
Accepted: 26 January 2026 - Revised: 23 December 2025 - Received: 15 October 2025

DOI: 10.1002/flm2.70038

ED I TOR IA L

Ideal building blocks for flexible electronics: Strong,
ductile, and conductive metallic nanowires via coherent
twinning

Abstract
While pioneering studies on coherently twinned
metallic nanowires revealed extraordinarymechanical‐
electrical properties over a decade ago, the field
has seen diminishing momentum despite its trans-
formative potential. A renewed focus is warranted, as
these nanostructures uniquely circumvent the classic
trade‐off between strength, ductility, and conductivity
through their coherent internal interfaces. Key defor-
mationmechanisms and uncharted frontiers in electro‐
mechanical coupling are outlined, intended to inspire
the application of these concepts in next‐generation
flexible electronics and nanodevices.

1 | INTRODUCTION

Metallic nanowires act not merely as conductors but as
structural–functional elements in flexible systems: they
form percolating networks, contact junctions and inte-
grated traces whose electrical performance depends on
both intrinsic wire conductivity and the mechanical
integrity of wire–wire and wire–substrate interfaces.1,2 In
practical devices, repeated bending or stretching alters
junction geometry, nucleates nanoscale cracks and
redistributes current paths, increasing contact and
sheet resistance, degrading sensor signal‐to‐noise and
accelerating localized heating and electromigration under
service currents.Wearable electronics further demand low
mass, optical transparency in some designs and fatigue
stability over millions of cycles, so even modest losses in
ductility or conductivity can cascade into device‐level
failure. Achieving this therefore requires a combination
of high strength, substantial ductility and excellent elec-
trical conductivity—a triad of properties notoriously

challenging to realize simultaneously. The difficulty stems
from the fundamentally different defect sensitivities of
mechanical and electronic transport: microstructural fea-
tures that impede dislocation motion and raise strength
introduce lattice perturbations and additional scattering
sites that shorten the electronic mean free path and reduce
carrier mobility, whereas maintaining a near‐pristine
crystalline lattice favors long‐range electronic coherence
but severely limits the availability of internal mechanisms
for dislocation storage, interaction, and sustained plas-
tic flow.

Conventional strengthening strategies, such as alloy-
ing, precipitation, and grain‐boundary engineering,
harden materials by introducing solute atoms, second‐
phase particles, and high‐angle interfaces as effective
barriers to dislocation motion.3 These obstacle fields
concurrently reshape the electronic landscape by
increasing random scattering, introducing interfacial po-
tential barriers, and reducing carrier mobility, leading to
elevated electrical resistivity—an effect further amplified
at the nanoscale by surface scattering and quantum
confinement. Meanwhile, the very suppression of dislo-
cation motion that underlies this strengthening creates a
second challenge at small scales: in size‐confined metals,
the scarcity or suppression of pre‐existing dislocation
sources elevates the stress required for dislocation nucle-
ation. Consequently, while near‐theoretical strengths can
be achieved, they are often accompanied by limited dislo-
cation activity and a propensity for brittle‐like failure,
unless alternative deformation pathways or engineered
internal interfaces are introduced.

Penta‐twinned nanowires,4 characterized by five
coherent twin boundaries running parallel to the wire
axis (Figure 1A), exemplify a transformative architectural
solution. Critically, the low‐energy {111} interfaces in
these face‐centered cubic metals preserve near‐perfect
atomic registry. Such crystallographic continuity allows
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them to act as potent barriers to dislocation motion while
introducing minimal electron scattering—thereby
decoupling the strengthening mechanism from conduc-
tive loss. This revisitation dissects how atomic‐scale
twinning engineering redefines internal interfaces:
rather than acting as parasitic defects, coherent twin
boundaries can be designed as functional architectural
elements. The objective is to establish a mechanistic
framework that explains the concurrent achievement of
ultra‐high strength and damage tolerance in conductive
nanowires, thereby guiding the design of next‐generation
robust nanoelectronics.

2 | ACHIEVING HIGH STRENGTH IN
METALLIC NANOWIRES

The exceptional strength ofmetallic nanowires stems from
a fundamental transition in deformation mechanism from
dislocation motion to dislocation nucleation (Figure 1B).

In defect‐scarce nanostructures, yield strength becomes
governed by the stress required to nucleate dislocations—a
process characterized by small activation volumes and
pronounced temperature dependence.7 Size effects further
modulate this behavior, as evidenced by copper nanowires
exhibiting adiameter‐dependent fracture transition: brittle
failure below ~260 nm versus ductile response in larger
wires.8 The absence of conventional power‐law scaling in
these nanowires underscores the complex interplay be-
tween sample dimensions and surface‐mediated defor-
mation. Surface conditions prove decisive in this regime,
where oxidation layers and nanoscale voids act as stress
concentrators that catalyze premature failure, while pris-
tine surfaces enable more homogeneous plastic flow.
Nevertheless, such surface‐dominated strengthening ap-
proaches have fundamental limits, motivating the devel-
opment of engineered microstructures.

Coherent twin boundaries aligned with the nanowire
axis act as an effective architectural strengthening motif.
In penta‐twinned wires the five parallel {111} twin planes

F I GURE 1 Deformation mechanisms in penta‐twinned face‐centered cubic metallic nanowires under tensile loading.
(A) Crystallographic geometry of the fivefold twinned structure (e.g., Ag, Cu), highlighting the arrangement of primary slip systems relative to
the twin boundaries (shaded planes). (B) Under tensile loading along the 〈110〉 direction, two equivalent 〈110〉{111} slip systems are activated
simultaneously. One of the {111} slip planes, along with three possible 〈110〉 slip directions, inevitably intersects the grain boundaries, leading
to symmetric dislocation nucleation. (C) Representation of dislocation dynamics using five adjacent Thompson tetrahedra, illustrating how a
twinning partial interacts with the penta‐twin core and transfers across constituent twin boundaries (TBs).5 (D) Double Thompson
tetrahedron representation for analyzing dislocation Burgers vectors within the penta‐twin.6 A standardized color scheme identifies key
defects: Shockley partials (green), through‐twin partials (purple), stair‐rod dislocations (blue), Frank partials (pink), Hirth partials (orange),
and perfect dislocations (red). Notably, the Burgers vector of a surface‐nucleated Shockley partial (e.g., Bα) forms a 30° angle with the twin
plane, whereas that of a through‐twin partial (e.g., α′α) is oriented perpendicularly. (C) Reproducted with permission from Ref. 5. Copyright
2021 The Authors. (D) Reproducted with permission from Ref. 6. Copyright 2014 American Chemical Society.
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partition the cross‐section into wedge‐shaped subgrains
and establish an internal stress landscape that confines
and repels dislocation segments (Figure 1C,D).5 Surface‐
nucleated Shockley partials must traverse this con-
strained geometry, promoting the formation of stacking‐
fault decahedra (SFDs) and localized plastic zones
whose successive activation raises the local nucleation
stress.6 Twin interfaces exert repulsive image forces that
bias dislocation retraction on unloading and, together
with vacancy‐assisted nucleation kinetics, govern the
formation and annihilation of these defect structures.
These cooperative mechanisms impede dislocation
escape and delay strain localization, suggesting that
deliberate control of twin spacing, twin continuity and
point‐defect populations provides practical levers to tune
nanowire mechanical response.

The efficacy of axial twin boundaries becomes partic-
ularly evident when examining the interplay between
twin spacing and mechanical behavior. In penta‐twinned
nanowires, the inherent twin spacing decreases naturally
with reduced diameter, creating a self‐optimizing struc-
ture where smaller diameters automatically provide finer
effective obstacle spacing. This geometric coupling ex-
plains why thinner penta‐twinned nanowires exhibit su-
perior strain hardening—the confined dislocation mean
free path between adjacent twin boundaries becomes
comparable to the wire diameter itself. This intrinsic size‐
structure synergy enables penta‐twinned Ag nanowires
with diameters below 50 nm to achieve both tensile
strengths exceeding 3 GPa and remarkable strain hard-
ening while maintaining electrical conductivities
approaching bulk values.9 By comparison, traditional
precipitation‐ or alloy‐strengthened copper alloys typi-
cally attain yield or ultimate strengths on the order of a
few hundredMPa, frequently in the range of 400~900MPa
depending on composition and processing, yet these me-
chanical gains are accompanied by substantially reduced
electrical conductivity relative to pure metals; many
optimized high‐strength copper alloys exhibit conductiv-
ities of roughly 60%–80% International Annealed Copper
Standard.10,11 The continuous, parallel twin structure thus
offers a uniquely effective architecture that leverages size
effects for mechanical enhancement while preserving the
crystalline perfection necessary for unimpeded electron
flow, demonstrating that proper interface engineering at
the nanoscale can overcome classical property trade‐offs.

3 | RETAINING DUCTILITY AND
TOUGHNESS AT THE NANOSCALE

Remarkably, the same coherent twin boundaries that
confer strength also enable significant ductility or even
fully recoverable plasticity despite their ultra‐high

strength. In situ cyclic tensile tests on penta‐twinned
Ag nanowires reveal an intrinsic Bauschinger effect,
where reverse plastic flow occurs during unloading under
tensile stress.12 This recoverable plasticity allows the
nanowire to undergo several percent of plastic strain and
fully recover its original shape. The mechanism involves
the nucleation and retraction of partial dislocations
forming SFDs. Upon loading, Shockley partials nucleate
from surfaces and glide inward, creating SFDs bounded
by twins. Unloading triggers retraction, driven by resid-
ual stress fields and repulsive forces from the coherent
twin boundaries, effectively erasing plastic deformation.
Only when dislocations from different systems intersect
and form sessile locks does recovery become incomplete.

The critical role of twin boundaries in enabling this
recoverable plasticity is underscored by comparative
studies of nanowires with different internal structures.
Single‐crystalline metallic nanowires exhibit no strain
recovery upon unloading, as dislocations nucleated from
the surface simply escape from the opposite free surface,
leaving behind permanent steps or stacking faults. In
contrast, bicrystalline nanowires with a single twin
boundary show partial recovery,13 while penta‐twinned
nanowires achieve nearly full recovery. The five twin
boundaries in the latter create a confined environment
where dislocations are trapped within individual twin
variants and subjected to a complex internal stress field
that promotes their retraction. This geometric confine-
ment, combined with the repulsive image forces from the
twin boundaries, generates a driving force for reverse
dislocation motion that is absent in single crystals. The
time‐dependent nature of this process further reveals the
involvement of thermally activated mechanisms.14 Under
constant strain, penta‐twinned Ag nanowires gradually
relax their stress through the nucleation of additional
partial dislocations, a process assisted by vacancy diffu-
sion. Subsequent unloading over similar time scales al-
lows for the gradual retraction of these dislocations,
resulting in complete strain recovery. This time‐
dependent, anelastic behavior implies that such nano-
wires can effectively “heal” themselves after deformation,
a highly desirable property for applications involving
cyclic loading.

Beyond recoverable plasticity, twin boundaries also
contribute to enhanced ductility in metallic nanowires by
enabling alternative deformation modes such as detwin-
ning and coordinated slip across multiple variants. In Cu
nanopillars with slanted twin boundaries,15 for instance,
plastic deformation is accommodated by the migration of
twin boundaries via the nucleation and glide of partial
dislocations along the twin planes. This detwinning
process allows for significant shear offsets without im-
mediate failure, in contrast to pillars with orthogonal
twins, which fail by shear localization. Similarly, Au
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nanowires with a bimodal distribution of twin spacings
exhibit semibrittle fracture with limited but finite plas-
ticity, as regions with larger twin spacing allow for
dislocation storage and interaction, leading to strain
hardening. The ability to tailor twin spacing and orien-
tation thus provides a powerful means to tune the
ductility of nanoscale metals. By avoiding excessively fine
twin spacings that promote homogeneous nucleation and
brittle fracture and instead engineering structures with
optimal twin densities, it is possible to achieve a combi-
nation of high strength and substantial ductility. This
approach, leveraging the unique deformation mechanics
at the nanoscale, offers a pathway to overcome the clas-
sical strength‐ductility trade‐off and create conductive
metallic nanowires that are both strong and tough.

4 | OUTLOOK AND FUTURE
DIRECTIONS

The foundational understanding of deformation mecha-
nisms in twinned metallic nanowires opens several
promising research avenues. Precise microstructural
control during synthesis remains paramount: bottom‐up
solution‐phase methods have proven effective at pro-
ducing penta‐twinned Ag and Cu nanowires, but real-
izing uniform twin distributions with controlled defect
densities requires coordinated control of multiple process
knobs, including surfactant chemistry, halide additives,
reduction kinetics, temperature, and mass‐transport
conditions.16 Post‐growth thermal or low‐dose irradia-
tion treatments provide additional levers to refine twin
density and continuity.17 Beyond single‐process optimi-
zation, deliberate architectural design—for example,
graded or segmented twin distributions created via step-
wise or gradient precursor feeds, intermittent kinetic
quenching, or partial overgrowth—offers a route to
spatially tailor mechanical response so that regions of
dense twins provide high strength while regions of
coarser twins permit greater ductility.18 Parallel materials
strategies, such as introducing low electron‐scattering
alloying elements (Ag–Au, Cu–Al) or implementing
coherent core–shell geometries (a high‐strength twin‐rich
sheath around a conductive core),19 merit exploration to
enhance mechanical stability without severely compro-
mising conductivity; interfacial coherence and electronic
compatibility must be maintained in these approaches.

Expanding the materials palette beyond noble metals
is essential for assessing the broader relevance of twin
engineering in functional nanowires. Coaxial fivefold twin
architectures, while particularly effective, are strongly
material‐dependent and not universally accessible, as
their formation requires a favorable balance among

surface energetics, twin‐boundary energy, stacking‐fault
energy, and appropriate multi‐twinned seed configura-
tions. These conditions are naturally satisfied in coinage
metals, whereas in other face‐centered‐cubic systems such
as Ni, Al‐containing alloys, or high‐entropy alloys they are
far more restrictive.20 Nevertheless, a growing body of
work on nanotwinned films, alloy nanostructures, and
atomistic simulations suggests that the underlying twin‐
mediated strengthening mechanisms—such as disloca-
tion confinement, twin‐boundary migration, and strain‐
induced twin reconfiguration—are not unique to Ag or
Cu.21–23 In cases where true coaxial penta‐twins are
difficult to realize in nanowire form, alternative twin‐
based microstructures, including non‐coaxial nanotwin
networks, graded twin densities, or coherent core–shell
designs, may offer comparable mechanical reinforce-
ment while avoiding the severe electronic scattering
associated with random grain boundaries or heavy solute
strengthening.

Behavior under combined electro‐mechanical loading
and in harsh environments remains an urgent open
question. Temperature, oxidation, adsorbates and hu-
midity modify surface chemistry, vacancy concentrations
and surface‐mediated defect nucleation, thereby altering
both plasticity and electron transport. Concurrent cur-
rent stressing introduces Joule heating and electro-
migration forces that can bias twin migration, vacancy
agglomeration at interfaces, or step nucleation at
twin–grain junctions.24 To elucidate these coupled phe-
nomena, experiments that combine controlled‐
atmosphere thermal cycling, displacement‐controlled
mechanical testing and simultaneous four‐probe elec-
trical measurement are required. Existing Micro‐Electro‐
Mechanical Systems and in situ Transmission Electron
Microscopy platforms with environmental cells and in-
tegrated heaters enable such multiplexed measurements
and can directly correlate twin evolution, resistivity
changes and vacancy dynamics under service‐relevant
conditions.25 Systematic temperature‐dependent studies
will quantify activation energies for twin‐mediated re-
covery and delimit the thermal window over which
coherent‐interface benefits persist.

Translating atomic‐scale twin–dislocation mecha-
nisms into device‐scale predictions requires an integrated,
resource‐awaremultiscale strategy rather than reliance on
a single simulation paradigm. First, electronic‐structure
calculations Density Functional Theory (DFT) and tar-
geted Molecular Dynamics (MD) produce fundamental
quantities—twin‐boundary energies, dislocation nucle-
ation barriers and elementary interaction mechanisms—
that serve as inputs for higher‐level models. To overcome
MD time/size limitations, machine‐learning interatomic
potentials and accelerated‐MD techniques can extend
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accessible length and time scaleswhile retaining near‐DFT
fidelity.26 Extracted atomistic metrics (mobility laws,
activation energies, defect reaction rates) should parame-
terize mesoscale frameworks such as discrete‐dislocation
dynamics, phase‐field or crystal‐plasticity finite‐element
models able to predictmacroscopic hardening, localization
and fatigue.27 Data‐driven surrogates (machine‐learned
mobility functions or reduced‐order models) can further
compress complexity and enable rapid design screening.28

Crucially, each modeling tier must be benchmarked
against harmonized experiments (defined diameters,
loading modes, environments and statistical sampling) so
that parameters propagated upward are validated and
uncertainties quantified.

Future applications of twinned metallic nanowires
extend far beyond simple interconnect roles and point
toward transformative opportunities across flexible op-
toelectronics, energy systems, sensing, and nanoscale
machinery. In flexible displays, photovoltaic modules and
bendable light‐emitting devices, twin‐engineered nano-
wire networks can provide transparent, low‐resistance
electrodes that retain conductivity under repeated
bending and thermal cycling, thereby closing a critical
reliability gap for commercial flexible optoelectronic
products.29 In energy storage, mechanically robust
conductive scaffolds based on spatially patterned twin
architectures or core–shell constructs can maintain
continuous electronic percolation while accommodating
volumetric changes during charge–discharge, improving
cycle life and mechanical integrity of battery and super-
capacitor electrodes.30 Sensor technologies and wearable
systems can exploit twin‐mediated recoverable plasticity
and enhanced fatigue resistance to extend operational
lifetimes in devices subjected to millions of deformation
cycles, while twin‐structured nanowires with tailored
local compliance may enable novel multimodal sensing
where mechanical, electrical and optical responses are
coupled.31 In nanoelectromechanical systems and remote
surface‐enhanced Raman scattering devices, high‐
strength, damage‐tolerant nanowires offer improved
resonator lifetimes and reliable plasmonic waveguiding
under harsh conditions.32,33 Beyond single‐device im-
provements, the integration of twin‐engineered nano-
wires into composite architectures and printed electronic
platforms promises scalable pathways to manufacturable,
resilient systems.

5 | CONCLUSION

Twin‐engineered nanowires exemplify an architecture‐
first paradigm in which coherent internal interfaces
are treated as tunable design variables rather than

unavoidable defects. Framing interfaces as program-
mable elements enables a transition from incremental
materials optimization to the deliberate programming
of mechanical and electron‐transport responses. Real-
izing this potential requires an integrated methodolog-
ical stack: scalable, reproducible synthesis of target
twin motifs; harmonized electromechanical qualifica-
tion under service‐relevant conditions; and uncertainty‐
aware multiscale models that translate atomic‐scale
mechanisms into device‐level performance metrics.
Coupling these components with data‐driven design
workflows will yield transferable structure–property
maps and rapid screening tools, accelerating trans-
lation from laboratory demonstrations to engineering
practice. Such a methodological reframing positions
coherent‐interface engineering as a general route to
reconcile competing functional requirements in resilient
nanoscale conductors.
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