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ARTICLE INFO ABSTRACT

Keywords: Architected materials offer promisingly high strength-to-weight and stiffness-to-weight ratios but are tradi-
Architected metamaterials tionally limited in ductility. This work proposes a bio-inspired design framework that combines twinning-
Twinning

inspired deformation control with topology optimization to overcome the conventional strength—ductility
trade-off in architected metamaterials. Unlike previous approaches that improve either ductility or strength
individually, the proposed methodology integrates stress-delocalizing twin boundaries (TBs) with connectivity-
enhancing topology optimization to simultaneously improve both properties. Three configurations (baseline,
twinned, and optimized) are fabricated with appproximately identical mass and tested under uniaxial compres-
sion. Full-field strain mapping is obtained via digital image correlation, and finite-element analysis is used to
simulate stress distribution and failure mechanisms. Results show that TBs significantly increase ductility by
~15-20 %, while the optimized lattice achieves a > 97 % increase in deformation capacity and ~118 % increase
in peak load relative to the base structure, in agreement with the numerical simulations. The optimized unit cell
exhibits a bending-dominated response, facilitating larger plastic deformations and extended shear-band for-
mation, in contrast to the stretching-dominated behavior of base and twinned cells. These promising findings will
provide a foundation for damage-programmable metamaterials in applications requiring controlled deformation
and high structural resilience.

Topology optimization
3D printing
Bio-inspired strategy

1. Introduction

Architected metamaterials represent an emergent class of engineered
structures in which geometry and topology, rather than intrinsic mate-
rial composition, govern macroscopic properties [1-4]. Unlike sto-
chastic cellular solids, lattice-based architectures offer systematic
tunability of stiffness, strength, and anisotropy, enabling multifunc-
tional performance ranging from wave guiding and acoustic damping to
controlled energy absorption and fluid transport [5-14]. The maturation
of additive manufacturing technologies has allowed these geometrically
programmed materials to be fabricated across nano-, micro-, and macro-
scales, consolidating their role in applications that demand lightweight
performance with high structural efficiency, such as aerospace, auto-
motive, and biomedicine [15-20].

The mechanical performance of lattice metamaterials is dictated by
their dominant deformation modes. Stretching-dominated topologies
generally achieve the highest stiffness- and strength-to-weight ratios but

tend to fail catastrophically through brittle strut fracture or localized
buckling [21-25]. Conversely, bending-dominated lattices promote
distributed deformation and higher energy dissipation, but at the
expense of peak load-bearing capacity [26-28]. In both cases, structural
collapse is controlled by the formation of strain-localization patterns
that resemble shear bands, which are mesoscale analogues of crystal-
lographic slip planes in conventional solids [29-31]. This analogy un-
derscores the fundamental strength-ductility trade-off observed in
metamaterials: architectures optimized for strength exhibit limited
ductility and sudden failure, whereas those designed for energy ab-
sorption dissipate load more gradually but sacrifice ultimate strength
[32-37].

Overcoming this trade-off remains one of the central challenges in
the design of next-generation architected materials.

A promising route to circumvent this limitation can be identified by
drawing inspiration from deformation mechanisms in both crystalline
solids and natural biological materials (Fig. la). In metals, when
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(a) Deformation-regulating interfaces across hierarchical scales
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Fig.1. Bio-inspired deformation-regulating interfaces: from crystallographic twinning to hierarchical bone and architected materials. (a) Deformation twinning in
metals is shown through atomic schematics and microscopy images, highlighting twin planes and coherent twin boundaries with mirror symmetry. This concept is
extended to bone, where hierarchical interfaces, from the femur and osteons to lamellae and nanoscale collagen-mineral assemblies, control strain distribution, crack
deflection, and energy dissipation. Synthetic lattice structures with engineered twin-like boundaries demonstrate analogous deformation mechanisms at the
mesoscale. (b) Schematic performance map of this research showing how introducing twin boundaries into architected lattices enables tunable mechanical behavior,
evolving from a base Face Centered Cubic (FCC) structure to optimized architectures that achieve simultaneous increases in strength and ductility. In the bottom part

an overview of the metamaterials is shown.
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dislocation slip alone cannot accommodate plastic strain, deformation
twinning emerges as an alternative mode of plasticity
[7,15-17,28,38-41]. Twin boundaries not only provide new planes for
dislocation glide but also act as barriers to slip transmission, redis-
tributing stress, increasing strain hardening, and delaying strain locali-
zation [17]. This dual functionality enables alloys such as Mg, Ti, brass,
and certain steels to simultaneously achieve strength and ductility, a
combination typically considered mutually exclusive [16,28]. An anal-
ogous principle is widespread in natural structural materials, where
interfaces and hierarchical design act to arrest, deflect, and redistribute
stresses. In bone, microcracks are guided and deflected along lamellar
boundaries, enhancing energy dissipation and delaying catastrophic
failure [42-44]. Nacre achieves remarkable toughness by forcing crack
deviation and progressive energy absorption through its brick-and-
mortar architecture [45,46]. Both biological and crystalline systems
thus exploit planes of symmetry or interfaces that act as regulators of
strain localization, and this convergence suggests a general bio-inspired
principle of deformation twinning: stress-redistributing planes, whether
in crystals, biominerals, or engineered structures, impart ductility and
toughness by disrupting shear localization and promoting distributed
deformation [47-55].

Translating this paradigm to architected metamaterials, recent
studies have demonstrated that the deliberate introduction of twinning-
inspired interfaces within lattice geometries can serve as mesoscale
analogues of crystallographic twin boundaries [28,38,56]. These engi-
neered interfaces regulate strain localization by interrupting shear-band
propagation, redistributing stresses across multiple load-transfer path-
ways, and promoting more progressive failure mechanisms. For
example, Wu et al. (2022) proposed architected twin mechanical met-
amaterials capable of suppressing local shear-band formation and
delaying catastrophic collapse [3], while Song et al. (2022) demon-
strated that crystal-twinning-inspired lattices can simultaneously
enhance stiffness, strength, and toughness through the incorporation of
twin boundaries [3,57]. More broadly, crystal-inspired interfaces such
as meta-grain boundaries have also been shown to redirect strain
localization and improve damage tolerance in architected materials
[26]. These approaches introduce a form of “synthetic plasticity” into
metamaterials, enabling progressive deformation and energy dissipation
without modifying the base constituent material.

In parallel, topology optimization has emerged as a powerful
computational strategy for tailoring the mechanical response of archi-
tected materials through the redistribution of material [58] and the
modification of load-transfer pathways [54,59]. Optimized lattices
frequently exhibit enhanced stiffness, strength, and structural stability
[60,61] as a result of reduced stress concentrations and improved con-
nectivity [62-65]. However, these benefits are often accompanied by
increased strain localization and more abrupt failure, thereby limiting
ductility and damage tolerance [66,67].

Despite the significant progress achieved by both approaches, they
have largely evolved independently. Twinning-inspired architectures
primarily focus on controlling deformation localization and enhancing
damage tolerance, whereas topology optimization is generally employed
to maximize strength and structural efficiency. Consequently, the po-
tential interaction between stress-delocalization mechanisms induced
by twin boundaries and connectivity enhancement induced by topology
optimization remains largely unexplored [50,68,69]. Furthermore, each
strategy independently addresses only one side of the strength-ductility
dilemma: twinning improves deformation capacity but may reduce peak
load-bearing capability, while topology optimization enhances strength
but often promotes localized failure. This unresolved trade-off motivates
the development of integrated design strategies capable of simulta-
neously improving both strength and ductility.

The present study addresses this challenge by proposing a bio-
inspired synergistic framework that integrates twinning-inspired
design principles with topology optimization.

The wunderlying hypothesis is that twinning and topology
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optimization contribute through distinct but complementary mecha-
nisms. Twinning planes primarily act as deformation-regulating in-
terfaces that redistribute stresses, delay strain localization, and promote
controlled failure pathways, thereby enhancing ductility. In contrast,
topology optimization primarily improves load-bearing efficiency by
stabilizing load paths and reducing stress concentrations. The combi-
nation of these two mechanisms is therefore expected to overcome the
mechanical antagonism that has thus far constrained lattice meta-
materials, enabling simultaneous improvements in damage tolerance,
deformation capacity, and strength. Importantly, the objective of the
present study is not to demonstrate that twinning alone maximizes
mechanical performance. Rather, twinning is employed as a bio-inspired
architectural strategy to modify the deformation mode of the lattice and
introduce alternative stress redistribution pathways. Topology optimi-
zation is subsequently applied to exploit these pathways and improve
structural efficiency. The proposed design framework therefore treats
twinning as the mechanism governing deformation localization and
topology optimization as the mechanism governing load transfer,
allowing their individual and combined contributions to be systemati-
cally investigated.

To prove this hypothesis, three classes of architected lattices are
systematically investigated: a baseline geometry, a twinning-inspired
variant, and a topology-optimized design. By comparing their deforma-
tion modes, stress redistribution patterns, and failure mechanisms, the
study seeks to disentangle the respective contributions of twinning and
optimization, and to determine whether their integration enables
simultaneous enhancement of strength and ductility (Fig. 1b).

The novelty of this work resides in its translation of deformation
twinning, a mechanism historically confined to metallurgy and broadly
mirrored in biological systems, into the design logic of architected
metamaterials, where it functions as a synthetic analogue of plasticity.
By coupling this bio-inspired mechanism with the computational strat-
egy of topology optimization, this study introduces a pathway to
architected lattices that are both strong and ductile, thereby providing a
conceptual and methodological advance in the design of damage-
tolerant metamaterials.

2. Materials and methods

The methodological framework integrates architected design,
computational = modeling, topology  optimization, additive
manufacturing, and experimental validation to demonstrate that the
deliberate incorporation of synthetic TBs and optimization strategies at
the mesoscale enables stress redistribution, suppression of shear band
localization, activation of multiple deformation pathways, and
enhanced energy dissipation in architected metamaterials, thereby
transposing the twinning-induced plasticity paradigm from crystalline
solids to lattice architectures.

2.1. Architected metamaterials design and optimization process

The design process is structured around the comparative analysis of
three lattice topologies:

(i) Baseline FCC lattice

The baseline lattice is a conventional FCC architecture, selected as a
canonical structure for architected metamaterials due to its relatively
isotropic mechanical response, straightforward fabrication, and exten-
sive documentation in the literature [16,17]. The FCC configuration,
while mechanically robust under moderate load, is prone to instability
once local strut buckling initiates, resulting in highly localized defor-
mation and rapid strength degradation. This makes it an ideal control
case to benchmark the proposed strengthening mechanisms.

The lattice is modeled in nTopology 4.0.5, using a line-segment
representation of struts aligned with the cubic axes. The unit cell size
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(lattice parameter) is set at 6.66 mm, and the strut diameter at 0.95 mm,
balancing structural resolution against manufacturability with vat
photopolymerization-based 3D printing. The infill domain is defined as a
cube of 40 x 40 x 40 mm, corresponding to ~ 6 unit cells per side,
which is sufficient to reproduce bulk-like behavior in both simulations
and experiments [7]. The FCC lattice is oriented without any rotation
relative to the bounding cube, ensuring full periodicity and alignment
between the infill and the bounding geometry.

This baseline design provides the mechanical ground state against
which twinning- and optimization-induced effects can be assessed.

It is worth mentioning that the FCC topology has been deliberately
selected as the reference architecture because of its relatively isotropic
mechanical response and well-established deformation behavior. This
choice minimizes the influence of orientation-dependent effects and
enables the specific contribution of the twin boundary to stress redis-
tribution, deformation localization, and failure propagation to be more
clearly identified.

(ii) Twinned FCC lattice

The second design introduces twinning as a mesoscale strengthening
mechanism. Twinning is here realized by designing two distinct meta-
grains, each containing FCC unit cells oriented at 45° relative to the
bounding box along two axes. The two halves are separated by a central
plane of symmetry, across which the unit cells are mirrored, generating
an artificial TB. This plane effectively acts as a mesoscale analogue of
crystallographic twin boundaries: it divides the structure into regions of
mirrored orientation while retaining lattice continuity across the
interface.

The unit cell modeling followed a two-step transformation:

a) rotation: the FCC unit cell was rotated by 45° around the x- and y-
axes within a 20 x 40 x 40 mm sub-volume, creating a “grain” of
reoriented lattice. The 45° rotation was selected as a crystallographic-
inspired design choice: this orientation enables the construction of
two mirror-symmetric meta-grains separated by a central twin bound-
ary, analogous to twinned or polycrystal-inspired architected materials
in which misoriented domains redirect shear-band propagation and
stabilize deformation. Mechanically, the 45° orientation reduces the
dominance of struts aligned with the compression axis and introduces
inclined load paths, promoting stress redistribution and shear-band
development instead of the layer-wise collapse observed in the base-
line FCC lattice;

b) mirroring: this rotated sub-volume was mirrored across the yz-
plane to produce a 40 x 40 x 40 mm full lattice containing a central TB.

The motivation for this design is grounded in both materials science
and biomechanics. In crystalline metals, TBs are known to block dislo-
cation transmission while simultaneously providing alternative glide
planes, thus enhancing both strength and ductility [7,39]. In biological
composites such as bone and nacre, analogous interfaces act as crack
deflectors and stress redistributors, extending toughness [70,71]. By
embedding an analogous TB in an architected lattice, it is aimed to
generate synthetic plasticity, where stress is redistributed across the
boundary and failure is delayed by controlled crack deflection or stress
bifurcation.

One important challenge in constructing mirrored lattices is the
presence of edge discontinuities at the domain boundaries, where struts
may not perfectly align due to the reorientation of unit cells. To avoid
premature edge-driven fracture, a 0.5 mm-thick external shell is added
around the structure. This shell acts as a mechanical stabilizer, sup-
pressing artefacts during compression testing and ensuring that failure
initiates within the bulk of the lattice, not at its periphery.

The twinned FCC lattice thus represents an intermediate case,
isolating the contribution of twinning boundaries to ductility enhance-
ment while still retaining the original, non-optimized strut topology.
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(iii) Optimized twinned FCC lattice

The third structure integrates topology optimization with twinning
to design an architected material that combines the ductility-enhancing
role of TBs with stress-minimization in the unit cell geometry.

Optimization is carried out in Altair Inspire 2023.1, employing a
Sequential Quadratic Programming (SQP) algorithm. The optimization
domain is restricted to the FCC unit cell, which was subjected to periodic
boundary conditions and simulated under compressive loading.

The topology optimization problem can be expressed as: 1'11(}(1)1 OVM maxs

P

where oypyma is the maximum von Mises stress within the design
domain, and p(x) represents the local material density distribution. The
objective is therefore to reduce stress concentrations while preserving
the target material content and geometric symmetry of the unit cell.

Constraints include: a) preservation of lattice periodicity and FCC
symmetry; b) minimum strut diameter of 1 mm to ensure printability; c)
target material removal fraction of 80%, consistent with lightweight
design practices. It should be noted that the 80% material removal
constraint refers exclusively to the topology optimization process per-
formed on the initial solid design space. This parameter does not
represent a reduction in the mass of the final lattice architecture relative
to the baseline design. Rather, it defines the amount of material avail-
able to the optimizer during topology generation and was selected to
produce a unit cell with a relative density comparable to that of the
reference FCC architecture.

Von Mises stress was selected as the optimization metric because it is
directly associated with the onset of yielding through the distortional
energy criterion. Since the objective of the present work is to delay stress
localization and failure initiation within the lattice, minimizing von
Mises stress provides a physically meaningful approach for promoting
more homogeneous load transfer and reducing local stress concentra-
tions. Alternative optimization formulations based on p-norm aggrega-
tion could potentially generate different topological solutions and
provide additional insight into the relationship between optimization
objectives and deformation mechanisms.

Unlike the conventional straight struts of the baseline FCC, the
optimized struts preserved the nominal printable diameter of 1 mm but
exhibited curvilinear, stress-guided trajectories generated through to-
pology optimization, features that have been shown to improve buckling
resistance and energy absorption [72,73]. The optimized unit cell is
reconstructed into a lattice by replicating the new topology and intro-
ducing a central TB using the same mirroring strategy as the previous
design. As with the twinned FCC lattice, an external shell is added to the
optimized structure to eliminate edge-related discontinuities and to
ensure reproducibility of mechanical testing. The optimization process
redistributed material within the unit cell while preserving periodicity,
manufacturability, and equivalent relative density. In particular, the
initially straight FCC members evolved into smooth curved load paths,
reducing abrupt directional changes in force transmission and promot-
ing a more homogeneous stress distribution throughout the structure.
Compared with the baseline FCC unit cell, the optimized architecture
also exhibited an approximately 75% increase in nodal connectivity,
with the number of shared nodal intersections per unit-cell face
increasing from one central connection to four distributed nodal con-
nections. These geometric modifications promoted multiple load-
transfer pathways and contributed to the transition from a predomi-
nantly stretching-dominated response toward a bending-dominated
deformation regime.

For clarity, an overview of the geometrical characteristics of the
considered architectures is reported in Table 1.

2.2. Analytical framework for mass-invariant design

To isolate the effect of architectural modifications from density-
driven strengthening effects, all lattice configurations were designed
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Table 1
Geometrical characteristics of the investigated architectures.

Parameter Baseline FCC Twinned FCC Optimized FCC

Unit-cell size 6.66 mm 6.66 mm 6.66 mm

Strut diameter 0.95 mm 1.00 mm 1.00 mm

Relative density 0.2034 0.2034 0.2034

Specimen 40 x 40 x 40 40 x 40 x 40 40 x 40 x 40
dimensions mm® mm® mm®

Twin boundary No Yes Yes

Unit-cell 0° 45° 45°

orientation

under constant-mass conditions. Relative density (p) was adopted as the
primary geometric descriptor and defined as Eq.1:

V:
=t 1
P=v @
where V; is the solid volume of the cellular material and V is the total

volume of the unit cell.
For the baseline FCC unit cell, the relative density was calculated as:

%oL.A—I—%.LoAﬂ
p:

-2 @

where L is the unit-cell size and A is the cross-sectional area of the struts.
For the optimized unit cell, the relative density was evaluated as:
LQ%Q6QA+L.%QA

2V2
= ®)

p =
To quantify the topological modification introduced by optimization, a

connectivity increase was defined as:

Copt — Cba_se

base

AC = x 100 ()]

where Cpqe and C,p; are the connectivity indices of the baseline and
optimized unit cells, respectively.

The effect of topology optimization on structural stability was eval-
uated through simplified beam-model analyses. The critical-load in-
crease was calculated as:

P — Perbase
APa _ Leropt cr.bas %« 100 (5)
P cr.base

where P pqe and Pergp are the critical loads obtained from linear
perturbation buckling analyses of the baseline and optimized unit cells.

2.3. Numerical modeling

The finite element models are developed in Abaqus CAE 2021 via
non-linear explicit analysis, importing the three lattice structures as
meshed bodies from nTopology. Each lattice part is placed between two
rigid planes representing the upper and lower interfaces of the
compression platens in compression testing. Rig compliance is negligible
due to the low modulus of the photopolymer relative to steel pistons.
The numerical material model corresponds to the experimentally char-
acterized VeroCyan photopolymer used for specimen fabrication. The
constitutive parameters were obtained from dedicated uniaxial tensile
and compression tests performed according to ASTM D638 and ASTM
D695 standards, respectively, and subsequently implemented into
Abaqus through true stress-true strain plastic flow curves (details are
reported in Supplementary Information Section S1). Key material elas-
toplastic properties defined in Abaqus include: i) Young’s Modulus (E =
2238 MPa): characterizes elastic stiffness; ii) Poisson’s Ratio (v = 0.4):
relates axial and lateral strain, ensuring realistic volumetric response;
iii) Plastic Strain vs. Yield Stress curve: captures post-elastic behavior
and hardening; iv) Elongation at break: between 10% and 25%, defines
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material ductility; v) Stress triaxiality: hydrostatic-to-von-Mises stress
ratio, critical for ductile failure modeling; vi) Strain rate sensitivity:
accounts for rate-dependent material behavior.

The constitutive behavior was modeled using an elastoplastic
formulation calibrated from the experimentally obtained true stress—
true strain curves. Failure was simulated through a ductile damage
criterion based on the experimentally determined failure strain and the
corresponding stress-triaxiality conditions. Following damage initiation,
progressive degradation of the material stiffness was introduced and
complete failure was represented through element deletion. This
approach enabled the simulation of localized strut rupture, damage
propagation, and the progressive collapse mechanisms observed during
compression testing.

Lattice structures interact via hard contact with a tangential penalty
coefficient of 0.2, approximating the friction between thermoset poly-
mers and steel [43]. Contacts between the lattice and planes are
modeled. Meshes are generated in nTopology and refined through an h-
refinement convergence study, performed by progressively increasing
the mesh density while monitoring the global force-displacement
response, peak von Mises stress, and the localization of plastic defor-
mation within the lattice struts. Convergence was considered achieved
when the variation in the monitored quantities between successive mesh
refinements remained below 5%. Particular attention was dedicated to
the stabilization of stress concentrations at nodal junctions and in re-
gions prone to local buckling and shear-band nucleation. The final
meshes consisted of approximately 1.8-2 million linear tetrahedral
(C3D4) elements, providing a suitable compromise between computa-
tional efficiency and numerical accuracy while accurately capturing
localized deformation and progressive collapse mechanisms. Further
details have been provided in the Supplementary Information S.2.

2.4. Digital fabrication

Three replicas per each specimen class (Baseline, Twinned, Optimized)
are fabricated using PolyJet 3D printing on a Stratasys J750 UV printer,
employing VeroCyan™ (RGD841, Stratasys® Ltd., USA) as the photo-
polymer material. The process deposits liquid photopolymer droplets
layer by layer onto the build platform, with each droplet instantaneously
cured by UV light, ensuring precise layer solidification. The printing
resolution is set to 200 pm, providing a balance between build speed
and geometric fidelity. PolyJet technology enables precise control of
geometry and mechanical properties, delivering high geometric accu-
racy, smooth surfaces, and fine feature resolution. This makes it
particularly suitable for replicating complex lattice geometries,
requiring strict dimensional precision, while minimizing post-
processing. The printing process was performed with a nominal layer
thickness of 14 pm and high-quality printing mode to maximize geo-
metric fidelity. The specimens were fabricated with a consistent build
orientation for all architectures in order to minimize variability associ-
ated with process anisotropy. Temporary SUP706 support material was
automatically generated within the lattice cavities and subsequently
removed using a pressurized water-jet cleaning process. Following
support removal, the specimens were inspected to verify the integrity of
the struts and nodal connections before mechanical testing.

2.5. Experimental analyses

Uniaxial compression testing is performed on the 3D-printed speci-
mens using an INSTRON ElectroPuls™ machine (Instron Systems, Nor-
wood, United States) equipped with a 10 kN load cell. Three lattice
configurations, baseline, twinned, and optimized, are tested, with three
replicas per class to ensure reproducibility.

A constant nominal strain rate of 0.005/min is applied, with a
displacement limit of 20 mm, corresponding to an approximate
compressive strain of 50%. Load-displacement data are continuously
recorded throughout the tests, enabling quantitative assessment of the
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mechanical response, deformation behavior, and structural resilience of
each lattice type under uniaxial compression.

To capture full-field strain distributions, Digital Image Correlation
(DIC) is employed using a Q-400 system equipped with dual 12 MP
cameras (LIMESS GmbH, Krefeld, Germany), operating at a sampling
frequency of 1 Hz. Specimens are prepared with a high-contrast speckle
pattern, consisting of black dots on a white-painted background, to
optimize correlation accuracy [74]. Strain fields, including equivalent
von Mises strain, are analysed using Instra 4D v4.6 software (Dantec
Dynamics A/S, Skovunde, Denmark), providing spatially resolved
measurements of local deformation and enabling detailed investigation
of strain localization, load redistribution, and failure mechanisms across
the lattice structures. In detail, the DIC analysis was performed on the
central region of the specimens to minimize boundary artefacts during
compression. Correlation was conducted using a subset size of 29 x 29
pixels and a step size of 7 pixels, selected to provide a suitable
compromise between spatial resolution and correlation stability during
large deformation. Additional details regarding the experimental setup
and DIC parameters are provided in the Supplementary Information
(Section S3).

For all architectures, compression is applied along the vertical di-
rection of the specimen. In the twinned and optimized configurations,
the twin boundary is located along the central symmetry plane,
providing the reference frame for the development of the observed
shear-band patterns.

The effective in-plane Poisson's ratio of the lattice architectures was
estimated from the DIC strain fields according to:

Etrans
Vep = — = (6)

Eaxial

where e4qns and g4y represent the average transverse and axial strains
measured within the central region of interest. The evaluation was
performed during the initial homogeneous deformation regime, prior to
the onset of pronounced strain localization.

2.6. Quantification of the sequential design amplification

To quantitatively evaluate the effectiveness of the proposed
sequential bio-inspired design strategy, a Sequential Energy Amplifica-
tion Factor (SEAF) was introduced. Since the primary objective of the
study is the simultaneous enhancement of strength and deformation
capacity, the absorbed mechanical energy up to peak load was selected
as the representative performance metric.

The absorbed energy was estimated as the area under the force-
—displacement curve up to the maximum load:

U= /Wpd(s )
0

where F is the compressive force and § is the displacement.
The Sequential Energy Amplification Factor was then defined as:
UOPT - UTWIN

SEAF = —————— (8)
Urwiv — Ugase

where Upasg, Urwin, and Ugpr denote the energy absorbed by the base-
line, twinned, and optimized architectures, respectively.

This metric quantifies how much the topology optimization stage
amplifies the energy gain initially introduced by twinning. A value
greater than 1 indicates that the second design stage contributes more
than the first design stage.

3. Results and discussion
This study aims at engineering architected metamaterials capable of

overcoming the strength-ductility trade-off that characterizes most
lattice-based cellular solids. Conventional strut-based architectures,
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such as the FCC and BCC lattices, typically exhibit stretching-dominated
deformation and fail catastrophically once local buckling or brittle
fracture initiates, thereby limiting their energy absorption capacity and
post-yield resilience [1-3]. This mechanical limitation parallels that of
crystalline solids in which plastic deformation is restricted to dislocation
slip, resulting in localized shear and premature fracture. To transcend
these constraints, the present work adopts a bio-inspired strategy that
translates the paradigm of twinning-assisted plasticity into the meso-
scale design of cellular lattices. By embedding synthetic TBs into the
lattice geometry, it is hypothesized that stresses can be redistributed
across multiple load paths, thereby delaying localization, activating
alternative deformation mechanisms, and enhancing energy dissipation.

3.1. Metamaterial design: A bio-inspired evolutionary approach

The evolutionary design framework adopted in this study is inspired
by the progressive evolution of plants, in which mechanical competence
emerges through successive adaptations driven by functional necessity.
This stepwise evolutionary logic provides a conceptual lens through
which the mechanical response of the investigated lattices can be
interpreted, as schematically illustrated in Fig. 2a.

The mechanical significance of the two evolutionary steps, the bio-
logical analysis and target metrics are detailed in Table 2.

The baseline FCC lattice exhibits a relatively isotropic elastic response
but fails through highly localized strut buckling, leading to rapid post-
peak strength degradation. This behavior reflects a lack of intrinsic
mechanisms for stress delocalization, resulting in limited ductility and
damage tolerance. The introduction of architectural twinning (twinned
structure) constitutes the first evolutionary adaptation and produces a
clear qualitative change in deformation behavior. By embedding a
mesoscale twin boundary through mirroring of the lattice orientation,
stresses are redistributed across the structure, delaying localization and
promoting a more distributed deformation mode. This behavior is
analogous to the role of vascular tissues in plants and to deformation
twinning in crystalline metals. While the twinned lattice exhibits
enhanced ductility and a more stable post-yield response compared to
the baseline FCC configuration, strength remains limited by stress con-
centrations within the struts, indicating that twinning alone is insuffi-
cient to fully optimize mechanical performance. A second evolutionary
refinement is achieved through topology optimization (optimized struc-
ture) applied directly to the twinned unit cell, paralleling the emergence
of lignin in plant evolution, which reinforced existing vascular archi-
tectures rather than replacing them. The optimization is formulated to
minimize the maximum von Mises stress while preserving lattice peri-
odicity and manufacturability, with a target material removal fraction of
80% of the initial design space mass and a minimum strut diameter of 1
mm (Fig. 2b). Convergence is achieved after 47 iterations, resulting in a
refined strut geometry characterized by redistributed load paths and
suppressed stress concentrations. Unlike the straight members of the
baseline and twinned FCC lattices, the optimized struts exhibit variable
cross-sections and curvilinear trajectories, which are known to improve
buckling resistance and energy absorption. The final optimized lattice is
presented in Fig. 2b on the right, illustrating both shell-free and shell-
enclosed configurations.

Herein, the evolutionary analogy with plant development provides a
useful interpretive framework, highlighting how successive adaptations
address increasingly stringent mechanical requirements and ultimately
lead to a more resilient and efficient structural system.

3.2. Analytical framework for mass-invariant metamaterial optimization

The analytical framework described in Section 2.2 confirms that the
three investigated architectures are designed under approximately
mass-invariant conditions. The relative density of both the baseline and
optimized unit cells is found to be 0.2034, while the measured masses of
the fabricated specimens remain within a narrow range (10.9-11.6 g).
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Fig.2. Bio-inspired evolutionary design framework for twinned and optimized architected lattices. (a) Schematic of the hierarchical, evolution-driven design strategy
in which principles observed in biological materials are translated into architected metamaterials. The top row presents the biological analogy, progressing from
algae (soft, non-load-bearing tissues) to vascular plants (stress redistribution through internal transport networks) and finally to woody plants, where lignification
provides enhanced structural resistance. The bottom row shows the corresponding evolution in lattice architectures, from a baseline FCC lattice to a twinned
configuration incorporating a central mirror-symmetric boundary, and ultimately to an optimized twinned lattice. (b) Details of the topology optimization workflow
applied to the twinned unit cell, including the definition of the design domain, loading and boundary conditions, objective function (stress minimization), and
geometric constraints. The inset on the right reports the evolution of the normalized objective function throughout the 47 optimization iterations, illustrating the
convergence of the SQP-based optimization procedure toward the final design. (¢) Comparison between twinned and optimized unit cells in terms of relative density,
connectivity, critical load and total mass.
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Table 2
Mechanical significance of the evolutionary design framework.

Materials & Design 268 (2026) 116576

Evolutionary step Biological analogy Biological role

Architectural modification Target mechanical metrics

Step 1: Baseline —
Twinned

Development of
vascular tissues

preventing localized resource depletion

Step 2: Twinned
— Optimized

Development of
lignified tissues
loads

Enable efficient transport and redistribution of water and
nutrients throughout the plant, improving adaptability and

Provide structural reinforcement, improve load-bearing
capability, and enable plants to sustain larger mechanical

Introduction of a twin
boundary and mirrored
meta-grains

Topology optimization of
the twinned unit cell

Stress redistribution, delayed strain
localization, shear-band regulation,
deformation capacity

Connectivity, critical load, stress-
transfer efficiency, structural stability

Post-fabrication mass measurements further confirm the validity of the
mass-invariant design strategy, ensuring that the observed differences in
mechanical response originate primarily from architectural modifica-
tions rather than variations in material volume (Supplementary
Information S.4).

Maintaining equivalent relative density is particularly important in
architected materials because stiffness, strength, and energy absorption
are strongly influenced by the amount of material contained within the
structure. By preserving both mass and relative density, the comparison
between the baseline, twinned, and optimized architectures could be
focused on the influence of geometry, connectivity, and deformation
mechanisms.

Connectivity analysis reveals substantial differences between the
baseline and optimized unit cells. The baseline FCC architecture exhibit
a connectivity index of 4, whereas the optimized unit cell reaches a
connectivity index of 7, corresponding to a 75% increase in connectivity.
This increase reflects the introduction of additional nodal in-
terconnections and a greater number of available load-transfer pathways
throughout the unit cell.

From a mechanical perspective, the increase in connectivity reduces
the dependence of the structure on a limited number of highly loaded
members and promotes a more distributed transfer of forces. Conse-
quently, stresses can be redistributed through multiple structural path-
ways, reducing stress concentrations and delaying the formation of
localized failure regions. This behavior is consistent with previous
studies [31,75] showing that highly connected lattice architectures
generally exhibit enhanced structural robustness, improved damage
tolerance, and greater resistance to instability-driven collapse.

The influence of topology optimization on structural stability is
further assessed through simplified beam-model analyses. The baseline
and optimized unit cells exhibit critical loads of approximately 229 N
and 302 N, respectively, corresponding to a 32% increase in critical
load. This result indicates that the optimized architecture can sustain
substantially larger loads before the onset of instability and therefore
possesses greater resistance to buckling-induced failure.

The corresponding buckling and stress analyses are reported in
Fig. 3a,b. The first-mode buckling shapes shown in Fig. 3a demonstrate
the improved structural stability of the optimized architecture, which
exhibits a noticeably higher load multiplier than the baseline configu-
ration. This improvement is not solely a consequence of enhanced
connectivity but also results from the modified orientation of the load-
carrying members and the redistribution of material within the unit
cell, which together generate more favourable stress-transfer pathways.

The von Mises stress distributions reported in Fig. 3b provide addi-
tional insight into the mechanical consequences of these architectural
modifications. When loaded up to their respective critical conditions,
the optimized unit cell develops higher local stresses than the baseline
configuration. This observation indicates a change in the governing
failure mechanism. While the baseline FCC architecture fails primarily
through buckling of axially loaded members, which is characteristic of
stretching-dominated systems, the optimized architecture exhibits a
transition toward a bending-dominated deformation regime in which
yielding becomes the dominant failure mechanism before global insta-
bility develops.

This transition is particularly important because it provides a

mechanistic explanation for the enhanced deformation capacity
observed experimentally. Rather than concentrating deformation within
a small number of vertical struts, the optimized architecture distributes
stresses across a larger number of interconnected members, enabling
progressive deformation and delaying catastrophic collapse.

Here, the analytical framework highlights three key consequences of
topology optimization: (i) preservation of relative density and mass,
enabling an unbiased comparison among architectures; (ii) a 75% in-
crease in connectivity, promoting more efficient stress redistribution
and multiple load-transfer pathways; and (iii) a 32% increase in critical
load, indicating enhanced resistance to instability.

It should be noted that the analytical framework presented in Fig. 3 is
intended to evaluate the influence of topology optimization at the unit-
cell level. Since the Twinned architecture employs the same FCC unit
cell as the baseline configuration and differs only through the intro-
duction of a twin boundary at the lattice scale, its mechanical contri-
bution cannot be captured by a simplified unit-cell beam model. The
effect of twinning is therefore assessed through the full-lattice finite-
element simulations and experimental analyses presented in the
following sections.

3.3. Numerical results

The numerical analyses provide a comprehensive insight into the
stress evolution, plastic deformation, and failure mechanisms governing
the mechanical response of the base, twinned, and optimized lattice
architectures.

To facilitate comparison among the investigated architectures, the
principal structural descriptors governing their mechanical response are
summarized as follows. The baseline FCC lattice is characterized by a
conventional FCC arrangement with a unit-cell orientation aligned with
the specimen boundaries and a nominal strut diameter of 0.95 mm. The
twinned lattice introduces a central twin boundary and a 45° unit-cell
orientation while maintaining the same relative density. The opti-
mized lattice preserves the twin-boundary configuration and relative
density of the twinned architecture, but exhibits enhanced nodal con-
nectivity (approximately + 75%) and an increased critical load
(approximately + 32%) resulting from the topology optimization pro-
cess. These architectural features strongly influence the stress redistri-
bution pathways, deformation modes, and failure mechanisms observed
in the finite-element simulations.

Time-resolved contour plots of the von Mises stress, extracted at
selected simulation steps, reveal that each structure activates distinct
load-bearing mechanisms as deformation progresses:

i) Stage I - Linear elastic response and topology-controlled stress
partitioning.

During the initial loading regime, all configurations exhibit a pre-
dominantly linear elastic response. The von Mises stress contours (Fig. 4,
Stage I) reveal that stress partitioning is strongly governed by unit-cell
topology and strut orientation. In the baseline lattice, stress is primar-
ily concentrated within vertical struts aligned with the loading axis (see
red arrows), consistent with a stretching-dominated load transfer
mechanism. In contrast, the twinned lattice redistributes stress toward
struts located on the unit-cell faces adjacent to the twinning plane (see
light blue arrows), while the optimized lattice engages inclined struts
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(a) Analytical buckling results of the baseline and the optimised unit cell
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Fig.3. Buckling and stress-based failure assessment of the baseline and optimized unit-cell frame models. (a) Linear perturbation buckling analysis of the Baseline (left)
and Optimized (right) unit cells, reported as the first-mode buckling shapes and corresponding load multipliers. (b) Von Mises stress fields [MPa] computed by

applying to each unit cell its respective buckling load.

aligned along preferential crystallographic directions. This redistribu-
tion reflects an early activation of multiple load paths enabled by
increased nodal connectivity and geometric anisotropy, despite identical
relative density across all architectures.

ii) Stage II — Plastic instability and shear-band nucleation

With increasing compressive displacement, localized stress amplifi-
cation triggers the onset of plastic deformation (Fig. 4, Stage II),
captured by the emergence and growth of equivalent plastic strain
(PEEQ). In the baseline lattice, plasticity initiates nearly simultaneously
in vertically oriented struts and rapidly localizes within a single crys-
tallographic plane normal to the loading direction, promoting syn-
chronized strut yielding and limited lateral stress redistribution (see red
arrows). Conversely, the twinned and optimized lattices exhibit delayed
plastic initiation and a markedly more distributed plastic strain field.
Yielding occurs in struts with combined axial and transverse compo-
nents, leading to the nucleation of inclined shear bands (highlighted
with ellipses). Importantly, these shear bands develop symmetrically
with respect to the twinning plane, indicating that the mirror-symmetric
architecture imposes a geometric constraint on strain localization and
governs the preferred deformation modes, as highlighted by the PEEQ
contours (Fig. 5).

iii) Stage III — Progressive damage accumulation and macroscopic
collapse.

Further loading leads to the accumulation of plastic damage and
eventual strut failure, identified by element deletion and local stress
relaxation (Fig. 4, Stage III). In the baseline lattice, strut rupture occurs
almost concurrently within the same crystallographic plane, resulting in
a rapid degradation of load-carrying capacity and an abrupt global
collapse. In contrast, the twinned and optimized architectures undergo a
progressive failure process, characterized by damage propagation across

multiple planes prior to the formation of a dominant shear band span-
ning the entire specimen. This distributed failure mechanism delays
macroscopic collapse and enhances structural stability. At the final
stage, a sharp reduction in stress indicates complete unloading, corre-
sponding to the inability of the remaining strut network to sustain
further compressive loading.

Herein, the numerical analyses demonstrate that the introduction of
twinning fundamentally alters the deformation sequence by promoting
stress redistribution and symmetry-controlled shear localization, while
subsequent geometric optimization further suppresses localized in-
stabilities. The combined effect shifts the governing failure mode from
plane-dominated, stretching-controlled rupture in the base lattice to a
progressive, shear-driven plastic collapse in the twinned and optimized
architectures, thereby significantly enhancing mechanical robustness
under compression.

To facilitate interpretation of the numerical results, the principal
structural descriptors of the three architectures and their influence on
the observed deformation mechanisms are summarized in Table 3.

3.4. Experimental results

Uniaxial compression tests are conducted on the three metamaterial
configurations, with deformation monitored in situ through DIC.
Representative images of the specimens during loading are reported in
Fig. 6.

The baseline lattice exhibits a limited deformation regime and brittle
failure localized along a distinct crystallographic plane. As shown in
Fig. 6a on the left, the failure plane is clearly identified on the speci-
mens, corresponding to a preferential alignment of struts. This obser-
vation is confirmed by the strain field obtained via DIC, where a sharp
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Fig. 4. Contour plots for the von Mises stresses at progressively increasing displacement steps (i.e. Stage I: elastic loading, Stage II: onset of plasticity, Stage
III: failure).
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Fig. 5. Equivalent plastic strain (PEEQ) contours of the optimized structure. The compression direction is vertical (grey arrow), while the twin boundary is located
along the central symmetry plane of the specimen. The presence of shear bands is highlighted with dashed red lines.

gradient confirms the onset of localized deformation immediately prior measurement methods would have been insufficient to capture the
to collapse. The utility of DIC is particularly evident in this context: transient deformation events. The DIC analysis further reveals severe
given the sudden fracture of the baseline lattice, conventional strain strain localization in the vertical struts, resulting in abrupt, layer-by-
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Table 3
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Structural characteristics of the investigated architectures and their expected influence on the mechanical response.

Architecture Key structural feature Quantitative parameter (validation of Expected mechanical effect Observed numerical response
evolutionary step metrics)
Baseline Conventional FCC Relative density = 0.2034; strut Load mainly transferred through Strong stress localization in vertical
arrangement diameter = 0.95 mm vertical struts members; stretching-dominated
deformation; buckling-controlled failure
Twinned Introduction of a central Twin boundary present; unit-cell Stress redistribution across multiple Symmetric shear-band formation; more
(evolutionary twin boundary orientation = 45°; relative density = deformation paths; delayed distributed stress field; increased
step 1) 0.2034 localization deformation capacity
Optimized Topology-optimized unit Relative density = 0.2034; Enhanced load transfer, reduced Distributed stress field; stable shear-band
(evolutionary cell combined with twin connectivity increase ~ 75%; critical stress concentrations, activation of development; bending-dominated
step 2). boundary load increase ~ 32%j strut diameter =  multiple deformation pathways deformation; delayed failure and higher
1 mm peak load
(a) | Baseline Twinned Optimised
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Fig.6. Experimental compression response of baseline, twinned, and optimized lattice architectures. (a) Digital Image Correlation (DIC) maps in correspondence of the
maximum load of the three classes during uniaxial compression, showing the spatial distribution of true effective von Mises strain (%) at comparable deformation
states. (b) Corresponding force-displacement curves obtained from compression tests for the three architectures until fracture. The reported displacement values are
corrected for machine compliance. Solid lines represent the mean response, while shaded regions indicate standard deviations. Rectangles highlight the displacement
at peak load, illustrating the progressive increase in both peak force and deformation capacity from baseline to twinned and optimized designs. The compression
direction is vertical in all specimens (grey arrow). For the twinned and optimized architectures, the twin boundary acts as a symmetry plane governing the observed

deformation and shear-band development.

layer collapse and highlighting the brittleness of the base design.

The introduction of twinning within the twinned unit-cell architec-
ture markedly altered the failure mechanism. As shown in Fig. 6a in the
centre, the redistribution of struts within the volume facilitated a more
gradual failure response, with stress initially dispersed across multiple
planes before concentrating along shear bands. The corresponding DIC
maps confirm the progressive accumulation of strain in specific orien-
tations (white arrows). This response is consistent with the concept of
twinning as an adaptive design strategy, in which redistribution of
stresses mitigates abrupt fracture and enhances energy absorption.
While the twinned lattice demonstrated higher load-bearing capacity

11

and more homogeneous strain distribution than the base lattice, the DIC
analysis indicated that plastic deformation remained relatively limited,
with shear bands less pronounced than in highly ductile systems.

In contrast, the optimized lattice displayed a distinct mechanical
behavior characterized by extended plasticity and pronounced shear
banding. During loading, significant deformation was visible even
macroscopically, with DIC confirming the development of a well-defined
shear band spanning the specimen volume (Fig. 6a on the right). The
optimized lattice sustained higher strains prior to collapse, exhibiting the
longest plastic phase among the tested structures and achieving the
highest failure load. This delayed failure suggests that the optimization
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process effectively promoted stress redistribution and enhanced energy
dissipation by guiding load paths through reoriented and more highly
connected truss networks (white arrows). As a result, the optimized lat-
tice exhibited improved toughness and superior resistance to cata-
strophic fracture.

The mechanical response is quantitatively summarized in the
force-displacement curves reported in Fig. 6b. The baseline lattice
showed multiple peaks associated with sequential collapse of vertical
struts in individual layers, consistent with brittle layer-by-layer failure.
This stepwise collapse was significantly attenuated in the twinned and
optimized lattices, which instead exhibited smoother curves reflecting
alternative failure modes. In these cases, the absence of discrete layered
failure was accompanied by strain-hardening behavior arising from
increased strut interactions and load redistribution. The maximum
failure load increased from approximately 1000 N in the baseline
structure to ~ 1500 N in the twinned lattice and ~ 3500 N in the opti-
mized version, while the displacement at failure increased from ~ 1.0
mm (baseline) to ~ 1.5 mm (twinned) and ~ 2.5 mm (optimized). These
trends confirm a progressive improvement in both strength and ductility
from the base to the optimized design.

Finally, Fig. 6 gives indication about the first fracture event, high-
lighting the transition in failure mechanisms. In the baseline lattice,
strain localization is confined to vertical struts, leading to highly brittle
fracture. In the twinned lattice, load sharing across non-axially aligned
struts improves stability, though ductility gains remained moderate. In
the optimized lattice, the emergence of stable shear bands facilitates
large plastic deformation, correlating with enhanced toughness and
gradual failure. These results validate the hypothesis that sequential,
bio-inspired modifications, twinning followed by topology optimization,
progressively increase both the load-bearing capacity and ductility of
architected lattices by promoting controlled stress redistribution and
delaying catastrophic collapse. The observed scatter of Fig. 6b is
attributed primarily to manufacturing-related factors, including
dimensional tolerances, local variations in photopolymer curing, and
minor geometric imperfections associated with the additive-
manufacturing process.

To quantitatively assess the effectiveness of the proposed sequential
design framework (Baseline — Twinned — Optimized), the absorbed
energy up to peak load was estimated from the experimental force-
—displacement curves. The baseline, twinned, and optimized architec-
tures exhibited absorbed energies of approximately 500, 1125, and
4375 N-mm, respectively. Based on these values, the Sequential Energy
Amplification Factor (SEAF) was calculated as 5.2. This result indicates
that topology optimization amplifies the energy gain introduced by
twinning by more than fivefold, highlighting the effectiveness of
combining deformation-regulating twin boundaries with topology-
driven load-path optimization.

Additionally, the effective Poisson's ratios obtained from the DIC
measurements were computed and these results in 0.28 4 0.04,
0.17 +0.03, and 0.08 + 0.03 for the Baseline, Twinned, and Optimized
architectures, respectively. The progressive reduction in Poisson's ratio
indicates decreasing lateral expansion and is consistent with the
increasing influence of stress redistribution, internal rotation, and
bending-dominated deformation mechanisms. [76,77].

These values are consistent with the positive effective Poisson's ratios
commonly reported for twinning-inspired and conventional FCC-based
lattice architectures and differ from the negative Poisson's ratios
observed in auxetic metamaterials [76,77]. This comparison confirms
that the improved mechanical performance of the present architectures
originates from stress-delocalization and connectivity-enhancement
mechanisms rather than from auxetic kinematics.

It should be noted that the force-displacement curves shown in Fig. 6
(b) correspond to the complete experimental response up to specimen
fracture and therefore capture the entire deformation process, including
the post-yield regime and final failure stage. As a result, the area under
the curves can be interpreted as a measure of the energy absorbed during
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deformation. A progressive increase in absorbed energy is observed from
the baseline to the twinned and optimized architectures, reflecting the
combined improvement in load-bearing capacity and deformation
capability. The optimized architecture exhibits the largest absorbed
energy owing to its higher peak load and delayed failure.

3.5. Deformation and strength gains: Experimental and numerical
comparisons

The combined experimental-numerical investigation highlights a
progressive, quantifiable improvement in both deformability and load-
bearing capacity as the lattice architecture evolves from the base ge-
ometry through the twinned variant to the fully optimized
configuration.

The validation of the numerical framework was performed through a
multi-level comparison between simulations and experiments. Agree-
ment was assessed not only through global mechanical metrics such as
peak load and deformation capacity, but also through comparison of the
strain-localization patterns obtained from DIC with the corresponding
PEEQ distributions predicted numerically, as well as through the
observed deformation and failure mechanisms, including shear-band
formation, stress redistribution, and progressive collapse. This valida-
tion strategy was adopted to assess both the global response and the
underlying physical mechanisms governing lattice deformation.

FE analysis contour maps (Fig. 7a on the left) and DIC strain fields
(Fig. 7a on the right) demonstrate excellent qualitative alignment in all
three architectures. In both experiment and simulation, the dominant
shear bands in the optimized lattice follow the same inclined planes,
confirming that the numerical model captures the critical stress trajec-
tories responsible for failure initiation. In detail: i) Baseline lattice:
brittle, layer-wise collapse along horizontal planes; ii) Twinned lattice:
shear bands inclined at ~ 45°, signifying redistribution of stresses across
twin boundaries; iii) Optimized lattice: continuous, well-developed di-
agonal shear bands indicating extensive plastic accommodation.

The correspondence of these strain paths validates the numerical
approach as a reliable predictive framework for assessing comparative
mechanical behavior.

Compression tests show a clear gain in both deformation and
strength [%] in the twinned and optimized lattice with respect to the
baseline, that are quantified in Fig. 7b.

These data highlight two key trends: ii) Twinning as an intermediate
enhancer: the addition of twin boundaries introduces new load paths
and delays local buckling, enabling a modest but statistically significant
increase in both ductility and strength without sacrificing stiffness; ii)
Topology optimization as a transformative step: the optimized geometry
nearly doubles the experimental failure strain and more than doubles
the maximum sustainable load. This net improvement arises from a
global redistribution of stresses and an increase in nodal connectivity,
which together suppress early localization and permit extensive plastic
accommodation.

It is important to note that twinning and topology optimization play
fundamentally different roles within the proposed design framework.
Twinning primarily acts as a deformation-regulating mechanism by
promoting stress delocalization and delaying strain localization, as
evidenced by the emergence of symmetric shear bands and the increased
deformation capacity of the twinned lattice. In contrast, topology opti-
mization mainly enhances strength by improving load transfer and
reducing stress concentrations. Therefore, the larger quantitative gains
observed in the optimized architecture should not be interpreted as
diminishing the contribution of twinning; rather, they indicate that to-
pology optimization is able to exploit and amplify the deformation
pathways introduced by the twinned architecture.

Although the optimization objective was solely stress minimization,
the resulting architecture exhibited increased connectivity and modified
load-transfer pathways, which promoted a transition toward a bending-
dominated deformation regime. These mechanisms provide a physical
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Fig.7. Comparison between numerical and experimental results related to the strain localization in the optimized lattice under compression. (a) Numerical and full-
field Digital Image Correlation (DIC) maps showing the spatial distribution of strains. Dashed lines indicate the formation of inclined shear bands, while green circles
highlight regions of interest where strain localization initiates (magnified views are reported in the green boxes). (b) Quantitative decomposition of the deformation
and strength gains [%] in the twinned and optimized lattice with respect to the baseline.

explanation for the improvements in deformation capacity and energy aligned struts share the applied compressive load, so that strain en-

absorption observed experimentally. ergy accumulates gradually rather than catastrophically. This reduces
Micro-mechanistic interpretation the severity of the first fracture event and creates a smoother force-
The twinned lattice promotes stress delocalization: non-axially —displacement curve.
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In the optimized lattice, the combination of increased connectivity
and strategically reoriented struts enhances bending-stretching
coupling, which is well known to elevate both the initial stiffness and
the energy absorption capacity of lattice metamaterials. DIC shows
extensive shear-banding before global failure, a hallmark of pseudo-
ductile behavior where plastic deformation proceeds through progres-
sive cell collapse and localized rotations rather than abrupt brittle
fracture.

Design implications

The nearly twofold increase in ductility and more than doubling of
strength achieved by the optimized lattice underscores the effectiveness
of a multi-stage design strategy: firstly, crystallographic twinning in-
troduces alternate load paths and enhances damage tolerance; secondly,
topology optimization exploits these added degrees of freedom to
channel stresses along energetically favourable routes.

This adaptability-driven paradigm is broadly applicable to archi-
tected materials intended for load-bearing applications where energy
absorption, fail-safe deformation, and predictable failure planes are
critical, such as biomedical scaffolds, aerospace crash absorbers, or
protective mechanical metamaterials.

3.6. Potentidlities, limitations, engineering challenges and future
opportunities

This work demonstrates that combining crystallographic-inspired
twinning with topology optimization provides a powerful pathway for
tailoring the mechanical response of architected lattices, but it also
highlights key boundaries in both design and modeling that inform
future developments.

The experimental and numerical campaign confirms the initial
theoretical expectation of substantial ductility enhancement in lattices
with twin boundaries, with measured increases ranging from ~20 %
consistent with previous studies [26,28], to > 90 % with our designed
evolutionary-based optimization process. The twinned architecture re-
distributes stresses over multiple planes, delaying localization and
suppressing abrupt fracture, while retaining a predominantly stretching-
dominated load path. In contrast, the optimized lattice exhibits a
bending-dominated unit-cell response, as illustrated in Fig. 6, which
facilitates larger rotations and plastic hinge formation. This shift in
deformation mechanism produces an extended plastic regime and su-
perior energy absorption relative to the twinned design. Strength gains
are equally significant. The optimized lattice reaches a 118 % higher peak
load than the base design, a result anticipated by the topology-
optimization strategy and supported by beam-model analyses and
finite-element simulations. High nodal connectivity, well documented to
correlate positively with peak strength in cellular materials [31], further
substantiates the performance increase. Herein, these findings under-
score the design flexibility of lattice metamaterials, where geometric
motifs (twin boundaries, nodal connectivity, strut orientation) can be
systematically tuned to balance stiffness, ductility, and energy absorp-
tion. Such tunability opens application spaces ranging from lightweight
crash absorbers and impact-protective gear to biomedical scaffolds,
where controlled failure and high energy dissipation are critical.

A key aspect of the proposed methodology is that the investigated
architectures represent successive stages of a bio-inspired evolutionary
design process rather than independent parametric variations. Conse-
quently, the optimized architecture differs from the twinned lattice
through multiple interacting modifications, including enhanced con-
nectivity, altered stress-transfer pathways, and a transition toward a
bending-dominated deformation regime. The purpose of the study is
therefore to evaluate the cumulative effect of these adaptations when
applied to a twinned architecture, rather than to isolate each parameter
independently. Future work could investigate additional architectures,
such as an optimized FCC lattice without twin boundaries or architec-
tures with systematically controlled connectivity, to quantitatively
separate the individual contributions of twinning, connectivity, and
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deformation mode.

Despite these achievements, some limitations temper the current
framework. The polymer used (VeroCyan) exhibits noticeable plasticity,
enabling large strut deflections and self-interaction that enhance
ductility beyond what a brittle resin would show. A more brittle SLA-
printed resin could isolate geometric from material contributions,
revealing the pure effect of stress delocalization. Conversely, applica-
tions requiring energy absorption may benefit from the current mate-
rial’s capacity for plastic deformation and strain hardening. Minor
defects inherent to additive manufacturing introduce variability in
failure initiation (e.g., layer-to-layer discrepancies in the base lattice)
and can influence local stress concentrations. Higher-resolution printing
or in-situ process monitoring would improve reproducibility and mod-
el-experiment fidelity. Additionally, although three specimens were
tested for each architecture in the present study, which is consistent with
common practice in experimental studies of architected materials, larger
sample populations would further strengthen the statistical significance
of the observed trends. Nevertheless, the differences in mechanical
performance between the investigated architectures are substantially
larger than the experimental variability observed among replicas. A
further limitation concerns the finite size of the investigated specimens,
which consisted of approximately 6 x 6 x 6 unit cells and therefore
cannot be considered representative volume elements in the strict ho-
mogenization sense. While this does not affect the comparative assess-
ment performed in the present work, next-stage studies should perform
systematic size-scaling analyses by progressively increasing the number
of unit cells while preserving topology and relative density. Numerical
homogenization techniques and periodic boundary conditions could
then be used to determine representative volume elements and evaluate
the convergence of effective properties such as stiffness, strength,
Poisson’s ratio, and energy absorption.

The present study therefore demonstrates the effectiveness of
combining twinning-inspired architectures with topology optimization
under controlled uniaxial compression, but several scientific and tech-
nological challenges must be addressed before the proposed design
framework can be translated into practical engineering applications. At
the same time, these challenges define some of the most promising
future research directions.

A first challenge concerns scalability. Although the stress-
delocalization and load-redistribution mechanisms identified in this
work are expected to remain valid across different length scales, the
relative contribution of buckling, yielding, and manufacturing-induced
imperfections may change significantly as the architecture is miniatur-
ized or enlarged. Future studies should therefore establish scaling re-
lationships through multi-scale simulations and experimental validation
across different structural dimensions.

A second challenge is associated with manufacturing implementa-
tion. While PolyJet technology offers excellent geometric fidelity and
was therefore ideal for validating the proposed concepts, its cost and
production throughput may limit large-scale deployment. Future de-
velopments should investigate alternative additive-manufacturing
routes and systematically assess the influence of manufacturing de-
fects, dimensional tolerances, and process-induced variability on the
mechanical response of the optimized architectures.

Another important aspect concerns fatigue resistance and multi-axial
loading. The present study focuses on monotonic compression and
therefore does not address long-term durability under cyclic loading or
the response under combined compression, tension, bending, torsion,
and shear. Future investigations should combine fatigue testing with
fatigue-informed numerical modeling and extend the optimization
framework toward multi-load-case design strategies representative of
real engineering environments.

Additionally, other promising research directions concern the
quantitative characterization of deformation localization. While the
present study identifies the emergence of shear bands through DIC
measurements and PEEQ distributions, a rigorous evaluation of
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parameters such as shear-band width, local strain gradients, accumu-
lated plastic dissipation, and energy partitioning requires dedicated
image-guided failure assessment methodologies. The extraction of such
quantities is highly dependent on image resolution, strain-field filtering,
threshold selection, and localization criteria, making direct comparison
across architectures non-trivial. Future work will therefore focus on the
development of robust image-based characterization procedures
capable of quantitatively describing the evolution of shear bands and
their relationship with damage accumulation and failure propagation in
architected metamaterials.

It should be noted that the present study was intentionally restricted
to a single relative density in order to isolate the effects of twinning and
topology optimization from density-related influences. Consequently,
density-dependent scaling laws and Gibson—-Ashby coefficients could not
be established. Future investigations should therefore consider multiple
relative-density levels and alternative lattice families to determine
scaling relationships for stiffness, strength, ductility, and energy ab-
sorption, enabling direct benchmarking of the proposed framework
against established architected-material systems.

Finally, among the most promising future directions is the develop-
ment of multi-material and damage-programmable metamaterials. By
combining twinning-induced stress delocalization with topology opti-
mization and spatially tailored material distributions, highly stressed
regions could be reinforced with high-performance materials while less
critical zones remain lightweight and compliant. Such architectures
could enable controlled deformation pathways, localized energy dissi-
pation, and predictable failure mechanisms. More broadly, coupling
these strategies with advanced finite-element modeling, multi-objective
optimization, and emerging multi-material additive-manufacturing
technologies could enable architected materials specifically designed for
application-dependent responses. This approach would pave the way
toward resilient, adaptive, and damage-aware metamaterials for safe-
ty—critical applications such as aerospace structures, impact-protection
systems, and next-generation biomedical implants.

4. Conclusions

This study demonstrates that integrating Nature-inspired twinning
with topology optimization significantly enhances the mechanical per-
formance of architected lattices. Experimental results show that the
twinned lattice achieves ~20% higher ductility relative to the baseline
structure, while the optimized lattice exhibits an ~97 % increase in
ductility and ~118 % increase in peak load, confirming the effectiveness
of the combined design strategy. Finite-element simulations accurately
capture stress pathways and shear-band formation, validating the model
for comparative analyses. These findings highlight that sequential
architectural modifications, twinning followed by optimization, enable
controlled stress redistribution, delay failure, and maximize energy
absorption. The results further indicate that twinning and topology
optimization contribute through distinct but complementary mecha-
nisms, with twinning governing deformation localization and topology
optimization enhancing load-bearing efficiency. These outcomes pro-
vide a quantitative foundation for the design of high-performance
architected materials and indicate clear potential for multi-material
and damage-programmable metamaterials in applications requiring
predictable deformation and enhanced structural resilience.
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