

Fig. 7. (a) Integrating different structures to make appropriate physical and mechanical properties (Zamani et al., 2023). (b) Application of hybrid meta-structures 
for covering a wide range of properties (Ebrahimi et al., 2023). (c) Fabrication of patient-specific stent with hybrid meta-structures (van Manen et al., 2021). (d) 
Using the 4D printing method to apply shape recovery properties to hybrid meta-structures (Lin et al., 2023).
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of the treated vessel—which may result from non-uniform expansion or 
mechanical recoil under physiological loading (Kumar and Bhatnagar, 
2021). To address this, researchers have employed auxetic meta-
structures—which exhibit a negative Poisson’s ratio (NPR)—to ensure 
radial expansion under tensile loads. However, while auxetic behavior 
enhances circumferential expansion, it often compromises overall me
chanical integrity. In this regard, hybrid meta-structures have emerged 
as a solution that balances transverse flexibility with mechanical 
robustness (Fig. 7a) (Ghofrani et al., 2024; Yasmin et al., 2025).

Hybrid meta-structures also help mitigate common stent deployment 
issues such as dogboning (bulging at the ends) and foreshortening 
(reduction in length upon expansion) by integrating unit cell designs 
with differing mechanical responses (Zamani et al., 2023; Abbaslou 
et al., 2023). These structures can outperform conventional auxetic-only 
designs, which often fail to meet the full set of mechanical and func
tional demands required for successful vascular intervention.

Beyond managing dogboning, stents must withstand multi-axial 
mechanical loads, including tension, compression, torsion, and bend
ing—all of which occur simultaneously in the dynamic vascular envi
ronment (Feng et al., 2024; Xiao et al., 2023; Zhang et al., 2021b; Wu 
et al., 2018; Zhou et al., 2024; Asadi et al., 2023). These properties must 
also be coupled with high energy absorption to withstand pulsatile blood 
flow without failure (Hamzehei et al., 2020). Notably, increasing aux
eticity often leads to reduced structural strength. Hybrid 
meta-structures, however, allow designers to overcome this trade-off by 
selectively tuning architecture to optimize both properties simulta
neously. Nevertheless, excessive mechanical stiffness may lead to 
adverse effects, such as vessel wall damage or imprinting on arterial 
tissue (Erdogus and Yunus, 2024). Meta-hybrid designs (Fig. 7b) provide 
fine control over both structural stiffness and deformation behavior, 
allowing for tailored performance depending on clinical need (Erdogus 
and Yunus, 2024; Ebrahimi et al., 2023).

Beyond mechanical performance, hybrid meta-structures enable the 
customization of patient-specific stents. The human vascular system 
comprises arteries, veins, and capillaries with a wide range of diameters, 
geometries, and compliance profiles. Therefore, stents must be tailored 
to individual vascular characteristics to optimize treatment efficacy 
(Fig. 7c). By leveraging hybrid architectures, clinicians and engineers 
can pre-program physical and mechanical properties prior to implan
tation, resulting in personalized vascular implants with enhanced ther
apeutic outcomes (Capelli et al., 2012; van Manen et al., 2021).

Looking to the future, 4D printing—which combines shape trans
formation with additive manufacturing—offers a powerful complement 
to hybrid meta-structure design. For instance, biocompatible and 
biodegradable shape-memory materials can be used to fabricate self- 
expanding stents triggered by body temperature. Such designs elimi
nate the need for secondary procedures to retrieve temporary implants 
(e.g., intestinal stents), thereby reducing procedural risks and improving 
patient comfort (Fig. 7d) (Lin et al., 2023).

7. Application of hybrid meta-structures for soft robotics and 
wearable devices

Over the past decades, robotics has become increasingly important in 
biomedical engineering. More recently, the integration of soft materials 
into robotic systems has given rise to soft robotics, enabling direct 
interaction with the human body in applications such as rehabilitation, 
assistance devices, and even artificial limbs or organs (Cianchetti et al., 
2018; Hann et al., 2020; Wang et al., 2020). To effectively mimic human 
tissue, soft robotic devices must exhibit biocompatibility, mechanical 
adaptability, and programmable deformation behavior (Cianchetti 
et al., 2018).

One key requirement for soft robotics is the ability to self-deploy, 
transitioning from a compact to a functional configuration to emulate 
biological movement. However, conventional soft structures often lack 
adequate control over deformation and recovery. To address this, hybrid 

meta-structures have been introduced as a promising design strategy to 
tune mechanical and functional properties (An et al., 2020a; Li et al., 
2021b; Dudek et al., 2022). While enabling deformation is essential, it 
can also compromise mechanical integrity. Thus, achieving the right 
balance between deformability and mechanical performance is crucial 
(Ma et al., 2023b; Wang et al., 2021b; Dong et al., 2022). For instance, 
Tang and Yin combined kirigami and auxetic structures to develop soft 
deployable systems with enhanced tensile and compressive properties 
(Tang and Yin, 2017). Their work underscores the importance of inte
grating multiple structural motifs to achieve multifunctional behavior.

All the aforementioned strategies aim to facilitate the biomimicry of 
complex human motions by providing structures with suitable physical 
and mechanical properties. Due to the inherent complexity of human 
movement, especially in joints and soft tissues, this topic has attracted 
widespread research interest. However, conventional structural designs 
are limited in their ability to dynamically adapt to the multidirectional 
and variable-load conditions associated with natural motion (Hu et al., 
2023; Zhang et al., 2023b). For example, a human finger must simul
taneously withstand compressive and tensile forces during bending 
while also maintaining flexibility across multiple degrees of freedom. As 
shown in Fig. 8a and b, the strategic arrangement of two distinct 
meta-structures can enable programmable bending, closely mimicking 
this kind of complex motion (Jin et al., 2020; Pu et al., 2024).

Moreover, controlling and replicating such motions has led to the 
development of grippers with highly stable grasping behavior, which 
can respond to diverse tasks and loading scenarios. In many real-world 
applications, motion is not limited to a single deformation mode but 
involves combinations of twisting, bending, and extension/contraction. 
Designing separate structures to handle each mode independently is not 
practical for soft robotics. In this context, hybrid meta-structures offer a 
compelling solution by enabling multi-mode deformation within a sin
gle, unified architecture (Fig. 8c) (Jin et al., 2020; An et al., 2020b; 
Huang et al., 2022; Hussain et al., 2020; Pan et al., 2020).

Furthermore, researchers have explored additional applications of 
hybrid meta-structures in the field of biomedical soft robotics. One key 
goal in the development of artificial muscles is the reduction of oper
ating voltage, which minimizes the risk of tissue damage during actua
tion. Safaei et al. demonstrated that interpenetrating TPMS-based 
hybrid structures can significantly enhance the performance of dielec
tric elastomer actuators by improving their deformation efficiency and 
mechanical response. Their bioinspired structures allow control over 
permittivity, stiffness, and volume fraction, which are crucial for actu
ation (Safaei et al., 2025).

Moreover, hybrid meta-structures (Fig. 8d) enable the integration of 
diverse actuation mechanisms, such as piezoelectric, conductive, and 
structural elements, within a single framework—offering multiple de
grees of freedom. This multifunctionality is particularly beneficial for 
microrobots, which require compact, lightweight designs capable of 
active sensing, autonomous movement, and cargo delivery within the 
body (Cui et al., 2022).

Another promising application lies in the localized control of 
deformation in 3D architectures. In such designs, each unit cell can be 
independently actuated, allowing for programmable shape changes and 
fine-tuned mechanical responses across the structure (Novelino et al., 
2020). Finally, hybrid meta-structures can replicate the J-shaped 
stress–strain behavior observed in natural soft tissues, making them 
excellent candidates for bio-integrated devices that require nonlinear 
elastic properties to match biological environments (Fig. 8e) (Yan et al., 
2020).

Typically, it is difficult to clearly separate the fields of soft robotics, 
bio-integrated devices, and wearable devices, as they often share similar 
design goals and functional requirements. The use of hybrid structures is 
driven by comparable motivations across these fields. However, the 
present study aims to identify the most critical aspects of employing 
hybrid meta-structures specifically within these application domains.

In wearable devices, the primary motivation for using hybrid meta- 
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structures is to mimic the physical and mechanical properties of bio
logical tissues and to create systems that are self-adaptive for ease of use 
(Fig. 9a) (Yuan et al., 2024). Skin grafting is a particularly relevant topic 
in this context due to the skin’s protective function and its status as the 
largest organ in the human body (Özsoylu et al., 2023; Kim et al., 2023; 
Singh et al., 2022). Because skin is frequently subject to external injury, 
it demands materials and structures that can effectively replicate its 
biomechanical behavior (Özsoylu et al., 2023). Although conventional 

auxetic designs can accommodate expansion under tensile 
loads—mimicking one key property of natural skin—they have limita
tions in addressing the full complexity of skin mechanics.

First of all, multi-degree-of-freedom behavior and the ability to 
switch Poisson’s ratio—which are crucial for restoring the skin’s original 
shape—cannot be achieved through simple designs alone (Fig. 9b). Two 
distinct structural components are typically required to absorb and 
release energy by alternating their deformation phases (Wang et al., 

Fig. 8. (a–b) Programmable and deployable bending with hybrid meta-structure (Jin et al., 2020; Pu et al., 2024). (c) Using different unit cells to possess different 
deformation for a successful grasping (Zhang et al., 2023b). (d) Role of integrated design for enabling various actuation capabilities and multiple degrees of freedom 
(Cui et al., 2022). (e) Application of hybrid meta-structures in bio-integrated devices with mimicking natural tissues (Yan et al., 2020).

M. Shirzad et al.                                                                                                                                                                                                                                European Journal of Mechanics / A Solids 116 (2026) 105878 

11 



2022c). As mentioned earlier, the J-shaped mechanical response is one 
of the outcomes of utilizing hybrid structures. This hybrid design 
concept can also be implemented using wavy architectures to achieve 
high stretchability, enabling the fabrication of soft structures that mimic 
the mechanical properties of biological tissues (Fig. 9c) (Wang et al., 
2023b).

In addition to these fundamental aspects, Hwang et al. investigated 
the long-term application of such sensors and evaluated their comfort 
during various activities. They also demonstrated how hybrid designs 
can improve signal monitoring during motion by optimizing energy 
consumption in hybrid meta-structures. Their novel structure created an 
isotropic region with uniform mechanical properties in all directions, in 
contrast to conventional auxetic designs, which exhibited directional 
variations in both mechanical properties and comfort index (Hwang 
et al., 2023).

The excellent shape-conforming capability of hybrid meta-structures 

extends their applicability beyond basic skin sensors. Their ability to 
conform to complex geometries allows for the transmission of diverse 
spatiotemporal information to users. Notably, these structures can 
convey directional and timing cues during hands-free activities, such as 
navigation or object manipulation in virtual reality environments 
(Fig. 9d and e) (Oh et al., 2023; Khan et al., 2025). It is also worth noting 
that the integration of hybrid meta-structures into virtual reality systems 
may be applied in advanced fields such as remote surgery (Desselle 
et al., 2020).

Beyond skin-related applications, the nonlinear mechanical behavior 
of natural muscle can be emulated using hybrid meta-structures. For 
example, they have been employed in ankle braces to facilitate natural 
knee movement (Fig. 9f) (Pattinson et al., 2019). Lastly, hybrid 
meta-structures have been highlighted in applications such as 
hand-wrist orthoses, which can help prevent muscular atrophy (Badini 
et al., 2023).

Fig. 9. (a) Self-adaptable hybrid meta-structure (Yuan et al., 2024). (b) facilitating the recovery process of the original shape of the wearable device with hybrid 
meta-structures (Wang et al., 2022c). (c) Improving stretchability and mimicking the stress-strain curve of biological tissues with hybrid design (Wang et al., 2023b). 
(d–e) Fitting ability and application of the hybrid meta-structures for virtual reality applications (Oh et al., 2023; Khan et al., 2025). (f) Convenient fitting of hybrid 
structures to a knee and its application in ankle brace (Pattinson et al., 2019).
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8. Other emerging biomedical applications

8.1. Application of hybrid meta-structures for disk implants

The intervertebral disk is a load-bearing tissue located between 
adjacent vertebrae. Its primary function is to absorb shock while 
enabling flexibility in the human spine. Due to the anatomical structure 
of the human body, constant axial compression is the most dominant 
load experienced by the spine. As a result, lumbar disk bulging is a 
common condition that can lead to severe back pain. A novel approach 
to treating such disk disorders is the fabrication of intervertebral disk 
implants with tailored physical and mechanical properties (Barri et al., 
2022; Kanno et al., 2019; Jiang et al., 2023).

As discussed, the physical, mechanical, and biological properties of 
disk implants are critical to their success (Lvov et al., 2023). Jiang et al. 

investigated various mechanical loads that affect disk performance and 
demonstrated that hybrid meta-structures could enhance bending, tor
sion, extension, and flexion properties (Fig. 10a). Moreover, the dy
namic mechanical behavior of the implant was significantly improved 
through hybrid architectures compared to conventional designs (Jiang 
et al., 2023). Hybrid designs also offer advantages such as reduced stress 
shielding (Huo et al., 2024), improved permeability (Han et al., 2024), 
and enhanced cell proliferation (Jiang et al., 2023). These outcomes are 
attributed to precise control over unit cell geometry in hybrid structures, 
allowing for fine-tuning of both physical and mechanical characteristics.

8.2. Application of hybrid meta-structures for drug delivery

Drug delivery scaffolds and implants represent a smart alternative to 
traditional drug formulations by enabling precise spatiotemporal 

Fig. 10. Further applications of the hybrid meta-structures for: (a) intervertebral disk implant (Jiang et al., 2023), (b) drug delivery (Jiang and Li, 2018b), (c) skin 
scaffolds (Jin et al., 2021), and (d) tendon scaffolds (Shirzad et al., 2024b).
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control over the release of therapeutic agents (Calori et al., 2020). 
However, controlling the opening ratio of unit cells under external 
forces presents a major design challenge. Hybrid meta-structures 
address this issue by enabling sequential drug release through the 
integration of two distinct architectures within the same structure 
(Fig. 10b). These architectures can be engineered with different me
chanical and physical properties, allowing independent control over 
drug release profiles (Jiang and Li, 2018b).

8.3. Application of hybrid meta-structures for skin scaffolds

Burn injuries are among the most common injuries experienced by 
individuals. Among the various complications associated with burns, 
damage to the skin is particularly prevalent. Biomimetic scaffolds offer a 
promising strategy to address skin injuries by replicating the mechanical 
behavior of native skin tissue (Gupta et al., 2022). However, these 
scaffolds must exhibit a high degree of stretchability and tunable aux
eticity (Mardling et al., 2020). The auxetic behavior should be adaptable 
to the host tissue environment and must also support cell proliferation. 
One pioneering approach involves a two-layer hybrid scaffold design 
that combines a conventional grid layer with an auxetic layer. In this 
configuration, auxeticity can be modulated by one layer, while the 
smaller grid structure promotes cell attachment and growth (Fig. 10c) 
(Jin et al., 2021). While this multi-layer design may present fabrication 
challenges due to the interdependency of the layers, it holds great po
tential for creating patient-specific skin scaffolds (Jin et al., 2021; Tse
gay et al., 2022; Gupta and Chanda, 2023).

8.4. Application of hybrid meta-structures for tendon scaffolds

Tendons and ligaments are responsible for transferring loads be
tween muscle and bone or between bones. Their hierarchical structure 
enables them to effectively manage loads and dissipate stress across soft- 
to-hard tissue interfaces. Tendon ruptures are particularly common in 
adults, necessitating the development of engineered substitutes that 
mimic the physical and mechanical properties of native tissue to pro
mote healing (Warner et al., 2017; Karathanasopoulos and Al-Ketan, 
2022).

Recent studies have focused on developing bioinspired tendon scaf
folds that replicate the auxetic and mechanical behavior of natural 
tendons. Notably, tendon tissue can exhibit a highly negative Poisson’s 
ratio, reaching values as low as − 3.81 (Gatt et al., 2015). This unique 
property, combined with its load-bearing function, has motivated re
searchers to explore various strategies for tuning mechanical perfor
mance. Hybrid auxetic structures have proven effective in achieving 
negative Poisson’s ratios along with superior static and dynamic tensile 
properties (Fig. 10d). These designs also enhance stress distribution and 
help control bending moments induced by external loads (Shirzad et al., 
2024b).

9. Future directions

This review has explored various biomedical applications of hybrid 
meta-structures, including their integration into implants, scaffolds, soft 
robotics, and wearable devices (Table 1). In this section, potential future 
directions are proposed to guide the continued development of this field. 
As discussed, hybrid meta-structures can enhance the mechanical per
formance of biomedical constructs, with further improvements possible 
through structural modifications aimed at achieving high mechanical 
strength alongside tunable auxeticity (Gao et al., 2021; Etemadi et al., 
2023; Peng and Bargmann, 2021). A promising future strategy involves 
the integration of machine learning (ML) techniques for the predictive 
design and optimization of hybrid meta-structures. ML models can 
accelerate development by reducing both fabrication time and experi
mental costs. While ML approaches require large datasets, this limitation 
can be addressed by leveraging numerical simulations or analytical 

models to generate sufficient training data (Dutta et al., 2024; Sun et al., 
2024; Li et al., 2020; Pahlavani et al., 2024).

In addition to mechanical enhancement, hybrid meta-structures offer 
the potential to mimic the anisotropic, orthogonal, and heterogeneous 
properties of native biological tissues. For instance, tendons exhibit 

Table 1 
Summary of the hybrid meta-structures, applications, and their objectives in 
biomedical engineering.

Structures Applications Research objectives References

TPMS, Voroni, 
plate, and 
auxetic

Bone Enhancement of the 
mechanical 
performance, 
Mechanical 
tunability, 
mitigating stress 
shielding, 
promoting fluid 
transport and tissue 
regeneration

(Kang et al., 2025; Ding 
et al., 2021; Mu et al., 
2023; Kolken et al., 
2018; Wang et al., 
2022b; Chen et al., 
2024; Yu et al., 2023)

TPMS, 
auxetic, 
round, and 
spindle

Mouth, 
dental, and 
jaw

Enhancement of the 
mechanical 
properties, 
promoting 
osseointegration, 
effective biological 
remodeling, and 
self-aligning 
capability

(Alemayehu et al., 
2025; Ma et al., 2023a; 
Lee et al., 2024; Á 
lvarez-Trejo et al., 
2023)

TPMS, 
auxetic, and 
hexagonal

Interface 
area

Preventing crack 
propagation, 
mimicking gradient 
structures, 
biological fidelity, 
increasing strain- 
dependent energy 
absorption

(Saldívar et al., 2023; 
Vijayavenkataraman 
et al., 2018; Xi et al., 
2023; Sang et al., 2023; 
Warner et al., 2017)

Auxetic, 
rectangular

Stent Enabling 
circumferential 
expansion, 
mechanical 
robustness, 
preventing 
dogboning and 
foreshortening, and 
improving patient 
comfort

(Zamani et al., 2023; 
Ebrahimi et al., 2023; 
van Manen et al., 2021; 
Lin et al., 2023)

Auxetic, 
hexagonal, 
origami and 
kirigami, 
and 
diamond

Soft robotics Mimicking complex 
motion, enabling 
multi-mode 
deformation, 
integration of 
diverse actuation 
mechanism, 
replicating complex 
mechanical 
behavior

(Jin et al., 2020; Pu 
et al., 2024; Zhang 
et al., 2023b; Cui et al., 
2022; Yan et al., 2020)

Auxetic, 
rectangular, 
and spindle

Wearable 
devices

Self-adaptive 
structures, switching 
Poisson’s ratio, 
achieving high 
stretchability, 
transmission of 
diverse 
spatiotemporal 
information, and 
rehabilitation

(Wang et al., 2022c, 
2023b; Oh et al., 2023; 
Yuan et al., 2024; Khan 
et al., 2025; Pattinson 
et al., 2019)

Auxetic, 
diamond, 
and 
rectangular

Disk, drug 
delivery, 
skin, and 
tendon

Enhancement of the 
mechanical 
properties, enabling 
sequential drug 
release, promoting 
cells attachment and 
cells growth, 
improving dynamic 
mechanical 
properties

(Shirzad et al., 2024b; 
Jiang et al., 2023; Jiang 
and Li, 2018b; Jin et al., 
2021)
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direction-dependent mechanical behavior, a feature that hybrid archi
tectures can emulate (Gatt et al., 2015; Li et al., 2020; Teng et al., 2023; 
Lyu et al., 2024). Moreover, the hierarchical organization found in many 
soft, hard, and interface tissues (e.g., tendon-to-bone junctions) may be 
replicated through programmable, multi-scale hybrid designs. 
Achieving such hierarchical control remains a significant challenge in 
tissue engineering, but it holds the key to more biomimetic and func
tional implants (Liu et al., 2022; Wang et al., 2023c; Wei et al., 2024; Li 
et al., 2024c; Chen et al., 2025).

Looking toward specific applications, bone screws represent a 
compelling target for hybrid meta-structure integration. Although 
auxetic structures have been explored to improve fixation, they often 
compromise mechanical strength. Hybrid architectures could overcome 
this limitation by balancing auxeticity with enhanced load-bearing 
capability, resulting in more durable bone screws (Yao et al., 2020). 
Another emerging application is in nerve regeneration, where scaffolds 
with negative Poisson’s ratio have shown promise. However, challenges 
related to low mechanical strength and personalization can potentially 
be addressed through advanced hybrid meta-structure designs (Chen 
et al., 2020; Yan et al., 2017).

One of the most intriguing topics, which has received limited 
attention in the literature, is the application of meta-structures for breast 
implants (Zhang et al., 2025d; Wang et al., 2024). Breast implants 
require several essential features, including good thermal conductivity, 
appropriate mechanical properties, and the ability to support person
alized shape reconstruction as fat tissue grows. This multi-objective 
challenge presents a promising direction for the development of 
hybrid meta-structures (Zhang et al., 2025d; Wang et al., 2024; Lee 
et al., 2023).

Additional areas of opportunity include cardiovascular patches 
(Kapnisi et al., 2018; Brazhkina et al., 2021), synclastic-effect skin 
wound dressings (Chow et al., 2022; Tsegay et al., 2023), and esopha
geal scaffolds (Ali et al., 2014), where hybrid structures can provide 
both mechanical compliance and biological functionality.

Finally, hybrid meta-structures also offer new avenues for fluid 
regulation within scaffolds by precisely tuning permeability and wall 
shear stress. Such control can positively influence biological outcomes, 
including cell proliferation and tissue integration (Ali et al., 2020). Dual 
micro-/macro-porosity designs, for example, have been shown to 
enhance cell differentiation and vascularization (Garcia Cruz et al., 
2010; Song et al., 2019). Beyond static implants, these structures may 
also revolutionize wearable devices by enabling efficient energy har
vesting from ambient sources, reducing the need for external charging 
(Song et al., 2019).

10. Conclusion

This review examined the current state of research on hybrid design 
principles and hybrid meta-structures, with a focus on their applications 
in biomedical engineering. It began with an overview of different types 
of meta-structures, followed by a clear definition and classification of 
hybrid meta-structures. Their applications were then discussed across a 
range of biomedical domains, including bone scaffolds, implants, and 
interface regions such as tendon-to-bone attachments. Additionally, it 
discussed how hybridization could enhance the mechanical and bio
logical properties of the implants and scaffolds.

The review also covered applications in oral and maxillofacial 
implants—including mouth, dental, and jaw implants—as well as stents. 
Additionally, the use of hybrid meta-structures in soft robotics and 
wearable biomedical devices was explored. Emerging applications in 
intervertebral disk implants, drug delivery systems, skin scaffolds, and 
tendon scaffolds were also highlighted. Hybrid meta-structures showed 
significant improvements, ranging from preventing crack propagation in 
interfacial tissues to enabling highly negative Poisson’s ratio stents.

Finally, a dedicated section presented future research directions to 
further develop hybrid meta-structures in terms of mechanical 

performance, biomimicry, fabrication strategies, and smart functional
ities. This review aims to support the development of next-generation 
biomedical devices by summarizing current achievements and identi
fying key opportunities for innovation.

CRediT authorship contribution statement

Masoud Shirzad: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Methodology, Investigation, Conceptu
alization. Ali Zolfagharian: Writing – review & editing, Methodology, 
Investigation. Seung Yun Nam: Writing – review & editing, Supervi
sion, Methodology, Investigation. Mahdi Bodaghi: Writing – review & 
editing, Supervision, Methodology, Investigation, Conceptualization.

Data availability statement

Data sharing is not applicable to this review article as no new data 
were created or analyzed in this study.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

This research was supported by 1) the National Research Foundation 
of Korea (NRF) (grant number: NRF-2021R1I1A3040459) funded by the 
Korean government (MOE); 2) the Korea Health Technology R&D 
Project through the Korea Health Industry Development Institute 
(KHIDI) funded by the Ministry of Health & Welfare, Republic of Korea 
(grant number: HI22C1323); 3) the Australian Research Council Dis
covery Early Career Researcher Award (project number: DE240100960) 
funded by the Australian Government; and 4) the UK Engineering and 
Physical Sciences Research Council (EPSRC) [award number: EP/ 
Y011457/1].

Data availability

No data was used for the research described in the article.

References

Abbaslou, M., Hashemi, R., Etemadi, E., 2023. Novel hybrid 3D-printed auxetic vascular 
stent based on re-entrant and meta-trichiral unit cells: finite element simulation with 
experimental verifications. Mater. Today Commun. 35, 105742.

Ahadi, F., Azadi, M., Biglari, M., Bodaghi, M., Khaleghian, A., 2023. Evaluation of 
coronary stents: a review of types, materials, processing techniques, design, and 
problems. Heliyon 9 (2), e16789.

Alemayehu, D.B., Todoh, M., Huang, S.-J., 2025. Hybrid biomechanical design of dental 
implants: integrating solid and gyroid triply periodic minimal surface lattice 
architectures for optimized stress distribution. J. Funct. Biomater. 16 (2), 54.

Ali, M.N., Busfield, J.J., Rehman, I.U., 2014. Auxetic oesophageal stents: structure and 
mechanical properties. J. Mater. Sci. Mater. Med. 25, 527–553.

Ali, D., Ozalp, M., Blanquer, S.B., Onel, S., 2020. Permeability and fluid flow-induced 
wall shear stress in bone scaffolds with TPMS and lattice architectures: a CFD 
analysis. Eur. J. Mech. B Fluid 79, 376–385.

Álvarez-Trejo, A., Cuan-Urquizo, E., Bhate, D., Roman-Flores, A., 2023. Mechanical 
metamaterials with topologies based on curved elements: an overview of design, 
additive manufacturing and mechanical properties. Mater. Des., 112190

An, N., Li, M., Zhou, J., 2020a. Modeling SMA-enabled soft deployable structures for 
kirigami/origami reflectors. Int. J. Mech. Sci. 180, 105753.

An, N., Domel, A.G., Zhou, J., Rafsanjani, A., Bertoldi, K., 2020b. Programmable 
hierarchical kirigami. Adv. Funct. Mater. 30 (6), 1906711.

Apostolakos, J., Durant, T.J., Dwyer, C.R., Russell, R.P., Weinreb, J.H., Alaee, F., 
Beitzel, K., McCarthy, M.B., Cote, M.P., Mazzocca, A.D., 2014. The enthesis: a review 
of the tendon-to-bone insertion. Muscles, ligaments and tendons journal 4 (3), 333.

Asadi, A., Hedayat, D., Ghofrani, S., Abouei Mehrizi, A., Shadalooyi, G., 
Kadkhodapour, J., Pourkamali Anaraki, A., 2023. Modification of hexachiral unit 
cell to enhance auxetic stent performance. Mech. Adv. Mater. Struct. 30 (7), 
1470–1484.

M. Shirzad et al.                                                                                                                                                                                                                                European Journal of Mechanics / A Solids 116 (2026) 105878 

15 

http://refhub.elsevier.com/S0997-7538(25)00312-2/sref1
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref1
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref1
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref2
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref2
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref2
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref3
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref3
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref3
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref4
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref4
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref5
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref5
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref5
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref6
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref6
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref6
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref7
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref7
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref8
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref8
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref9
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref9
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref9
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref10
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref10
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref10
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref10


Badini, S., Regondi, S., Lammi, C., Bollati, C., Donvito, G., Pugliese, R., 2023. 
Computational mechanics of form-fitting 3D-printed lattice-based wrist-hand 
orthosis for motor neuron disease. Biomedicines 11 (7), 1787.

Baldino, L., Cardea, S., Maffulli, N., Reverchon, E., 2016. Regeneration techniques for 
bone-to-tendon and muscle-to-tendon interfaces reconstruction. Br. Med. Bull. 117 
(1), 25–37.

Barri, K., Zhang, Q., Swink, I., Aucie, Y., Holmberg, K., Sauber, R., Altman, D.T., 
Cheng, B.C., Wang, Z.L., Alavi, A.H., 2022. Patient-specific self-powered 
metamaterial implants for detecting bone healing progress. Adv. Funct. Mater. 32 
(32), 2203533.

Bobbert, F., Janbaz, S., Van Manen, T., Li, Y., Zadpoor, A., 2020. Russian doll deployable 
meta-implants: fusion of kirigami, origami, and multi-stability. Mater. Des. 191, 
108624.

Brazhkina, O., Park, J.H., Park, H.-J., Bheri, S., Maxwell, J.T., Hollister, S.J., Davis, M.E., 
2021. Designing a 3D printing based auxetic cardiac patch with hiPSC-CMs for heart 
repair. J. Cardiovasc. Dev. Dis. 8 (12), 172.

Calori, I.R., Braga, G., de Jesus, P.d.C.C., Bi, H., Tedesco, A.C., 2020. Polymer scaffolds as 
drug delivery systems. Eur. Polym. J. 129, 109621.

Capelli, C., Bosi, G.M., Cerri, E., Nordmeyer, J., Odenwald, T., Bonhoeffer, P., 
Migliavacca, F., Taylor, A.M., Schievano, S., 2012. Patient-specific simulations of 
transcatheter aortic valve stent implantation. Med. Biol. Eng. Comput. 50, 183–192.

Chen, Y.-W., Wang, K., Ho, C.-C., Kao, C.-T., Ng, H.Y., Shie, M.-Y., 2020. Cyclic tensile 
stimulation enrichment of Schwann cell-laden auxetic hydrogel scaffolds towards 
peripheral nerve tissue engineering. Mater. Des. 195, 108982.

Chen, D., Li, D., Pan, K., Gao, S., Wang, B., Sun, M., Zhao, C., Liu, X., Li, N., 2022. 
Strength enhancement and modulus modulation in auxetic meta-biomaterials 
produced by selective laser melting. Acta Biomater. 153, 596–613.

Chen, H., Liu, Y., Lu, Y., Zhang, A., Yang, W., Han, Q., Wang, J., 2024. Bamboo-inspired 
porous scaffolds for advanced orthopedic implants: design, mechanical properties, 
and fluid characteristics. ACS Biomater. Sci. Eng. 10 (2), 1173–1189.

Chen, K., Liu, Z., Zhou, X., Zheng, W., Cao, H., Yang, Z., Wang, Z., Ning, C., Li, Q., 
Zhao, H., 2025. Hierarchy reproduction: multiphasic strategies for tendon/ 
ligament–bone junction repair. Biomater. Res. 29, 132.

Choi, S., Hunt, E., Shangin, E.A., Bahranifard, Z., Nguyen, E., Collins, C.J., 
Whittington, A.R., 2025. Dynamic micromechanical characterization of 3D printed 
bone in vitro models manufactured via vat photopolymerization. Adv. Funct. Mater., 
2418547

Chow, L., Yick, K.l., Wong, K.H., Leung, M.S.h., Sun, Y., Kwan, M.y., Ning, K., Yu, A., 
Yip, J., Chan, Y.f., 2022. 3D printing auxetic architectures for hypertrophic scar 
therapy. Macromol. Mater. Eng. 307 (5), 2100866.

Cianchetti, M., Laschi, C., Menciassi, A., Dario, P., 2018. Biomedical applications of soft 
robotics. Nat. Rev. Mater. 3 (6), 143–153.

Cui, H., Yao, D., Hensleigh, R., Lu, H., Calderon, A., Xu, Z., Davaria, S., Wang, Z., 
Mercier, P., Tarazaga, P., 2022. Design and printing of proprioceptive three- 
dimensional architected robotic metamaterials. Science 376 (6599), 1287–1293.

Desselle, M.R., Brown, R.A., James, A.R., Midwinter, M.J., Powell, S.K., Woodruff, M.A., 
2020. Augmented and virtual reality in surgery. Comput. Sci. Eng. 22 (3), 18–26.

Ding, J., Zou, Q., Qu, S., Bartolo, P., Song, X., Wang, C.C., 2021. STL-free design and 
manufacturing paradigm for high-precision powder bed fusion. CIRP Annals 70 (1), 
167–170.

Distefano, F., Mineo, R., Epasto, G., 2023. Mechanical behaviour of a novel biomimetic 
lattice structure for bone scaffold. J. Mech. Behav. Biomed. Mater. 138, 105656.

Dogan, E., Bhusal, A., Cecen, B., Miri, A.K., 2020. 3D Printing metamaterials towards 
tissue engineering. Appl. Mater. Today 20, 100752.

Dong, L., Wang, D., Wang, J., Jiang, C., Wang, H., Zhang, B., Wu, M.S., Gu, G., 2022. 
Modeling and design of periodic polygonal lattices constructed from microstructures 
with varying curvatures. Phys. Rev. Appl. 17 (4), 044032.

Dudek, K.K., Martínez, J.A.I., Ulliac, G., Kadic, M., 2022. Micro-scale auxetic hierarchical 
mechanical metamaterials for shape morphing. Adv. Mater. 34 (14), 2110115.

Dutta, H., Veeman, D., Vellaisamy, M., 2024. Additively manufactured polymethyl 
methacrylate lattice structures: effect of 3D hybridization on compressive strength. 
Mater. Lett. 377, 137487.

Ebrahimi, M.S., Noruzi, M., Hamzehei, R., Etemadi, E., Hashemi, R., 2023. Revolutionary 
auxetic intravascular medical stents for angioplasty applications. Mater. Des. 235, 
112393.

Erdogus, H.B., Yunus, D.E., 2024. An investigation of PLLA hybrid stent design to 
overcome thick strut problems. Int. J. Solids Struct 303, 113025.

Etemadi, E., Gholikord, M., Zeeshan, M., Hu, H., 2023. Improved mechanical 
characteristics of new auxetic structures based on stretch-dominated-mechanism 
deformation under compressive and tensile loadings. Thin-Walled Struct. 184, 
110491.

Feng, J., Fu, J., Yao, X., He, Y., 2022. Triply periodic minimal surface (TPMS) porous 
structures: from multi-scale design, precise additive manufacturing to 
multidisciplinary applications. Int. J. Extrem. Manuf. 4 (2), 022001.

Feng, H., Shi, X., Wang, T., Wang, K., Su, J., 2024. A comparative study on the 
deformation behavior and mechanical properties of new lower extremity arterial 
stents. Comput. Methods Progr. Biomed. 247, 108094.

Foroughi, A.H., Razavi, M.J., 2022a. Multi-objective shape optimization of bone 
scaffolds: enhancement of mechanical properties and permeability. Acta Biomater.

Foroughi, A.H., Razavi, M.J., 2022b. Multi-objective shape optimization of bone 
scaffolds: enhancement of mechanical properties and permeability. Acta Biomater. 
146, 317–340.

Gao, Y., Zhou, Z., Hu, H., Xiong, J., 2021. New concept of carbon fiber reinforced 
composite 3D auxetic lattice structures based on stretching-dominated cells. Mech. 
Mater. 152, 103661.

Gao, T., Liu, K., Wang, X., Wei, K., Wang, Z., 2024. Multi-level mechanism of biomimetic 
TPMS hybridizations with tailorable global homogeneity and heterogeneity. Extreme 
Mech. Lett. 68, 102136.

Garcia Cruz, D.M., Gomes, M., Reis, R.L., Moratal, D., Salmerón-Sánchez, M., Gomez 
Ribelles, J.L., Mano, J.F., 2010. Differentiation of mesenchymal stem cells in 
chitosan scaffolds with double micro and macroporosity. Journal of biomedical 
materials research Part A 95 (4), 1182–1193.

Garner, E., Kolken, H.M., Wang, C.C., Zadpoor, A.A., Wu, J., 2019. Compatibility in 
microstructural optimization for additive manufacturing. Addit. Manuf. 26, 65–75.

Garner, E., Wu, J., Zadpoor, A.A., 2022. Multi-objective design optimization of 3D micro- 
architected implants. Comput. Methods Appl. Mech. Eng. 396, 115102.

Gatt, R., Wood, M.V., Gatt, A., Zarb, F., Formosa, C., Azzopardi, K.M., Casha, A., Agius, T. 
P., Schembri-Wismayer, P., Attard, L., 2015. Negative Poisson’s ratios in tendons: an 
unexpected mechanical response. Acta Biomater. 24, 201–208.

Ghofrani, S., Mehrizi, A.A., Nasrollahi, V., Dimov, S., 2024. Novel cardiovascular stent 
based on hibiscus-aestivation-inspired auxetic unit cell. Int. J. Mech. Sci. 277, 
109428.

Giorgio, I., Spagnuolo, M., Andreaus, U., Scerrato, D., Bersani, A.M., 2021. In-depth gaze 
at the astonishing mechanical behavior of bone: a review for designing bio-inspired 
hierarchical metamaterials. Math. Mech. Solid 26 (7), 1074–1103.

Golebiowska, A.A., Nukavarapu, S.P., 2022. Bio-inspired zonal-structured matrices for 
bone-cartilage interface engineering. Biofabrication 14 (2), 025016.

Gupta, V., Chanda, A., 2023. Finite element analysis of hierarchical metamaterial-based 
patterns for generating high expansion in skin grafting. Math. Comput. Appl. 28 (4), 
89.

Gupta, K., Meena, K., 2023. A novel double arrowhead auxetic coronary stent. Comput. 
Biol. Med. 166, 107525.

Gupta, S., Gupta, V., Chanda, A., 2022. Biomechanical modeling of novel high expansion 
auxetic skin grafts. International Journal for Numerical Methods in Biomedical 
Engineering 38 (5), e3586.

Hamzehei, R., Rezaei, S., Kadkhodapour, J., Anaraki, A.P., Mahmoudi, A., 2020. 2D 
triangular anti-trichiral structures and auxetic stents with symmetric shrinkage 
behavior and high energy absorption. Mech. Mater. 142, 103291.

Han, Y., Jia, B., Lian, M., Sun, B., Wu, Q., Sun, B., Qiao, Z., Dai, K., 2021. High-precision, 
gelatin-based, hybrid, bilayer scaffolds using melt electro-writing to repair cartilage 
injury. Bioact. Mater. 6 (7), 2173–2186.

Han, C., Wang, Y., Wang, Z., Dong, Z., Li, K., Song, C., Cai, C., Yan, X., Yang, Y., 
Wang, D., 2024. Enhancing mechanical properties of additively manufactured 
voronoi-based architected metamaterials via a lattice-inspired design strategy. Int. J. 
Mach. Tool Manufact. 202, 104199.

Hann, S.Y., Cui, H., Nowicki, M., Zhang, L.G., 2020. 4D printing soft robotics for 
biomedical applications. Addit. Manuf. 36, 101567.

Hasanzadeh, R., Jolaiy, S., Mojaver, M., Azdast, T., Park, C.B., 2025. Auxetic 3D printed 
metastructure stents for enhanced mechanical and structural performance and 
biocompatibility in coronary artery treatments. Acta Biomater.

Hedayati, R., Yousefi, A., Dezaki, M.L., Bodaghi, M., 2023. Analytical relationships for 
2D Re-entrant auxetic metamaterials: an application to 3D printing flexible implants. 
J. Mech. Behav. Biomed. Mater. 143, 105938.

Hu, X., Tan, T., Wang, B., Yan, Z., 2023. A reprogrammable mechanical metamaterial 
with origami functional-group transformation and ring reconfiguration. Nat. 
Commun. 14 (1), 6709.

Huang, X., Guo, W., Liu, S., Li, Y., Qiu, Y., Fang, H., Yang, G., Zhu, K., Yin, Z., Li, Z., 
2022. Flexible mechanical metamaterials enabled electronic skin for real-time 
detection of unstable grasping in robotic manipulation. Adv. Funct. Mater. 32 (23), 
2109109.

Huo, M., He, S., Zhang, Y., Liu, Q., Liu, M., Zhou, G., Zhou, P., Lu, J., 2024. Mechano- 
driven intervertebral bone bridging via oriented mechanical stimulus in a twist 
metamaterial cage: an in silico study. Comput. Biol. Med. 171, 108149.

Hussain, I., Al-Ketan, O., Renda, F., Malvezzi, M., Prattichizzo, D., Seneviratne, L., Abu 
Al-Rub, R.K., Gan, D., 2020. Design and prototyping soft–rigid tendon-driven 
modular grippers using interpenetrating phase composites materials. Int. J. Robot 
Res. 39 (14), 1635–1646.

Hwang, W., Kim, J., Park, S., Kang, T.H., Kim, S., Lee, K., Lee, M.G., Kwak, R., Choi, I.S., 
Yi, H., 2023. A Breathable and stretchable metastructure for a versatile hybrid 
electronic skin patch with long-term skin comfort. Advanced Materials Technologies 
8 (1), 2200477.

Jafari Chashmi, M., Fathi, A., Shirzad, M., Jafari-Talookolaei, R.-A., Bodaghi, M., 
Rabiee, S.M., 2020. Design and analysis of porous functionally graded femoral 
prostheses with improved stress shielding. Designs 4 (2), 12.

Jain, T., Ghosh, R., 2024. Comparative analysis of tissue ingrowth in printable porous 
lattice structured implants: an in silico study. Materialia 37, 102207.

Jiang, Y., Li, Y., 2018a. 3D printed auxetic mechanical metamaterial with chiral cells and 
Re-entrant cores. Sci. Rep. 8, 2397.

Jiang, Y., Li, Y., 2018b. 3D printed auxetic mechanical metamaterial with chiral cells and 
re-entrant cores. Sci. Rep. 8 (1), 1–11.

Jiang, X., Yao, Y., Tang, W., Han, D., Zhang, L., Zhao, K., Wang, S., Meng, Y., 2020. 
Design of dental implants at materials level: an overview. J. Biomed. Mater. Res. 108 
(8), 1634–1661.

Jiang, Y., Shi, K., Zhou, L., He, M., Zhu, C., Wang, J., Li, J., Li, Y., Liu, L., Sun, D., 2023. 
3D-printed auxetic-structured intervertebral disc implant for potential treatment of 
lumbar herniated disc. Bioact. Mater. 20, 528–538.

Jin, L., Forte, A.E., Deng, B., Rafsanjani, A., Bertoldi, K., 2020. Kirigami-inspired 
inflatables with programmable shapes. Adv. Mater. 32 (33), 2001863.

Jin, Y., Xie, C., Gao, Q., Zhou, X., Li, G., Du, J., He, Y., 2021. Fabrication of multi-scale 
and tunable auxetic scaffolds for tissue engineering. Mater. Des. 197, 109277.

M. Shirzad et al.                                                                                                                                                                                                                                European Journal of Mechanics / A Solids 116 (2026) 105878 

16 

http://refhub.elsevier.com/S0997-7538(25)00312-2/sref11
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref11
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref11
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref12
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref12
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref12
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref13
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref13
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref13
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref13
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref14
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref14
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref14
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref15
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref15
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref15
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref16
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref16
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref17
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref17
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref17
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref18
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref18
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref18
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref19
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref19
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref19
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref20
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref20
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref20
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref21
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref21
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref21
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref22
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref22
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref22
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref22
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref23
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref23
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref23
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref24
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref24
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref25
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref25
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref25
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref26
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref26
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref27
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref27
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref27
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref28
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref28
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref29
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref29
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref30
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref30
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref30
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref31
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref31
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref32
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref32
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref32
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref33
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref33
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref33
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref34
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref34
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref35
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref35
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref35
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref35
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref36
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref36
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref36
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref37
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref37
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref37
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref38
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref38
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref39
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref39
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref39
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref40
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref40
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref40
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref41
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref41
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref41
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref42
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref42
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref42
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref42
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref43
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref43
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref44
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref44
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref45
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref45
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref45
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref46
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref46
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref46
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref47
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref47
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref47
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref48
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref48
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref49
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref49
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref49
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref50
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref50
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref51
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref51
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref51
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref52
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref52
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref52
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref53
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref53
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref53
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref54
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref54
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref54
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref54
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref55
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref55
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref56
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref56
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref56
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref57
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref57
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref57
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref58
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref58
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref58
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref59
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref59
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref59
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref59
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref60
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref60
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref60
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref61
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref61
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref61
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref61
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref62
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref62
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref62
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref62
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref63
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref63
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref63
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref64
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref64
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref65
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref65
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref66
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref66
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref67
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref67
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref67
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref68
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref68
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref68
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref69
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref69
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref70
http://refhub.elsevier.com/S0997-7538(25)00312-2/sref70


Kalia, B., Singh, R., Pabla, B.S., Singh, G., 2024. On 17-4PH stainless steel dental implant 
for premolar 4 in canine under compressive loading: effect of solid and octet 
metastructure. Exploration of BioMat-X 1 (4), 202–214.

Kang, J., Shirzad, M., Seok, J.M., Jung, W.-K., Nam, S.Y., 2025. Mechanical enhancement 
of porous scaffolds through integration of auxetic and conventional structures. 
Mater. Lett. 379, 137675.

Kanno, H., Aizawa, T., Hahimoto, K., Itoi, E., 2019. Minimally invasive discectomy for 
lumbar disc herniation: current concepts, surgical techniques, and outcomes. Int. 
Orthop. 43, 917–922.

Kapnisi, M., Mansfield, C., Marijon, C., Guex, A.G., Perbellini, F., Bardi, I., Humphrey, E. 
J., Puetzer, J.L., Mawad, D., Koutsogeorgis, D.C., 2018. Auxetic cardiac patches with 
tunable mechanical and conductive properties toward treating myocardial 
infarction. Adv. Funct. Mater. 28 (21), 1800618.

Karathanasopoulos, N., Al-Ketan, O., 2022. Towards biomimetic, lattice-based, tendon 
and ligament metamaterial designs. J. Mech. Behav. Biomed. Mater. 134, 105412.

Khajehmohammadi, M., Bakhtiary, N., Davari, N., Sarkari, S., Tolabi, H., Li, D., 
Ghalandari, B., Yu, B., Ghorbani, F., 2023. Bioprinting of cell-laden protein-based 
hydrogels: from cartilage to bone tissue engineering. International Journal of 
Bioprinting 9 (6), 1089.

Khaleghi, S., Dehnavi, F.N., Baghani, M., Safdari, M., Wang, K., Baniassadi, M., 2021. On 
the directional elastic modulus of the TPMS structures and a novel hybridization 
method to control anisotropy. Mater. Des. 210, 110074.

Khan, N., Riccio, A., 2024. A systematic review of design for additive manufacturing of 
aerospace lattice structures: current trends and future directions. Prog. Aero. Sci. 
149, 101021.

Khan, M., Oh, S., Song, T.E., Ji, W., Mahato, M., Yang, Y., Saatchi, D., Ali, S.S., Roh, J., 
Yun, D., 2025. Wearable haptics for orthotropic actuation based on perpendicularly 
nested auxetic SMA knotting. Adv. Mater. 37 (1), 2411353.

Kilina, P., Kuchumov, A.G., Sirotenko, L., Vassilouk, V., Golovin, S., Drozdov, A., 
Sadyrin, E.V., 2024. Influence of porous titanium-based jaw implant structure on 
osseointegration mechanisms. J. Mech. Behav. Biomed. Mater. 160, 106724.

Kim, M.S., Lee, Y., Ahn, J., Kim, S., Kang, K., Lim, H., Bae, B.S., Park, I., 2023. Skin-like 
omnidirectional stretchable platform with negative Poisson’s ratio for wearable 
strain–pressure simultaneous sensor. Adv. Funct. Mater. 33 (3), 2208792.

Kök, H.I., Kick, M., Akbas, O., Stammkötter, S., Greuling, A., Stiesch, M., Walther, F., 
Junker, P., 2025. Reduction of stress-shielding and fatigue-resistant dental implant 
design through topology optimization and TPMS lattices. J. Mech. Behav. Biomed. 
Mater., 106923

Kolken, H.M., Janbaz, S., Leeflang, S.M., Lietaert, K., Weinans, H.H., Zadpoor, A.A., 
2018. Rationally designed meta-implants: a combination of auxetic and conventional 
meta-biomaterials. Mater. Horiz. 5 (1), 28–35.

Kumar, A., Bhatnagar, N., 2021. Finite element simulation and testing of cobalt- 
chromium stent: a parametric study on radial strength, recoil, foreshortening, and 
dogboning, Computer Methods in Biomechanics and Biomedical. Engineering 24 (3), 
245–259.

Laurent, C., Liu, X., De Isla, N., Wang, X., Rahouadj, R., 2018. Defining a scaffold for 
ligament tissue engineering: what has been done, and what still needs to be done. 
Journal of Cellular Immunotherapy 4 (1), 4–9.

Lee, Y.J., Kanchwala, S.K., Cho, H., Jolly, J.C., Jablonka, E., Tanis, M., Kamien, R.D., 
Yang, S., 2023. Natural shaping of acellular dermal matrices for implant-based 
breast reconstruction via expansile Kirigami. Adv. Mater. 35 (6), 2208088.

Lee, J., Park, H.-K., Hwang, G.W., Kang, G.R., Choi, Y.S., Pang, C., 2024. Highly adaptive 
kirigami-metastructure adhesive with vertically self-aligning octopus-like 3D suction 
cups for efficient wet adhesion to complexly curved surfaces. ACS Appl. Mater. 
Interfaces 16 (28), 37147–37156.

Li, C., Lei, H., Zhang, Z., Zhang, X., Zhou, H., Wang, P., Fang, D., 2020. Architecture 
design of periodic truss-lattice cells for additive manufacturing. Addit. Manuf. 34, 
101172.

Li, Y., Xia, Q., Yoon, S., Lee, C., Lu, B., Kim, J., 2021a. Simple and efficient volume 
merging method for triply periodic minimal structures. Comput. Phys. Commun. 
264, 107956.

Li, X., Fan, R., Fan, Z., Lu, Y., 2021b. Programmable mechanical metamaterials based on 
hierarchical rotating structures. Int. J. Solids Struct 216, 145–155.

Li, Z., Chen, Z., Chen, X., Zhao, R., 2024a. Design and evaluation of TPMS-inspired 3D- 
printed scaffolds for bone tissue engineering: enabling tailored mechanical and mass 
transport properties. Compos. Struct. 327, 117638.

Li, Z., Luo, Y., Lu, M., Wang, Y., Gong, T., He, X., Hu, X., Long, J., Zhou, Y., Min, L., 
2024b. Biomimetic design and clinical application of Ti-6Al-4V lattice hemipelvis 
prosthesis for pelvic reconstruction. J. Orthop. Surg. Res. 19 (1), 210.

Li, L.-C., Chang, H.-K., Chen, P.-Y., 2024c. Fabrication of hierarchically-porous diatomite 
scaffolds for dye adsorption by a dual-templating approach. Ceram. Int.

Lin, C., Huang, Z., Wang, Q., Zou, Z., Wang, W., Liu, L., Liu, Y., Leng, J., 2023. Mass- 
producible near-body temperature-triggered 4D printed shape memory 
biocomposites and their application in biomimetic intestinal stents. Compos. B Eng. 
256, 110623.

Lin, Y., Wang, X., Liang, Z., Li, D., Liu, T., Liao, W., Zhang, C., 2025. Optimization design 
of multi-scale TPMS lattices based on geometric continuity fusion and strain energy 
driven. Compos. Struct. 354, 118759.

Liu, W., Jiang, H., Chen, Y., 2022. 3D programmable metamaterials based on 
reconfigurable mechanism modules. Adv. Funct. Mater. 32 (9), 2109865.

Liu, Y., Wang, Y., Ren, H., Meng, Z., Chen, X., Li, Z., Wang, L., Chen, W., Wang, Y., Du, J., 
2024. Ultrastiff metamaterials generated through a multilayer strategy and topology 
optimization. Nat. Commun. 15 (1), 2984.

Lu, Y., Cheng, L., Yang, Z., Li, J., Zhu, H., 2020. Relationship between the morphological, 
mechanical and permeability properties of porous bone scaffolds and the underlying 
microstructure. PLoS One 15 (9), e0238471.

Lvov, V., Senatov, F., Shinkaryov, A., Chernyshikhin, S., Gromov, A., Sheremetyev, V., 
2023. Experimental 3D printed re-entrant auxetic and honeycomb spinal cages based 
on Ti-6Al-4 V: Computer-Aided design concept and mechanical characterization. 
Compos. Struct. 310, 116766.

Lyu, Y., Song, X., Wang, H., Jiang, J., 2024. A novel mechanical metamaterial with 
tunable stiffness and individually adjustable Poisson’s ratio. Mater. Today Commun. 
40, 110135.

Ma, S., Song, K., Lan, J., Ma, L., 2020. Biological and mechanical property analysis for 
designed heterogeneous porous scaffolds based on the refined TPMS. J. Mech. Behav. 
Biomed. Mater. 107, 103727.

Ma, R., Liu, Q., Zhou, L., Wang, L., 2023a. High porosity 3D printed titanium mesh 
allows better bone regeneration. BMC Oral Health 23 (1), 6.

Ma, X., Zhang, N., Chang, Y., Tian, X., 2023b. Analytical model of mechanical properties 
for a hierarchical lattice structure based on hierarchical body-centered cubic unit 
cell. Thin-Walled Struct. 193, 111217.

Ma, W.W.S., Yang, H., Zhao, Y., Li, X., Ding, J., Qu, S., Liu, Q., Hu, Z., Li, R., Tao, Q., 
2025. Multi-physical lattice metamaterials enabled by additive manufacturing: 
design principles, interaction mechanisms, and multifunctional applications. Adv. 
Sci., 2405835

Mardling, P., Alderson, A., Jordan-Mahy, N., Le Maitre, C.L., 2020. The use of auxetic 
materials in tissue engineering. Biomater. Sci. 8 (8), 2074–2083.

Mehboob, H., Mehboob, A., Abbassi, F., Ahmad, F., Khan, A.S., Miran, S., 2022. 
Bioinspired porous dental implants using the concept of 3D printing to investigate 
the effect of implant type and porosity on patient’s bone condition. Mech. Adv. 
Mater. Struct. 29 (27), 6011–6025.
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