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Digital composites with reprogrammable

phase architectures

Yun Bai't, Xuebo Yuan?t, Yang Weng', Kaiping Yin', Heling Wang>**, Xiaoyue Ni'*

Spatial patterning of material phases underpins the functional diversity of natural and engineered composites.
However, phase architectures are typically fixed once formed, limiting adaptability. Here, we introduce a digital
composite with reprogrammable solid-liquid phase architectures at voxel resolution. Each elastomeric voxel con-
tains a liquid metal composite capable of electrically switching between nonvolatile solid and liquid states within
seconds, analogous to rewriting data on a hard disk. High-throughput experiments and coupled modeling dem-
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onstrate precise tuning of viscoelastic and plastic properties, as well as programmable constitutive behaviors and
strain distributions. A modular assembly strategy allows scalable 3D construction of reprogrammable composites
into free-form, bulk geometries. By encoding phase states as digital inputs, the composite unlocks unprecedented

access to real-time, voxel-level tuning of material properties.

INTRODUCTION
Materials prevalently comprise regions with contrasting properties—
known as phases—that differ in composition, structure, or physical
state. The spatial arrangement of these phases, or phase architecture,
plays a central role in dictating a material’s functional behavior
(Fig. 1A). In natural materials, phase architectures usually exhibit
complex, irregular topologies that give rise to emergent properties
unattainable by their individual constituents, often enabling superior
mechanical performance (I, 2). Examples include vein-like networks
in trabecular bone that resist fatigue (3), porous cellular structures in
sea sponge that enhance energy absorption (4), and the brick-and-
mortar architectures in nacre that improve fracture toughness (5).
Understanding and controlling phase architectures has long been a
defining driver of materials science. It has evolved from thermody-
namic microstructural tuning in metallurgy (6, 7), to deterministic
multimaterial patterning in composites, and now to voxel-level addi-
tive manufacturing (8-10) that enables programmable, complex archi-
tectures for precise tunability and unconventional properties (11-16).
Despite these advances, phase architectures remain fixed once formed,
locking materials into static and limited functionalities. Expanding the
design space into the time domain is essential for adapting properties
to meet evolving functional demands or mitigate trade-offs among
competing performance requirements (17-20). Although various
postfabrication reconfiguration strategies have emerged, they rely pre-
dominantly on geometric deformation to alter effective responses
(21-32). A subset of these approaches can modulate local stiffness or
damping with modest shape change, but they have yet to achieve
voxel-addressable, nonvolatile control in a 3D continuum (21-25). As
a result, these approaches inherently limit reprogrammability to one-
dimensional (1D) or 2D elastic behaviors, falling short of supporting
multidirectional tunability required for bulk material applications.
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Direct, on-demand programming of material phase architectures
with stable memory in the deployment environment remains unre-
alized. Here, we introduce a digitally reprogrammable composite
that achieves in situ, reversible control of solid-liquid voxels, en-
abling dynamic, user-defined phase patterning (Fig. 1A).

RESULTS

A solid-liquid composite with digitally reprogrammable
phase architectures

As illustrated in Fig. 1B, the composite takes the form of a voxelated
array of gold (Au)-coated polydimethylsiloxane (PDMS; Young’s
modulus, ~1 MPa) chambers, filled with liquid metal composite
(LMG; Young’s modulus, ~9 GPa) inclusions (figs. S1 and S2 and note
S1 and see Materials and Methods). The LMC, composed of gallium
(Ga; 95.2 wt %) and iron particles (Fe; 4.8 wt %), exhibits stable liquid
and solid phases within the Au-coated PDMS chamber between a
freezing point Ty = 0.0°C and a melting point T,, = 29.0°C. This ther-
mal hysteresis arises from engineered supercooling. It defines the op-
erating temperature range and is tunable by adjusting the iron content
and the chamber-surface chemistry. The resulting window targets an
optimum: large enough to retain either phase at room temperature
yet small enough to permit rapid, energy-efficient phase transitions
(fig. S3 and note S2 and see Materials and Methods). The sharp me-
chanical contrast between the solid and liquid states of each voxel,
e.g., a sevenfold difference in an effective modulus at an LMC volume
fraction of 0.43, gives rise to spatially heterogeneous phase architec-
tures that underpin mechanical programmability (figs. S4 to S7 and
notes S3 to 56). A flexible and stretchable array of electrodes, bonded
to the top surface of the chambers, serves as a resistive network for
voxel-resolved Joule heating and temperature sensing (Fig. 1C, figs. S8
to S11 and note S1 and see Materials and Methods).

Figure 1D shows voxel-level compliance measurement of a 3 X 3
sample during programming into a checkerboard configuration, fol-
lowed by a locking process (fig. S12 and note S7 and see Materials
and Methods). The programming process occurs at a controlled am-
bient temperature (T, = —10°C, easily achievable through a semicon-
ductor cooler) below T¢, where the solid phase of LMC is stable.
When programming starts, embedded electrodes initiate localized
thermal regulation to trigger and maintain the liquid state exclusively
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Fig. 1. Programming and testing of digital composite with nonvolatile solid-liquid phase architectures. (A) Concept of a digital composite with reprogrammable
phase architectures, structurally inspired by micro- and mesostructures found in trabecular bone, sea sponge, nacre, polymer, engineering composite, and multimaterial.
(B) Schematic illustration of a 2D digital composite with 3 x 3 voxel array, consisting of PDMS chambers (2.10 mm by 2.10 mm by 0.30 mm) filled with LMC (1.50 mm by
1.50 mm by 0.25 mm), and integrated flexible electrodes (1.25 mm by 1.25 mm) paired with surface-mounted diodes. (C) Schematic of the multiplexed circuit with row
and column voltage inputs enabling voxel-resolved thermal control of solid-liquid phase transitions. (D) Continuous monitoring of surface compliance of each voxel in a
3 x 3 sample during programming and locking. (E and F) Optical images of a 2D 9 x 9 sample (E) and a 3D free-form, irregular bulk assembly (270 voxels, all program-
mable) (F). (G and H) Experimental results from quasi-static tensile tests on a 9 x 9 sample (¢ = 0.01% 5‘1), sequentially programmed into 15 configurations, followed by a
second test using their digital rotations. The shaded region indicates the programming window. The results include temperature and strain maps (G) and engineering
stress-strain measurements (H), all synchronized in time. Scale bars, 2 mm. a.u., arbitrary units.
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in target voxels while remaining functional for >500 stretch cycles at
strains up to 13.6% (figs. S13 to S18 and notes S4 and S8 and see Ma-
terials and Methods). Pulsed heating with closed-loop temperature
feedback enables rapid and stable melting while minimizing thermal
cross-talk, achieving target voxel softening within 2.0 s under 0.2-W
heating (0.7 J/mm®). Ceasing heating allows them to solidify, rehard-
ening within 3.5 s. From statistics over 100 heating-cooling cycles,
the minimum reprogramming time is 3.02 + 0.44 s, governed by
the longer solidification process (figs. S12D and S20). Restoring T,
to room temperature (25°C) stabilizes the configuration without
sustained heating. The locked configuration remains stable for an
extended duration (>1 hour) under continuous indentation test-
ing. This erase-write-store cycle functions analogously to a hard
disk: The programmed material operates untethered during de-
ployment and reconnects to a cooling socket only for reprogram-
ming. The fast, nonvolatile phase-toggling mechanism underpins
scalability, as it requires no energy to maintain the phase architec-
ture. Such scalable design and control strategy enables the fabrica-
tion and integration of larger 2D and stacked 3D reprogrammable
samples, as exemplified by the 9 X 9 array and a free-form, irregu-
lar bulk structure shown in Fig. 1 (E and F) (fig. S9 and see Materi-
als and Methods).

The fast reprogrammability enables in situ experimentation us-
ing a custom platform for automated mechanical testing of 2D sam-
ples across varying phase architectures (figs. S21 to S24 and note S9
and see Materials and Methods). Figure 1 (G and H) presents the
testing results of a 9 X 9 sample under a constant strain rate of 0.01%
57!, sequentially programmed into 15 configurations (figs. $25 and
S26, movie S1, and note S10). Digitally rotating the phase architec-
tures, as illustrated by the temperature and the maximum principal
strain (g,) maps (Fig. 1G), enables biaxial (x and y axes) measure-
ments using uniaxial (x axis) testing. The engineering stress-strain
(o —€) curves reveal the evolution of mechanical responses over
configurations, with anisotropy developing from configuration 9
onward (Fig. 1H).

Reprogrammable viscoelasticity
Voxel-level control of phase architectures allows the composite to
exhibit diverse, time-varying mechanical behaviors. An inverse de-
sign approach, enabled by a simplified finite-element (FE) model
validated by full finite-element analysis (FEA), interrogates the de-
sign space (figs. S27 to S29 and notes S4, S11, and S12). This frame-
work reveals independently programmable viscoelastic parameters,
including the complete set of linear elastic constants—Young’s mod-
ulus (E, and E,), Poisson’s ratio (v,, and v,,.), shear modulus (ny)—
and loss factors (tand, and tand, at 1 Hz) for 2D systems under
uniaxial tension (figs. S30 and S31).

The automated experimental platform programs each 2D pattern
in a 9 X 9 sample and outputs effective viscoelastic properties (E,,
v, and tand,) in 8.7 s (figs. $32 and $33 and notes S10 and S13).
This throughput supports biaxial characterization of 60,475 config-
urations within a week. A hybrid sampling strategy, combining ran-
dom sampling, genetic algorithm, and inverse design, generates
these configurations to densely populate and span the theoretically
bounded tensile modulus space (fig. S34 and notes S14 and S15). Of
these, 10,115 of which are nearly isotropic (see Materials and Methods).
Figure 2A reports means from 20 independent tests per configura-
tion, with each test performed after completing a full reprogramming
cycle. The results demonstrate a broad range of reprogrammability,
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high reproducibility (fig. S35), and close agreement with FEA pre-
dictions (Fig. 2B).

The high-throughput testing enables a detailed investigation of the
relationship between topological features and mechanical properties.
Increasing the solid voxel fraction (C,4;_fig. S36 and note S16)
generally raises E, while reducing v, and tand,, with stronger correla-
tions observed in isotropic configurations (Fig. 2C). At fixed C, 4, in-
creasing average chain length along the loading direction (L,; fig. S36
and note S16) yields linear trends, highlighting the role of solid-voxel
interconnectivity (Fig. 2D). Among various topological parameters
related to disorder, heterogeneity, and anisotropy, L, exhibits the
strongest correlation with viscoelastic properties (figs. S37 and S38
and note S16). Testing on 3D-printed multimaterials supports the
generality of the observed topological feature-property relationships
(fig. S39 and note S17).

Figure 2E shows a 3D Ashby plot of the studied viscoelastic proper-
ties, illustrating the fine tunability achieved by the 9 X 9 sample within
the design space (fig. S40). Defining the normalized distance from a
point as Ar = \/(AEX/EX)Z + (Al_/xy/ixy)2 + (Atanﬁx/tanSx)z, the
average nearest-neighbor distance, Ar, is on the order of 107 across
the tested configurations. The inverse design predicts a decrease in Ar
with larger system size (fig. S41). A global search within the nearly iso-
tropic property space efficiently identifies configurations whose effec-

tive viscoelastic properties closely mimic those of a range of existing
materials, with Ar < 1072 (Fig. 2E, fig. $42, and movie S2).

Reprogrammabile plasticity

Beyond the small deformation regime, irreversible deformation oc-
curs. Figure 3A shows the G — € data obtained from two representa-
tive configurations of a 9 X 9 sample, both with C, ;4 = 0.49, strained
to a maximum of 6% at a rate of 1% s~". The tensile test tracks the
onset of abrupt deviation from the initial linear loading curve to
identify the elastic limit, i.e., the yield strain (gy; figs. S43 and S44
and note S10). A distinctive feature of the digital composite is its
reversible plasticity, achieved through the reset process—melting all
voxels—which allows it to return to its original configuration even
after undergoing conventional “irreversible” deformation. This be-
havior is confirmed through 100 repetitive loading cycles, with all
6 — € curves and corresponding strain maps closely replicating the
initial cycle.

The ability to repeat plasticity tests on the same sample enables
investigation of yielding mechanisms that are robust to defects and
sample-to-sample variability. The automated experiment performs
20-cycle plasticity tests across the same 60,475 configurations exam-
ined in Fig. 2 and identifies the average €y for each, excluding the
all-liquid one (fig. $45). In situ imaging of representative configura-
tions reveals that yielding originates from interfacial delamination
between solid LMC and PDMS matrix (Fig. 3B, fig. S46, and note
$18). Notably, initial delamination does not always occur at the solid
voxel experiencing the maximum &, (Fig. 3B). This observation mo-
tivates the development of a model based on energy minimization
to predict the onset of delamination (section S18) (33). Using the
interfacial adhesion energy measured via a standard pullout test
(y,=0.324 J/m?; fig. S47 and note S18), the model predicts &y with
a mean relative error of 85.9% and an SD of 47.5% compared to ex-
perimental measurements (Fig. 3C). Incorporating voxel-specific
calibration of y, improves model accuracy, reducing the mean rela-
tive error to 4.6% and the SD to 25.9% (figs. S48 and S49 and note
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Fig. 2. High-throughput mapping of reprogrammable viscoelastic properties with multiparametric and multidirectional resolution. (A) Experimental character-
ization of effective Young's modulus (E), Poisson’s ratio (v), and loss factor (tang) in both column (x) and row (y) directions of a 9 x 9 digital composite across 60,475 con-
figurations. Among them, 10,115 configurations are nearly isotropic. Each data point represents the mean of 20 tests. (B) Histograms showing the relative differences
between experimental results and FEA predictions for EX, ixy, and tangx, with maximum absolute deviations of 4.3, 8.5, and 14.6%, respecti_vely. (C) Effective viscoelastic
properties versus solid voxel fraction (C,;4). (D) Effective viscoelastic properties versus average chain length along the loading direction (L,; normalized by system size
N =9) at fixed C,,i4. (E) 3D Ashby plot of effective viscoelastic properties across all configurations. Nearly isotropic configurations are identified to emulate the viscoelastic
behaviors of six different commercially available materials.
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Fig. 3. High-throughput characterization of reprogrammable yielding behavior via repeatable plasticity testing. (A) Stress-strain responses over 100-cycle tensile
tests on a 9 x 9 sample with two configurations at C,.;,4 = 0.49 reveal repeatable yet configuration-dependent yielding behavior (e, = 1.38 + 0.10% and 3.25 + 0.12%,
respectively). Insets highlight the regions near the yield strain (), identified as the point of abrupt deviation from linear loading. (B) Representative strain maps of the
two configurations at g, with optical images zoomed in on the delaminated voxel (red box) and the solid voxel exhibiting the maximum ¢, (black box). In configuration 1,
delamination occurs at the voxel with the maximum ¢,; in configuration 2, it occurs at a different solid voxel despite a lower local strain. (C) Histogram of the discrepancy
between experimentally measured and model-predicted g, for all configurations evaluated in Fig. 2, excluding the all-liquid one. The default model uses a uniform inter-
facial adhesion energy (y,) measured from standard pullout test, while the calibrated model uses voxel-specific y, inversely calculated from experiments on single-solid-
voxel configurations. (D) Experimentally measured & versus C,.;q L,, and ..., (at € = 1%). Each data point represents the mean of 20 tests. Scale bars, T mm.

$18). The high-throughput dataset suggests that &y decreases with
increasing C ;4> L, and g, (maximum €, at € = 1%), indicating a
potential relationship between plastic and viscoelastic parameters
(Fig. 3D and fig. S50).

Reprogramming stress and strain responses
Beyond the overall effective properties, the rapid reconfiguration of
phase architectures also enables the dynamic programming of de-
tailed mechanical responses. Leveraging independently reprogram-
mable modulus and thermal stress, the material generates a range of
target stress-strain responses by progressing through an inverse-
designed sequence of phase architectures over 40 uniform strain steps
(figs. S29 and S51 to S54 and notes S4 and S12). Figure 4 (A to D)
demonstrates the programming of effective constitutive behaviors of a
9 x 9 sample, strained to a maximum of 1% at a rate of 0.005% s,
mimicking conventional and unconventional elastic, plastic, and
viscoelastic responses, as well as complex, heart-shaped stress-strain
curves (movie S3). The experimental results closely match the target,
with a maximum stress deviation of 11.8%. Increasing the number of
steps smooths the curve and improves proximity to the target (fig. S55).
The precise reprogramming of phase architectures also enables ac-
tive mitigation of strain localization under varying loading conditions,

Bai et al., Sci. Adv. 12, eaed9698 (2026) 23 January 2026

potentially enhancing the composite’s load-bearing capacity. Figure 4
(E to G) compares the strain distributions of the digital composite with
arandom configuration versus optimized ones (fig. S29 and note S12)
under three loading conditions—pure tension, pure shear, and com-
bined tension-shear. In all three cases, optimized configurations reduce
€ 1ax Dy more than 20% relative to the random one while maintain-
ing relatively unchanged elastic properties (E, = 1.49 + 0.02 MPa;
ny = 0.50 + 0.02 MPa) (figs. S56 and S57). The same optimization
method can minimize €,,,, in other scenarios, including those in-
volving varying stiffness requirements, complex boundary conditions,
or internal defects (figs. S57 to S59).

Reprogrammable 3D digital composite

Layers of 2D digital composites with cubic voxels can be stacked and
bonded to form 3D arrays. Small 3D units serve as modular building
blocks, enabling reprogramming and assembly into larger 3D struc-
tures with diverse forms and geometries, analogous to LEGO bricks.
Figure 5 (A and B) shows an illustration and an optical image of a
custom socket interface equipped with a cooling module for pro-
gramming a 3 X 3 X 3 unit at T, = —10.0°C (figs. S60 and S61 and
note S19). Each reprogramming cycle takes ~25 s (fig. S62 and note
$19). This interface-based design enables the creation of untethered,
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Fig. 4. Controlling global stress-strain responses and local strain distributions via dynamic programming of phase architectures. (A to D) A 9 x 9 sample, sub-
jected to prescribed loading function (€,,,, = 1%,& = 0.005% s') and sequentially programmed into 40 inverse-designed phase architectures to produce a target effec-
tive stress-strain curve. The results include both conventional and unconventional elastic (A), plastic (B), viscoelastic (C), and complex behaviors (D). (E to G) Strain maps
of a 9 x 9 sample with a random configuration compared to configurations optimized to minimize ¢,,,, while keeping elastic moduli unchanged, under three loading
conditions: pure stretching (E), pure shearing (F), and combined stretching and shearing (G). The optimization shifts the locations of ¢,,,, (red boxes) and reduces its mag-

nitude by 27, 29, and 21%, respectively.

stand-alone 3D units with reprogrammable mechanics (fig. S63,
movie S4, and note S19). Applying a thin layer of modified PDMS
film (150 pm) as a reversible adhesive (34) allows robust assembly of
multiple units into larger bulk (Fig. 5C). The interface reaches ~30-kPa
strength with 100% reversible assembly yield. Disassembly via iso-
propyl alcohol (IPA) infiltration does not compromise the structural
integrity or functionality of individual units—even after 100 reassembly
cycles (fig. S64, movie S5, and note S20).

Figure 5D shows a 6 X 6 X 6 cube, assembled from eight units,
under uniaxial compression. Leveraging 3D reprogrammability, the
test outputs E,, ny, V,,» and tand, for 37 configurations, showing
close agreement with FEA predictions (Fig. 5E). Similar to 2D sys-
tems, increasing C,,;,q tends to raise E, and decrease tand,, v,,, and
v,, (Fig. 2C and fig. S65). Extending the simplified FE model to 3D
enables inverse design of large cube samples with target elastic be-
haviors and supports investigation of topological features-property
relationships analogous to those in 2D (figs. S29 and S66 to S69 and
note S12).

Figure 5F presents a 3 X 3 X 30 beam, composed of 10 units,
functioning as a reprogrammable tail appendage for a robotic fish to
passively control its swimming motion. Three distinct configura-
tions, each with C;,y & 0.1, are subjected to a flexural vibration test
with a 0.5-mm driving amplitude for mechanical characterization

Bai et al., Sci. Adv. 12, eaed9698 (2026) 23 January 2026

(Fig. 5G, fig. S70, movie S6, and note S21), followed by a swimming
test under fixed electromagnetic coil actuation (Fig. 5H, fig. S71,
movie S7, and note S22). Configuration 1, with all solid voxels posi-
tioned far from the actuation point, exhibits symmetric flexural mo-
tion, allowing efficient straight-line swimming. Configuration 2, with
all solid voxels eccentrically aligned, exhibits asymmetric vibration
with 80% less displacement on the solid-concentrated side, resulting
in a turning motion and a spiral path. Configuration 3, with a helical
arrangement of solid voxels, induces torsional motion under pure
flexural vibration. This energy transfer into nonpropulsive torsion
markedly reduces the forward displacement, leaving no observable
movement over 600 s.

DISCUSSION

This work presents a transformative strategy for achieving rapid,
digital, and nonvolatile control of millimeter-scale, voxelated phase
architectures in a solid-liquid composite, enabled by a hard disk-like
erase-write-store cycle through engineered supercooling windows.
The platform technology lays the foundation for unprecedented
phase-level reprogrammability and is readily extendable beyond the
studied PDMS-LMC system—for example, using phase-change ma-
terials with tailored thermal hysteresis to suit different working
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Fig. 5. Programming 3D digital composite. (A) Schematic of the 3D programming and assembly process. A custom socket interface delivers programming signals to a
3 X 3 X 3 unit. Reversible adhesives enable modular, reconfigurable assembly of 3D units into large-scale structures. (B) Optical image of the 3D programming stage and
a 3D unit with cubic voxels (3.50 mm by 3.50 mm by 3.50 mm). Scale bar, 10 mm. (C) Optical images of modular 3D units assembled into reconfigurable 3D structures,
including a 6 X 6 X 6 cube (8 units) and a 3 x 3 x 30 beam (10 units). (D) Optical image of a 6 X 6 X 6 cube under uniaxial compression (x axis). Scale bar, 10 mm. (E) Ex-
perimental and FEA results ofEX, tangx, Uy, and v,, versus C,q across 37 configurations of the 6 X 6 x 6 cube, showing maximum absolute deviations of 4.5, 6.7, 5.9, and
10.5%, respectively. (F) Optical image of a robotic fish with a 3 x 3 x 30 beam functioning as a reprogrammable tail appendage. Insets show top and side views of the
disassembled tail mount. Scale bars, 10 mm. (G) A 3D beam with three distinct configurations and similar C, ;4 (~ 0.1) undergoing flexural vibration at 15 Hz with 0.5-mm
peak-to-peak driving amplitude along the x axis. Each panel shows a configuration schematic, a composite optical image, and a 3D reconstruction of the beam at maxi-
mum steady-state deflections. Scale bars, 10 mm. (H) Composite time-lapse images of a robotic fish with a 3D beam tail appendage in the same three configurations,
swimming in a water tank under identical actuation conditions (15-Hz flexural vibration via built-in magnetic coils). Red crosses mark the fish head positions at 1-s inter-

vals. Scale bars, 10 cm.
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temperatures. Future efforts will focus on decoupling reprogramma-
bility from an ambient cooling environment by integrating active
cooling strategies (35, 36). Alternatively, for applications where pow-
er consumption and physical tethering are not limiting factors, using
materials that solidify above the operational temperature offers a
simpler route for in situ programming without the need for cooling.
Although the present implementation is laboratory scale, the voxel
architecture and digital addressing circuits are fundamentally com-
patible with batch molding, high-throughput microfabrication, and
modular assembly. Further study may explore advanced manufac-
turing techniques (e.g., 3D printing) for scaling, homogenization,
and hierarchical structuring of the composite to support larger and
more complex systems. For miniaturization, future studies should
assess size effects and fabrication feasibility as voxel dimensions re-
duce (37, 38).

Unlike one-time-fabricated materials, the digital composite estab-
lishes a high-throughput and resource-efficient platform for data-
driven exploration of heterogeneous mechanics, where integration
with artificial intelligence can further accelerate inverse design for
nontrivial mechanical behaviors, harnessing the untapped potential
of complex phase topology (39, 40). With stable memory, the system
is practical in generating real-world data, particularly valuable for in-
vestigating 3D mechanical behaviors involving nonlinearity and ir-
reversibility under actual deployment conditions. Specifically, the
reversible plastic deformation makes it possible to design and make
use of yielding behavior for efficient, robust energy dissipation.

Toward multifunctionality, integrating smart materials or struc-
tures with the composite could enable simultaneous control of force
actuation and mechanical properties, unlocking new classes of un-
conventional mechanical machines (41, 42). Incorporating sensing
elements could provide closed-loop feedback and adaptive control,
endowing the reprogrammable materials with autonomy and em-
bedded intelligence capable of dynamically co-optimizing both
structural configuration and material response (43-45). The dem-
onstrated digital control of phase states could be extended to other
functional domains, such as optics (46, 47) and magnetics (48, 49).
The platform establishes a paradigm of reconfigurable materials,
creating opportunities for soft robotics, adaptive structures, autono-
mous systems, and beyond.

MATERIALS AND METHODS

Fabrication of the voxel array

The molds for the silicone chambers were fabricated using a stereo-
lithography printer (FormLabs Form 34) with high-temperature
resin. The surfaces of the molds were coated with polyethyleni-
mine (Sigma-Aldrich, 80% ethoxylated) solution for demolding.
The PDMS (SYLGARD 184, DOW), with a base-to-cure agent ratio
of 10:1, was molded and cured in an oven at 80°C for 2 hours. A hole
(0.35 mm in diameter) was manually punched in the substrate of
each chamber for vacuum filling. The capping layer was prepared by
spin-coating PDMS onto a silicon wafer with a poly(methyl methac-
rylate) (PMMA) sacrificial layer. A thin layer of Au was selectively
deposited on the inner surfaces of the chamber using a laser-cut
mask. Plasma treatment was used to bond the undercut capping
layer to the open chamber, completing the encapsulation. The LMC
was prepared by melting 10 g of pure Ga (Sigma-Aldrich, 99.999%)
in a glass beaker at 60°C with the addition of 0.5 g of Fe micropar-
ticles (Sigma-Aldrich, 10 pm in diameter). A 100-ml volume of a
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3 M hydrochloric acid (HCI, Sigma-Aldrich) was added, and the
mixture was stirred at 1000 rpm for 2 hours (L5M-A, Silverson). The
mixture was separated from the liquid using a magnet and then
rinsed with deionized water followed by IPA to remove any residual
HCIL. After applying a droplet of LMC (~0.5 mg) to each inlet, the
sample was placed in a vacuum oven at 60°C and 0.5 mtorr for
5 min. Restoring atmospheric pressure drove LMC (3.3 + 0.2 mg)
into the chamber. After cleaning the residual LMC with IPA, each
inlet was sealed with Sil-Poxy (Smooth-On).

Differential scanning calorimetry analysis

Differential scanning calorimetry (DSC; TA Instruments Q2 2500)
was used to characterize the phase transitions of LMC within indi-
vidual chambers. Single-chamber samples were prepared for DSC
analysis. Each sample was equilibrated at 50°C, cooled to —80°C at a
rate of —10°C/min, and then reheated to 50°C at a rate of 10°C/min.
Results were averaged across three independent samples, each un-
dergoing three complete thermal cycles.

Fabrication of the electrode array

The fabrication of the electrode array began with spin-coating a layer
of polyimide (PI; PI12545, HD MicroSystems) onto a silicon wafer
with PMMA (80 nm in thickness) as the sacrificial layer. The electron
beam evaporation deposition process created a layer of titanium/gold
(Ti/Au, 10 nm/100 nm). Photolithography and wet etching were per-
formed to pattern the column- and row-addressing electrodes. A sec-
ond PI layer (3.75 pm in thickness) was spin-coated to encapsulate
the electrodes. Photolithography and reactive ion etching defined the
outline of the encapsulated array and the Au-exposed regions for sol-
dering and via connection. The sacrificial PMMA layer was undercut
to transfer the electrodes from the silicon wafer to a water-soluble
polyvinyl alcohol (PVA) tape. A layer of SiO, (100 nm in thickness)
was deposited onto the arrays on the PVA tape. Plasma treatment
enabled bonding of the row-addressing electrodes to a PDMS sub-
strate (25 pm in thickness) on a glass side with a PMMA sacrificial
layer. PVA tape was dissolved to expose Au. The column-addressing
array was transferred from the PVA tape to a heat-release tape to ex-
pose Au. A layer of SiO; (100 nm in thickness) was selectively depos-
ited on the PI-encapsulated regions of the column-addressing array,
followed by plasma treatment to enable bonding to the PDMS sub-
strate. The via holes were aligned and filled using silver epoxy. Heat-
ing to 80°C bonded the row-addressing array and removed the
heat-release tape. Diodes were soldered onto the Au-exposed regions
on the row-addressing array using silver epoxy.

Multiplexed circuit

The heating and sensing circuit used (i) I°C-controlled pulse-width
modulation (PWM) drivers (PCA9685), (ii) power amplifier circuits
with metal-oxide-semiconductor field-effect transistors (MOSFETs;
IRLZ44NPBF), (iii) a single-board computer (Raspberry Pi 5), (iv)
an Intel NUC (Intel Core i7-8559U CPU, 2.70 GHz base frequency),
and (v) two data acquisition (DAQ) modules (NI-9252, National In-
struments). Programming signals were wirelessly transmitted from
the NUC to the Raspberry Pi via Python socket communication. The
Raspberry Pi issued control signals to the PWM drivers, which ad-
dressed the MOSFET gates for row-column electrode activation.
Each MOSFET, powered by a 48-V dc supply (DP832A, RIGOL),
modulated the multiplexer channel output at 100 Hz. Voltage drops
across pull-up resistors were measured via the differential analog
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inputs of the DAQ modules. Electrode resistance was computed us-
ing a voltage divider model.

Multilayer integration

For 2D sample integration, the electrode array was aligned and
bonded to the corresponding LMC array with Sil-Poxy. The sample
contour was defined by laser cutting, and the PMMA substrate was
subsequently undercut to release the freestanding structure. For the
3D sample, the electrode array was folded to align with the LMC
array and bonded with Sil-Poxy to form a single-layer stack. Using
3D-printed molds, a 4-mm-thick encapsulating layer was created.
Multiple layers were stacked and bonded to form 3D structures us-
ing Sil-Poxy.

Indentation test

Custom magnetic coil-driven indenters were aligned and mounted
onto the surface of the corresponding voxels. Each indenter was
equipped with an integrated accelerometer (ADXL326BCPZ) to
monitor the motion of the tip under fixed power input.

Mechanical test

The tensile test was performed by a custom multifunctional testing
stage, which consists of a linear translation stage (LTS150C, Thorlabs)
and a force gauge (M7-012, Mark-10) with a pair of tensile grips
(G1008, Mark-10). Shear loading incorporates an additional trans-
lational stage in the orthogonal direction. The dynamic mechanical
tensile test was conducted with a preload of 0.175% strain, a strain
amplitude of 0.125%, and a frequency of 1 Hz for 5 s. The effective
Young’s modulus was estimated as the dynamic modulus amplitude.
The compression test was conducted using the same testing stage
with the grips replaced by compression plates (G1009-1, Mark-10).
The dynamic mechanical compression test was conducted with a
preload of 1.75% strain, a strain amplitude of 1.25% strain, and a
frequency of 1 Hz for 5 s. The testing methods were validated
against the standard testing results using the RSA-G2 Solids Analyzer
(TA Instruments).

Optical imaging and digital image correlation

In situ optical imaging was performed by an optical camera (Canon
EOS R) and a resolution of 3840 X 2160. For DIC, a speckle pattern
was applied to one side of the sample by aerosol-spraying graphite
using IPA as a carrier. DIC analysis used Ncorr, an open-source 2D
DIC program in MATLAB, with a spatial resolution of 20 pm.

Identification of nearly isotropic configurations
Nearly isotropic configurations were identified as those where theo-
retical predictions (FEA) of E, /E, v, /v, tand, / tand,, and the

Zener ratio Z = 2(1 +ny) G,, / E, all fall between 0.85 and 1.15.
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