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A B S T R A C T

In this study, by mimicking bone tissue adaptation, we introduce a hierarchical design approach to optimize the 
mechanical performance of auxetic metamaterials. Using a multi-material voxel-based 3D printer, we rationally 
position soft and hard phases at the voxel level based on a bone-inspired remodeling algorithm that maintains the 
homeostasis of strain energy density. This process introduces an additional length scale within the structure, 
leading to (1) a significant expansion of the envelope of achievable elastic properties, (2) more homogeneous 
strain energy distributions, and (3) up to 78 % stronger metamaterials compared to initial designs. Our results 
demonstrate that this bone-mimicking design approach enables the emergence of an intermediate length scale 
between the unit cell and voxel scales, which is responsible for the observed improvements in mechanical 
performance. Taken together, these findings highlight the potential of biomimetic remodeling for the rational 
design of stress-worthy, multiscale mechanical metamaterials that combine unusual elastic properties with high 
mechanical performance.

1. Introduction

In recent years, there has been a paradigm shift in the materials 
design community towards creating structures with unusual properties 
(e.g., negative Poisson’s ratio (=auxetic), ultra-stiffness or flexibility, 
and shape morphing) [1–5]. Auxetic unit cells are extensively studied in 
the design of metamaterials and meta-structures for several reasons. 
First, there is a growing body of research demonstrating that unit cells 
with auxetic properties can positively influence bone cell responses, 
particularly when these properties are decoupled from the other me-
chanical and morphological properties of the scaffolds [6–9]. Second, 
these unit cells have shown superior compressive fatigue performance as 
compared to non-auxetic unit cells [10–12]. Finally, auxetic 
meta-biomaterials can be used in the design of hybrid meta-implants, 
where they contribute to better bone-implant interfaces [13–15]. In 
areas subjected to tensile loading, auxetic materials can improve 
bone-implant connection, reducing the risk of bone loosening. This 
could potentially lead to the prevention of implant-associated infections. 

Therefore, controlling the Poisson’s ratio can be considered as a crucial 
design tool for developing meta-biomaterials and meta-implants with 
tailored properties. These aforementioned properties, such as elastic 
stiffness and Poisson’s ratio, can even go beyond their mutually exclu-
sive theoretical limits [10,14,16–18]. Although various methods have 
been proposed to decouple these properties (e.g., introducing degrees of 
non-affinity and multi-material metamaterials) [19,20], such meta-
material design techniques have several limitations. For example, the 
junctions of the structural elements constituting the microarchitectures 
of many such designs effectively function as hinges, thereby causing 
non-homogenous strain distributions and considerable degrees of stress 
concentration [21–23]. These strain concentrations promote early crack 
initiation and growth, leading to diminished mechanical performance 
and premature failure. Addressing such design issues while also main-
taining and preferably expanding the envelope of possible elastic 
properties is an open challenge.

Living organisms have been facing similar challenges in their load- 
bearing tissues where combining lightweight, high mechanical 
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performance, and exotic properties (e.g., negative or zero values of the 
Poisson’s ratio [24,25]) has been instrumental in maximizing their 
‘fitness’ for survival. Through millions of years of evolution, living or-
ganisms have developed ingenious strategies to satisfy these seemingly 
incompatible design requirements. Two of these strategies include the 
hierarchical arrangement of microarchitectural features and combining 
soft (e.g., collagen) and hard (e.g., hydroxyapatite) phases [26–29]. This 
seamless integration of hierarchy and multiple phases within the fabric 
of load-bearing tissues is rooted in the evolutionary processes that can 
circumvent the infamous material property trade-off (e.g., the in-
compatibility between high strength and high toughness in engineering 
materials) [30,31]. An important example of such living materials is 
bone, which, through a remodeling process, optimizes its mechanical 
response to the mechanical loads it experiences [32,33]. The remodeling 
process occurs at different length scales, from the level of the bone tissue 
to the cellular level, and is influenced by various factors, including 
biochemical and biomechanical cues. In this study, we focus only on the 
mechanical cues for the bone remodeling process and employ theories 
based on the strain energy density to predict these remodeling processes 
[34–40].

Here, we mimic the remodeling process of living bone to address the 
open challenge regarding the design of stress-worthy mechanical met-
amaterials with unusual elastic properties. While bone tissue adaptation 
has been linked to the optimal mechanical performance in trabecular 
bone [41,42], direct applications of this approach to the design of me-
chanical metamaterials are yet to be reported [43]. Our biomimetic 
design approach involves the introduction of a microarchitecture hier-
archy with multiple length scales and the rational positioning of a soft 
and a hard phase at the individual voxel level using a multi-material 
voxel-based additive manufacturing technique [44–47]. We used a 
modified theoretical model of the bone tissue process working on the 
basis of homeostatic strain energy density to optimize the distribution of 
the hard and soft voxels within the fabric of each re-entrant or honey-
comb unit cell of an auxetic and a conventional metamaterial, thereby 
introducing two hierarchical length scales (i.e., unit cell and voxel). This 
approach differs from similar works, which have utilized Bayesian 
optimization, deep learning, and evolutionary algorithm approaches 
[48–51]. In particular, our approach focuses on the morphogenesis of 
hierarchical multi-material structures in response to mechanical stimuli, 
as opposed to the aforementioned data-oriented and statistical optimi-
zation approaches. We then evaluated the elastic properties and stress 
worthiness of the developed metamaterials using both computational 
models and experiments. The elastic properties and mechanical perfor-
mance of the designed mechanical metamaterials were then bench-
marked against control groups consisting of single-scale, monolithic 
specimens.

This work advances prior research by moving beyond the direct 
voxel-based digitization of hard and soft phases to an adaptive design 
methodology inspired by bone remodeling. Unlike previous approaches 
that relied on predetermined voxel arrangements, the current study in-
troduces a hierarchical remodeling algorithm that optimizes meta-
materials’ internal architecture based on mechanical loading conditions.

2. Materials and methods

2.1. Initial unit cell design

We designed two generic unit cells for our analysis, a re-entrant 
(auxetic) and regular (non-auxetic) honeycomb with entrant angles θ 
of − 20º and 20º, respectively (Fig. 1A). These unit cells were chosen due 
to their relative ease of parameterization, allowing for an analogous 
comparison between regular and auxetic deformations, and their prev-
alence in similar studies exploring multi-material metamaterials 
[52–54]. We also considered other unit cell types (i.e., tetra-anti-chiral 
and a 2D equivalent of a hexaround cell, see Section 3.3) to verify the 
results obtained using the initial unit cells. We utilized an in-house 

MATLAB script (R2018b, MathWorks, USA) to generate one-quarter 
representations of these designs in a voxel form, with dimensions of 
80, 40, and 4 voxels in height (Huc), width (Wuc), and out-of-plane 
thickness (Luc), respectively. The thickness of each strut consisted of 
12 voxels, equivalent to 30 % of Wuc, and the dimension of each voxel 
was 42×84×27 µm3. For both angles, we used a 3D Stucki dithering 
technique [55] to obtain several unit cells with varying ratios of the 
volume of the hard phase to that of the total volume (ρ = 17 %, 33 %, 50 
%, 67 %, or 83 %) (Figure S1 of the supplementary document). We 
completed the unit cells by mirroring the quarter designs.

2.2. Numerical simulations

An in-house Python (v2.7.3) script allowed the integration of the 
designs into a commercial nonlinear FEM package (Abaqus Standard 
v.6.14, Dassault Systèmes Simulia, France) to generate quasi-static finite 
element method (FEM) models (Fig. 1B). This script converted the voxel 
designs into hexahedral element (C3D8) meshes and assigned the ma-
terial properties of each voxel. After performing a mesh convergence 
study (section S1 of the supplementary document), we selected a 1:1 
ratio of elements to voxel for simulating the bone tissue adaptation 
process. To validate the experimental results, we prepared additional 
simulations with a 64:1 ratio (i.e., 64 elements per voxel). We modeled 
the hard phase using a linear elastic constitutive equation (i.e., elastic 
modulus E = 2651 MPa, Poisson’s ratio v = 0.4) while a hyperelastic 
constitutive model was used for the soft one (i.e., Ogden, N = 1, shear 
modulus μ1 = 0.266 MPa, constants α1 = 3.006 and D1 = 0.113) [56]. 
After assigning periodic boundary conditions to the unit cells, we 
simulated two displacement-controlled uniaxial tensile tests per design 
(i.e., along directions 1 and 2) with an equivalent strain of ϵ = 0.25 % 
each. From these simulations, we extracted the reaction forces (f1 and f2) 
and displacements (u11, u12, u22, and u21) of each unit cell from which 
we calculated the respective elastic properties (i.e., E11 = (f1/(Lucu11), 
E22 = f2/(Lucu22), v12 = − u12/u11, and v21 = − u12/u22). Finally, we 
extracted the vectors containing the strain energy density (SED) of each 
voxel of the entire lattice (i.e., U1 and U2).

2.3. Bone-mimicking computational model for rational distribution of soft 
and hard voxels

We defined our bone-mimicking optimization routine as an iterative 
procedure where the voxels within the unit cells were continuously 
committed or converted to a specific material based on their relative 
strain energy density (SED) (Fig. 1C). This is based on the underlying 
principle of bone remodeling in response to SED as a stimulus [41]. For 
every iteration, after running the simulations with loading in both di-
rections, the algorithm extracted the SED of each voxel (SED1 and SED2, 
for directions 1 and 2, respectively). Then, to remove the anisotropic 
effects of the unit cell, it performed min-max feature scaling on these 
vectors (U = (SED − min(SED))/(max(SED) − − min(SED)) for di-
rections 1 and 2), from which it calculated the effective SED vector S as: 

S = λU1 + (1 − λ)U2 (1) 

where λ is a weighting parameter. Four operations are then concurrently 
performed using this ranked vector. First, the soft voxels with the 
highest effective SED (i.e., 0.5 % of all the voxels within the unit cell) 
were converted into hard voxels. Conversely, the same number of hard 
voxels with the lowest effective SED values were converted to soft voxels 
to maintain a consistent ρ during the whole process. After converting to 
any material, the voxels were committed to remain as such to prevent 
them from continuously oscillating between hard and soft voxels. For 
the third operation, the soft elements with the lowest effective SED (i.e., 
0.5 % of all the voxels) were assumed to show a sufficient capacity for 
energy absorption and were committed to the soft phase for the future 
iterations. In the last operation, the same number of hard voxels with the 
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Fig. 1. Schematic drawings illustrating the entire design and optimization process. A) The process used for the generation of the initial unit cell designs where a 
quarter of the unit cell geometries are converted into 4 stacks of 40×80 voxels (i.) and hard and soft voxels are distributed within the struts (ii.) prior to mirroring 
them into a complete unit cell (iii.). B) The generated designs are then imported into a FEM software suite where periodic boundary conditions (PBCs) are assigned, 
and two quasi-static tensile tests are simulated along both orthogonal directions. C) The SED of each voxel is then used to commit or convert the voxels to a material 
type (i.e., hard or soft) while maintaining a constant number of hard voxels. The process of simulation and remodeling continues until all the voxels have been 
committed to a specific material type. D) The representative design of the additively manufactured 4 × 4 unit cell lattices for experimental validation (off-plane 
thickness = 3 mm).
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highest effective SED values were committed to the hard phase. This 
process is repeated in each iteration until all the voxels have committed 
to either the hard or the soft phase. Since the values within the ranked 
vector S drive the remodeling of the unit cell, the parameter λ de-
termines the anisotropic bias of the remodeling process, where λ = 0 and 
λ = 1 fully bias the remodeling process towards direction 1 or direction 
2, respectively, while λ = 0.5 does not prioritize either one of the di-
rections. We performed a detailed analysis of the SED redistribution 
achieved by the algorithm for a single representative design (i.e., θ =
− 20º, ρ = 50 %). Towards this end, we calculated the normalized SED 
vectors of the unit cells (i.e., the SED value of each voxel divided by the 
total SED within the unit cell) throughout the remodeling process for all 
the evaluated λ values.

While our approach is inspired by biological bone remodeling, it is 
not intended as a strict mathematical optimization method with a pre-
defined objective function. Instead, the algorithm follows an adaptive 
redistribution process based on local SED values, similar to how bone 
tissue responds to mechanical loading. This bio-inspired strategy pri-
oritizes minimizing local SED concentrations rather than seeking a 
globally optimal material configuration. Unlike topology optimization, 
which typically relies on iterative cost function minimization, our 
method ensures gradual and physically meaningful material redistri-
bution without abrupt or non-physical transitions.

2.4. Voxel-by-voxel multi-material 3D printing

A PolyJet multi-material 3D printer (ObjetJ735 Connex3, Stratasys® 
Ltd., USA) with voxel-level control enabled (voxel resolution of 
300×600 dpi with layers of 27 mm) was used to manufacture the vali-
dation specimens. For the hard and soft phases, we used the VeroCyan™ 
(RGD841, Stratasys® Ltd., USA) and Agilus30TM Clear (FLX935, Stra-
tasys® Ltd., USA) UV-curable photopolymers, respectively. We defined 
two lattice configurations for testing along either direction 1 or 2 
(Fig. 1D) and based their dimensions on the existing literature [45,57]. 
After a comparative study of multiple lattice sizes (Section S2 of the 
supplementary document), we determined that 4 × 4 unit cells per 
specimen with a voxel size of 8 µm3 minimized unwanted PolyJet ma-
terial mixing while still reflecting the periodicity of the designed lattices. 
We selected eight different designs for manufacturing (Table 1), from 
which we generated the required stacks of binary images as input for the 
3D printer, with each bit specifying whether or not each phase is 
deposited at the position of the corresponding voxel. Three specimens 
were printed from each design.

2.5. Mechanical testing and full-field strain measurements

We performed quasi-static tensile tests on the 3D printed specimens 
to validate our computational analyses and evaluate the performance of 
the optimized designs. We used a mechanical test bench (Instron Elce-
troPuls™ E10000, load cell = 10 kN) to apply a deformation of 2 mm/ 
min until failure. We registered the time (t) and force (f) signals at a 
frequency of 100 Hz. Prior to testing, the specimens were coated with a 
white paint followed by a black speckle pattern. We then measured the 

local deformations using a digital image correlation (DIC) system (Q- 
400 2 × 12MPixel LIMESS GmbH, Krefeld, Germany) with a frequency 
of 1 Hz. The associated DIC software (Instra 4D v4.6, Dantec Dynamics 
A/S, Skovunde, Denmark) was then employed to construct the full-field 
maps of the principal strains in the centermost unit cell of each spec-
imen. We also utilized digital extensometers to measure the longitudinal 
(єL) and transverse (єT) strains of these unit cells throughout the tests. 
Subsequently, we used a MATLAB script to calculate the true stresses 
(σ = f/Aoexp(єL), Ao = 325.12 mm2), Poisson’s ratios (υ = − єT/ єL,

measured at 0.25 % longitudinal strain), elastic moduli (E, the slope of a 
line fitted between 0.1 % and 0.25 % strain of the σ − єL curve), and the 
ultimate tensile strength (σUTS, the maximum recorded stress) of all the 
specimens. Finally, we obtained the coefficients of determination (R2) 
between the experimental and computational results to quantify the 
correlation between both types of results.

3. Results and discussion

3.1. Performance of the remodeling process

Subjecting the initial unit cell designs to the adaptations of the 
remodeling process led to the emergence of a myriad of unit cells and 
provided a more extensive design space than the initial quasi-random 
designs (Fig. 2 and Figure S3 of the supplementary document). For 
every ρ, λ, and θ combination, each remodeling iteration resulted in a 
unique arrangement of hard and soft voxels. These unique arrangements 
gave rise to emergent geometrical features with an intermediate length 
scale between those of the unit cells and voxels. These features, although 
not directly linked to the auxeticity of the structure, are linked to the 
initial design of the lattices, with the rearrangement depending on the 
regions where stress concentrations were most present. The type of the 
emergent feature reflected the bias towards either one of the loading 
directions as specified by λ (Fig. 2A). For example, selecting λ = 0 led to 
hard material distributions in the shape of parallel fibers along direction 
2 for both auxetic and non-auxetic structures. The emergence of such 
features is expected because S solely depends on the loading along di-
rection 2, leading to a highly anisotropic unit cell (Fig. 2B). Conversely, λ 
= 1 resulted in concentrations of hard material around the lattice cor-
ners with acute angles and along the edges of their opposing ends. These 
types of emergent ‘lattice-within-lattice’ arrangements were responsible 
for increasing the flexural rigidity of the struts, thereby enhancing the 
structural stiffness along direction 1. A combination of these two 
remarkable design features emerged for intermediate λ values. More-
over, the emergence of these design features took place regardless of ρ 
(Figure S3A of the supplementary document), indicating the consistency 
of the obtained computational results and supporting the conclusion 
that such design features can be used for the adjustment of the aniso-
tropic properties of (hierarchical) lattice structures. This is similar to 
how the bone microarchitecture adapts to the applied loads to create a 
specific (anisotropic) orientation toward that specific loading direction.

The wide range of the emergent features also meant that the enve-
lope of the achievable elastic properties was considerably expanded 
(Fig. 2B, Figure S3B of the supplementary document). More specifically, 
the properties varied anisotropically and corresponded to λ. After 
remodeling, the models processed with a λ value of 1 increased E11 (e.g., 
by 12.4 % and 22 % for ρ = 50 %, θ =− 20º and 20º, respectively) while 
reducing E22. For λ = 0, E22 increased regardless of the ρ value (e.g., by 
73.9 % and 48.6 % for ρ = 50 %, θ = − 20º and 20º, respectively), while 
E11 dropped to near-zero values. Moreover, for these extreme scenarios, 
the process minimally affected the Poisson’s ratio along the preferred 
remodeling direction (i.e., ν12 and ν21 for λ = 1 and λ = 0, respectively) 
while these converged to zero in the orthogonal direction. A mixture of 
these property enhancements or reductions existed for the intermediate 
values of λ. As expected, the most isotropic changes of elastic behavior 
were achieved when λ = 0.5.

Table 1 
The designs selected for fabrication and mechanical testing. *These designs were 
used for control and were made of only hard material.

Name θ[◦] ρ [ %] λ Iteration Direction

Hard1* − 20 100 – – 1
Hard2* − 20 100 – – 2
E1,initial − 20 50 – 0 1
E2,initial − 20 50 – 0 2
E1,max, λ0.75 − 20 50 0.75 22 1
E1,max, λ0.50 − 20 50 0.50 50 1
E2,max, λ0.50 − 20 50 0.50 50 2
E2,max, λ0.25 − 20 50 0.25 50 2
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We then examined the effects of applying the bone-mimicking opti-
mization process on the redistribution of SED to study whether the 
applied design methodology attenuates the stress concentrations present 
in the re-entrant and honeycomb unit cells. Before remodeling, the 
representative auxetic design (i.e., λ = 0.5, ρ = 50 %) presented high 
degrees of strain energy concentration in the areas close to the strut 
corners for both types of loading directions (Fig. 3A). These peaks were 
within the hard voxels and, regardless of λ, were attenuated within the 
initial iterations (Fig. 3B-D). Although the soft voxels generally showed 
increasing energy peaks as the remodeling process progressed (partic-
ularly when loaded along direction 1), the magnitudes of these peaks 
were lower than those of the hard voxels by one order of magnitude. 
After remodeling, substantial energy peaks were only present when the 
highly anisotropic designs were loaded orthogonal to their intended 
loading direction (i.e., direction 1 for λ = 0 and direction 2 for λ = 1) 
(Figure S4B-C of the supplementary document). For the remaining cases, 

the features introduced by the optimizations resulted in more homoge-
neous energy distributions (Supplementary videos 1–6, Figure S4D of 
the supplementary document). Furthermore, the total SED plots 
(Figure S4E of the supplementary document) indicated that additional 
energy increasingly accumulated within the unit cells along their 
preferred remodeling direction, explaining their general stiffening. 
These phenomena indicate that the remodeling algorithm promotes a 
synergistic arrangement of the hard and soft voxels to improve the 
mechanical response of the unit cells, which we further validated with 
experiments. Interestingly, these emergent features resemble those 
determined parametrically in other works [52–54] wherein allocating 
the softer phase to hinges generally led to improved overall perfor-
mance, decoupling of properties, and an expansion of the available 
design space. When compared with previously reported results, the 
advantage of our approach is that it is algorithmic and, thus, automated, 
leading to more complex microarchitectures which can then be realized 

Fig. 2. A) The hierarchical features with an intermediate length scale, which emerged from the application of the remodeling algorithm for the specimens with 50 % 
hard voxels. B) These features resulted in the expansion of the envelope of the achievable elastic properties. The parameter λ determines the bias of the remodeling 
algorithm towards loading along direction 1 (i.e., λ = 1) or direction 2 (i.e., λ = 0). The grey-to-colored scale represents the initial to final remodeling iterations, 
respectively.
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at the microscale using voxel-based multi-material printing. This also 
enables anisotropy adjustment for application-specific purposes.

3.2. Experimental validation

The auxetic monolithically hard lattices, which were designed as 
controls, exhibited a linear elastic behavior followed by brittle failure 
(Fig. 4A, and Table S1 of the supplementary document). In contrast, all 
the quasi-random initial bitmap designs had a nonlinear response and 
presented a stress-softening behavior, indicating that plastic de-
formations were present. The designs that resulted from remodeling 
showed a similar response. However, their response was stiffer, and 
their ultimate tensile stress (σUTS) was higher for all the considered cases 
(Table S1 of the supplementary document). In fact, for the tested de-
signs, σUTS was up to 1.78 times higher along direction 1 (i.e., E1,max,

λ0.75) and up to 1.77 times stronger along direction 2 (i.e., E2,max,λ0.25). 
Similarly, the elastic modulus was up to 1.8 (i.e., E1,max,λ0.75) and 3.67 (i. 
e., E1,max, λ0.75) times higher along directions 1 and 2, respectively (see 
Supplementary videos 1–6). These drastic improvements in the 

mechanical behavior of the specimens demonstrate that the remodeling 
algorithm can substantially enhance the properties of the initial sub- 
optimal designs.

It is important to note that the small standard deviations observed in 
our measurements demonstrate the repeatability and reproducibility of 
our experimental procedures. More specifically, for the elastic moduli, 
the coefficient of variation (CV) for monolithically hard lattices in di-
rections 1 and 2 was 3.10 % and 2.31 %, respectively. The maximum CV 
values observed were 11 % for the elastic moduli of composite structures 
in direction 2 (initial) and direction 1 (with λ = 0.75). For the other 
composites, these values were lower (Table S1 of the supplementary 
document). Similarly, a CV of <9 % was observed for the maximum 
strength values from quasi-static tensile tests of both optimized and 
initial composite lattice structures (Table S1 of the supplementary 
document).

A one-to-one comparison analysis between the measured and the 
FEM-predicted mechanical properties indicated that the FEM models 
can accurately predict the mechanical properties of the specimens (i.e., 
R2

E,1:1 = 86.3 % for the elastic moduli, R2
ν,1:1 = 94.31 % for the Poisson’s 

Fig. 3. A) The normalized SED values of the initial quasi-random bitmap designs when loaded in tension along both orthogonal directions. As the remodeling process 
progressed, an intermediate length scale emerged while the peaks and distributions of normalized SED adjusted: B) λ = 0.25, C) λ = 0.5, and D) λ = 0.75.
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ratios, Fig. 4B). The elastic moduli of the control group (i.e., mono-
lithically hard lattices) were predicted most accurately, while those of 
the bitmap designs were overestimated. These discrepancies were due to 
the alternating material nature within the bitmap unit cells, material 
mixing effects, size effects due to the lack of complete periodicity of the 
lattice structures, and inaccuracies inherent in DIC measurements, 
particularly at lower strains, which are known to result in stiffness 
overestimations [44,56]. We accounted for this artifact by increasing the 
FEM element to voxel representation from 1:1 to 64:1, which improved 
the accuracy of the validation simulations, particularly for the elastic 
modulus (i.e., R2

E,64:1 = 91.85 %, R2
ν,64:1 = 96.5 %). However, this 

improved accuracy came with an exponential increase in the CPU time 
(Figure S2B of the supplementary document), which made performing 
the remodeling analysis at such representation unfeasible. The im-
provements in the mechanical properties remained consistent and, in 

fact, even improved upon using higher element-to-voxel ratios. The 
emergent design features were also consistent between both levels of 
discretization. Moreover, the Poisson’s ratios were captured highly 
accurately even when the smaller number of elements per voxel (i.e., 
1:1) was used. We, therefore, concluded that a 1:1 element-to-voxel ratio 
was sufficient for running the bone-mimicking design optimization 
routine. Once the optimal design is found, one can use a higher 
element-to-voxel ratio to capture the elastic properties of the resulting 
designs more accurately. Another option would be to run a few addi-
tional steps of design optimization starting from the design resulting 
from the lower ratio simulations (Figure S2F of the supplementary 
document).

When comparing the FEM-predicted strain distribution with the full- 
field strain measurements performed using DIC respectively (see Sup-
plementary videos 1–6), we found that the simulations captured the 

Fig. 4. A) The stress-strain curves corresponding to the validation tests performed on a selected number of designs with 50 % hard voxels. B) The experimental vs. 
simulation results for the elastic modulus (E) and Poisson’s ratio (ν) for two different numbers of elements per voxel (i.e., 1:1 and 64:1). C) The distribution of the first 
true principal strain (ϵp) as measured by DIC and as predicted by our FEM models (tensile strain = 0.25 %).

M.C. Saldívar et al.                                                                                                                                                                                                                             Applied Materials Today 44 (2025) 102722 

7 



most important features of the experimentally observed deformation 
patterns (Fig. 4C). For the initial quasi-random designs, we observed 
peaks of strains at the hinge locations of the specimens and a relatively 
homogeneous distribution of lower strain values throughout the unit 
cell. These distributions explain the lower maximum stress and elastic 
moduli of the initial designs. The strain distributions of the remodeled 
designs were generally more homogeneous in both the simulations and 
experiments. Both of the designs that resulted from the application of the 
optimization algorithm to loading along direction 1 (i.e., E1,max, λ0.50 
and E1max, λ0.75) concentrated the strains around the strut intersections 
and along the struts parallel to the loading direction, which is similar to 
the FEM predictions. Similarly, the designs that were optimized for 
loading along direction 2 (i.e., E2,max, λ0.50 and E2,max, λ0.25) led to 
increased strains within the diagonal struts, with relatively higher 
strains present in the experiments than in the simulations. These more 
homogeneous strain distributions confirm the success of the proposed 
bone-mimicking design algorithm in improving the utilization of the 
available hard and soft voxels through the emergence of geometrical 
features at an intermediate length scale between the unit cell and voxel 
dimensions.

Our previous results [44,56,58] indicate that while blending does 
contribute to enhanced toughness by mitigating stress concentrations at 
the interface, the overall geometrical structure plays a more dominant 
role in determining mechanical performance. Particularly, when voxels 
of the same material (either hard or soft) are adjacent, the structure 
behaves more homogeneously within that material phase. However, 
when hard and soft voxels are neighboring, the interface introduces 
localized stress variations, which can influence deformation patterns, 
energy dissipation, and failure mechanisms.

By incorporating a biomimetic remodeling process, we used these 
interactions to optimize the internal architecture of the metamaterials, 
ensuring that hard-soft transitions occur in a way that enhances me-
chanical efficiency instead of becoming failure-prone regions.

To further extend our understanding of the influence of optimiza-
tions in directions 1 and 2 on other mechanical properties of these lattice 
structures, we measured the toughness (i.e., the area below the stress- 
strain curves until the rupture point) and resilience (i.e., the energy 
absorbed until maximum stress was reached) properties of these lattices 
(Figure S5 of the supplementary document). This comparison showed a 
notable increase in both resilience and toughness of the lattices opti-
mized in direction 1 in comparison to the initial state (Figure S5B of the 
supplementary document). This enhancement, however, was not 
observed in the optimizations performed in direction 2, indicating a 
distinct response based on the direction of optimization (Figure S5B of 
the supplementary document). Interestingly, the toughness of the 
composite lattice structure can surpass the properties of the single- 
lattice structures for both loading directions independent from the 
hard volume fraction (Figure S5B of the supplementary document).

We need to emphasize here that unlike traditional topology optimi-
zation (TO) methods that rely on a global cost function, our remodeling 
algorithm operates through an iterative material redistribution process 
inspired by bone adaptation, which is local in nature. This approach 
does not look for a single global optimum but rather evolves the internal 
architecture of the metamaterial in response to local mechanical cues. 
Voxels are progressively assigned to either the hard or soft phase during 
each iteration based on their SED, ensuring that mechanically mean-
ingful structures emerge. Because this process continuously adapts to 
local conditions rather than attempting to minimize or maximize a 
predefined objective function, issues related to non-convergence or 
entrapment in local optima are not applicable. Moreover, while different 
initial conditions may lead to variations in the final structure, this is an 
expected and desirable outcome, as it reflects the adaptability of the 
remodeling process rather than a failure to achieve an optimal config-
uration. This feature makes the method particularly robust for designing 
stress-worthy hierarchical metamaterials with tunable mechanical 
properties (see Section 3.3).

3.3. Extension of the design approach to other unit cell geometries

We extended the analysis and our design approach to include two 
additional unit cell shapes (i.e., the tetra-anti-chiral [59] (Fig. 5a) and 
the 2D equivalent of a hexaround [60] (Fig. 5b)) to determine if a similar 
trend can be observed. This further analysis revealed that similar fea-
tures, particularly the reduction of strain concentration peaks and the 
homogenization of SED fields, were also present in these types of lattices 
(Fig. 5). The unique microarchitectural features also began to emerge 
from those regions depending on the applied loading directions (Fig. 5c). 
Furthermore, the expansion of the property design space observed for 
these structures aligned with the patterns identified in the initial (non-) 
auxetic lattices. These findings suggested that the beneficial effects 
observed in the initially studied (i.e., re-entrant and honeycomb) unit 
cells were not unique to those geometries but could also be observed in a 
broader range of lattice configurations. Therefore, the rational design of 
unit cell geometries can effectively influence the mechanical perfor-
mance of multi-material metamaterial lattice structures and eventually 
contribute to their final microarchitectural designs.

3.4. Use of another theoretical models to simulate the bone-remodeling 
process

We expanded our analyses to investigate the characteristics of lattice 
structures through the application of a more sophisticated and recent 
bone remodeling algorithm, as detailed in [34]. This advanced algo-
rithm, which incorporates the metabolic effects of bone into modeling 
efforts, was adapted in our research to predominantly focus on the 
mechanical loading aspects of the bone adaptation process. Notably, this 
algorithm extends beyond the conventional assessment of SED at a sin-
gular voxel level by also considering the SED from the immediate sur-
rounding neighborhood. This comprehensive approach facilitates a 
deeper understanding of the influence of mechanical loading on the 
bone remodeling process, yielding insights crucial for creating more 
precise models in bone research and the associated domains.

Our motivation for adopting this algorithm stemmed from its ability 
to capture some of the more intricate aspects of the bone tissue adap-
tation process as well as its novelty for the design of voxel-based, multi- 
material metamaterials. The algorithm’s utility in our study lies in its 
ability to capture the SED not just of the local voxel but also of its sur-
rounding environment, a feature critical for accurately simulating the 
mechanical behavior of bone under various loading conditions. This 
aspect was particularly relevant for the development of models within 
multi-material and voxel-based frameworks, where complexity and 
material heterogeneity play significant roles.

The specific equations guiding this algorithmic approach are detailed 
in what follows. The algorithm updated the conventional SED1 and SED2 
terms in the calculation of the min-max scaled U1 and U2 terms of Eq. 
(1), replacing them with Sr1 and Sr2. These terms represent the me-
chanical signal ratios of each element within the lattice under two 
distinct loading directions, calculated as Sr1 = (SED1)/(Sd1) and Sr2 =

(SED2)/(Sd2), with Sd1 =
( ∫

Ω
SED1w(l)dΩ

)
/
( ∫

Ω
w(l)dΩ

)
and Sd2 =

( ∫

Ω
SED2w(l)dΩ

)
/
( ∫

Ω
w(l)dΩ

)
, where Sd1 and Sd2 denote the neighboring 

mechanical states integrated over the communication region Ω of each 
lattice element.

The weight function w(l) describes how the signal decays relative to 
the distance between the reference element of Ω and each of the 
neighboring ones, which is defined as: 

w(l) = |1 − l / lm| for l 〈 = lm and w(l) = 0 for l 〉 lm 

with lm being the maximum distance of the Ω region.
In applying these equations, we conducted simulations with a char-

acteristic distance (lm) set to 20 voxels for directions 1 and 2, and 4 
voxels for direction 3, which corresponds to the entire depth of the unit 
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cells. These parameters were employed in the FE simulations of both 
auxetic and non-auxetic lattices at a 1:1 representation scale, with a 
relative density (ρ) of 50 %, and a λ value of 0.25 and 0.75.

The outcomes of these simulations were comparable to those 
observed using the original algorithm, showcasing similar patterns in 
the minimization and homogenization of SED across the lattice struc-
tures. This indicates that the initially explored simplified algorithm’s 
principles can be effectively extended to accommodate the complexities 

introduced by more advanced algorithms (Fig. 6).

3.5. Potential applications for meta-implant design

The proposed design approach has potential applications in the 
design and fabrication of orthopedic medical devices. This technique 
allows us to expand the design space of mechanical metamaterial lattice 
structures solely by modifying material arrangement at another scale 

Fig. 5. The results of applying the bone remodeling algorithm to two different unit cell lattices, including tetra-anti-chiral (A) and hexaround (B) lattice structures 
and the resulting microarchitectures under two values of λ, namely 0.25 and 0.75. Depending on the loading direction (i.e., 1 or 2), the values of the elastic moduli as 
well as the values of the Poisson’s ratio can change during the optimization process for both auxetic (i.e., tetra-anti-chiral) and non-auxetic (i.e., hexaround) 
structures (C).
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without modifying the geometry of a unit cell itself, thereby retaining its 
geometry-related benefits (e.g., mass transport characteristics). This 
helps to tailor the overall multi-physics properties of the metamaterials 
at a larger scale to meet specific needs, which is of particular interest in 
biomedical engineering (e.g., the trade-off between extreme Poisson’s 
ratios, high elastic moduli, as well as high porosities and high 
permeability.

We have applied the design concepts proposed in this study to the 
rational design of multi-material meta-implants (Fig. 7). These meta- 
implants were created from a combination of auxetic and non-auxetic 
unit cells. The segment of the meta-implant consists of auxetic lattices 
designed to undergo tension, whereas the portion made up of non- 
auxetic unit cells is subjected to compression. Rationally placing these 
two types of unit cells enables the meta-implant to closely interact with 
the bone, fostering an enhanced bone-implant interface and connection. 
This approach has been previously suggested [13], and it is hypothe-
sized that such a combination could significantly improve bone-implant 
fixation, thereby mitigating the risk of bone loosening over time.

Using the voxel-based methodology allows us to further refine the 
local mechanical properties of these previously developed design con-

cepts, ensuring they more closely mimic the mechanical properties of 
different regions of the femur bone. This includes deploying specific 
functions to modulate the elastic modulus in the second principal di-
rection, E22, along the implant’s longitudinal axis, achieving a higher E22 
near the femoral head which then gradually diminishes towards the 
distal region. In addition, to address the anisotropy of the design, we also 
defined a transverse elastic modulus function based on the E11 values of 
the lattices (Fig. 7B). This approach guarantees a lower elastic modulus 
in the regions directly contacting the bone, which subsequently in-
creases towards the center of the stem. Such a combination of material 
properties is expected to stimulate improved osseointegration at the 
interface of the bone and the implant while also ensuring the structural 
integrity of the implant. Moreover, by precisely defining these me-
chanical properties, one can accurately align the most appropriate unit 
cell with the required mechanical properties for each segment of the 
implant. This methodology is streamlined by the uniform overall ge-
ometry of all lattices, enabling the creation of an implant that not only 
maintains constant mass transport properties but also displays highly 
heterogeneous and anisotropic properties across its structure. Thus, this 
conceptual design can be further combined with physics-informed 

Fig. 6. Similar emerging features appeared when using another bone remodeling optimization algorithm for λ = 0.25 and 0.75 for auxetic (A) and non-auxetic (B) 
lattice structures. These features resulted in the expansion of the envelope of the achievable elastic properties when λ = 0.25 and 0.75 (C).
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models to not only match the local properties of the bone but also 
perfectly follow the inner contour of the bone.

This proposed design approach can, therefore, be applied to the 
rational design of metamaterials with enhanced load-bearing capabil-
ities and longer service lives. The combination of unusual elastic prop-
erties and stress-worthiness offered by such designs would allow for the 
development of metamaterial-based devices, such as implantable med-
ical devices [13], soft robots [61], and soft digital logic mechanisms for 
control and actuation [62,63].

Our remodeling algorithm inherently operates in three dimensions, 
enabling the rational distribution of soft and hard voxels throughout the 
entire volume of the structure. This ensures that material redistribution 
occurs along all spatial directions, including perpendicular to the 
fabrication plane. While this study primarily focuses on the generated 
sub-structures from an in-plane perspective, the same principles apply 
when density varies laterally or through the thickness of the meta-
material. We need to highlight here that the figures primarily depict in- 
plane variations for clarity, but the remodeling process itself is fully 3D, 
with voxels distributed across all layers.

A key advantage of our method is that, for a given material, it allows 
for fine-tuning of mechanical properties within a given micro- 
architecture to maintain the Poisson’s ratio while rationally distrib-
uting soft and hard phases at the voxel level to maximize the uniformity 
of strain energy distribution. This helps to mitigate stress concentrations 
that could otherwise lead to premature failure, thereby improving the 
overall durability and mechanical efficiency of the structure.

By modifying initial conditions, such as the starting voxel arrange-
ment or the applied boundary conditions, the remodeling algorithm can 
be adapted to generate functionally graded structures with tailored 
mechanical properties in different spatial regions. This capability is 
particularly relevant for applications requiring anisotropic mechanical 
responses or optimized stress distribution across varying depth profiles. 
While this study focuses on structures designed for in-plane loading, 
future work could extend the remodeling approach to account for out-of- 
plane forces, further refining stress distributions and enhancing me-
chanical performance in more complex loading scenarios. Furthermore, 
our simulations confirm that the emergent hierarchical features remain 
robust even when different material volume fractions or directional 
biases are introduced, confirming the versatility of this biomimetic 
approach for fully 3D applications.

Currently, voxel-based printing is exclusively achievable using Pol-
yJet technology, which restricts its direct implementation in FDM- 

printed metamaterials. However, despite differences in material depo-
sition techniques, the core principles of our geometrically optimized 
structures remain applicable. Our simulations demonstrate that the 
emergent structural features generated by our biomimetic remodeling 
algorithm can enhance mechanical performance, even when material 
systems or manufacturing processes differ. Therefore, future advance-
ments in FDM or hybrid printing technologies could facilitate the 
adaptation of our approach to a wider range of applications [64,65].

4. Conclusions

We mimicked bone remodeling process through the introduction of a 
remodeling-inspired algorithm that rationally distributes hard and soft 
voxels within the unit cells of mechanical metamaterials. There are, 
therefore, two length scales that are introduced to the algorithm (i.e., the 
length scales corresponding to the unit cell dimensions and voxel size). A 
third, intermediate length scale then emerges from the application of the 
proposed algorithm. This leads to the formation of design features that 
eventually lead to the expansion of the envelope of the achievable elastic 
properties, attenuation of the stress peaks responsible for crack initia-
tion and growth, as well as improved failure properties and, thus, 
stressworthiness of the mechanical metamaterials. The parameters of 
the remodeling algorithm, including the one determining the bias to-
wards a specific loading direction, determine the isotropic or anisotropic 
nature of the obtained mechanical properties. One could, therefore, be 
biased towards a specific loading direction while limiting the available 
material budget (e.g., by limiting the number of (hard) voxels) to create 
highly efficient structures that can carry the intended loads with the 
minimum weight. The experimental validations demonstrate the accu-
racy of the computational models while also revealing improvements in 
ultimate tensile strength. Further work should, therefore, seek to 
augment our computational models to investigate the generated designs 
more efficiently. Both the proposed approach and the emergent design 
features could be applied to the design of multiple types of devices in 
various high-added-value industries, including medicine, soft robotics, 
and beyond.
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