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ARCHITECTED MATERIALS

3D polycatenated architected materials

Wenjie Zhou'*, Sujeeka Nadarajah’, Liuchi Li>>, Anna Guell Izard*, Hujie Yan', Aashutosh K. Prachet’,

Payal Patel", Xiaoxing Xia**, Chiara Daraio’*

Architected materials derive their properties from the geometric arrangement of their internal structural
elements. Their designs rely on continuous networks of members to control the global mechanical behavior of
the bulk. In this study, we introduce a class of materials that consist of discrete concatenated rings or cage
particles interlocked in three-dimensional networks, forming polycatenated architected materials (PAMs). We
propose a general design framework that translates arbitrary crystalline networks into particle concatenations
and geometries. In response to small external loads, PAMs behave like non-Newtonian fluids, showing both
shear-thinning and shear-thickening responses, which can be controlled by their catenation topologies. At
larger strains, PAMs behave like lattices and foams, with a nonlinear stress-strain relation. At microscale, we
demonstrate that PAMs can change their shapes in response to applied electrostatic charges. The distinctive
properties of PAMs pave the path for developing stimuli-responsive materials, energy-absorbing systems,

and morphing architectures.

reviously studied architected materials

have mostly been designed with rigidly

connected truss- (1, 2), plate- (3, 4), or

shell-based lattices (5, 6) that derive ef-

fective bulk properties from the con-
struct of periodically repeating unit cells (7, 8)
or disordered architectures (9, 10). They can
display remarkable behaviors, for example,
showing high strength while being lightweight
(2, 11), negative Poisson’s ratios (12, 13), and
shear-normal coupling (14, 15). Depending on
the geometry of their interior structure, they
exhibit unusual or extreme mechanical proper-
ties (2, IT), such as large reconfigurability (16-20),
multistable responses (21, 22), and nonlinear
elastic deformations (23, 24). In some realiza-
tions, architected materials behave like fluids—
for example, in pentamode materials, which ex-
hibit a near-zero shear response (25, 26). Gran-
ular crystals are a type of architected materials
that consist of regular arrays of closely packed
elements that interact elastically (27, 28). They
also present rich mechanical properties, such
as geometrical hardening (29) and nonlinear
wave propagation (28), which emerge from the
shape of the individual particles, their topo-
logical arrangement, and the particles’ chem-
ical composition. However, in the absence of
boundary confinement, granular crystals are
not cohesive because the particles are not held
together by binders and they offer no resistance
in tension.

An emergent family of architected materials
are topologically interlocked fabrics, consist-
ing of layers of two-dimensional (2D) con-
catenated particles, like chainmails used in
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medieval armors, which have been shown to
support tunable stiffness and controllable shape
morphing (30, 31). We integrated the principle
of polycatenation (32-34) into 3D architected
materials that we fabricated at the macro- and
microscales. Unlike chainmail, 3D polycatenated
structures present interlayer linkages that lead
to distinctive 3D strain redistribution, inter-
layer cohesiveness, and tunable energy absorp-
tion. The vast design space of 3D architected
materials offers unprecedented opportunities
to tailor mechanical properties (35).

Here, we propose a design framework for
3D concatenated structures with designated
network topologies, to create interlocking ar-
rangements of discrete ring or cage particle
building blocks with controllable kinematic
degrees of freedom (DOF). Such units are sym-
metrically catenated with their neighbors,
which are free to move relative to each other
within the bound of the interlocking mecha-
nisms. We also propose a design strategy to
translate continuous graph topologies, such
as crystalline lattices (36), into their poly-
catenated counterparts and demonstrate the
realization of 3D polycatenated architected
materials (PAMs) from selected building
blocks. We show how local variations in the
particles’ geometry affect the internal DOF,
which, in turn, control the global deformabil-
ity and effective response of the bulk. Because
of the discrete nature of the particle-particle
interactions in PAMs, their global mechan-
ical behavior transitions from fluid-like to
solid-like and from shear-thinning to shear-
thickening, as a function of the applied load-
ing. PAMs are resilient to cyclic loading and
have tunable energy absorption, with scal-
able responses that persist at both the macro-
and microscales. The characteristic behavior
of PAMs arises from strong surface interac-
tions between adjacent particles, for example,
in contacts and relative sliding. These inter-
actions can be further leveraged at smaller

17 January 2025

scales by increasing the surface-to-volume ra-
tio of the samples. To verify this hypothesis,
we fabricated microscale PAMs and demon-
strated their ability to rapidly and reversibly
adapt their shapes in response to electrosta-
tic charges.

Design approach for PAMs
I. Conversion of continuous graph topologies
into PAMs

Traditional lattice structures can be mapped
into continuous topological networks that con-
sist of nodes and connections (Fig. 1A). Start-
ing from a chosen crystalline network, we
created periodically entangled toroidal, poly-
gonal, or polyhedral caged particles (hereafter
referred to as “particles”) that can be tessel-
lated into PAMs. The process begins by iden-
tifying node symmetries in the continuous
networks and aligning them with particles
that possess these symmetries (Fig. 1B). These
particles interlink with adjacent ones, repli-
cating the original network connections (Fig.
1, A to C). Thanks to the enormous database of
crystallographic symmetries, topological net-
works from databases such as the Reticular
Chemistry Structure Resource (RCSR) (36) can
be transformed into polycatenated analogs (fig.
S1). A single node can be represented by using
particles with various shapes, such as polyhe-
dral wireframes, polygon clusters, or torus clus-
ters (Fig. 1D). Depending on the nature of the
constituent units, the topologies of resulting
polycatenated architectures exhibit substan-
tial variations (Fig. 1E).

Il. Generating 3D PAMs from prescribed
particle geometries

A given particle shape [e.g., cuboctahedron (CO)]
can exhibit multiple symmetry axes (Fig. 1F),
leading to several potential catenation envi-
ronments (Fig. 1, G to I). By utilizing these
catenations singularly or in combination, we can
create a variety of PAMs (Fig. 1, J to M), each with
its own global topology. We used a tripartite
naming scheme, X-n-abc, for easy identifica-
tion: “X” for the network topology (table S2),
“n” for the number of concatenations per par-
ticle, and “abc” for the particle shape, either in full
(lowercase letters) or as an acronym (uppercase
letters). As an example, the label D-4-TET (Fig.
1C) denotes a polycatenated diamond network
(D) constituted from tetrahedral (TET) wire-
frames that interlock corner-to-corner with
four neighboring particles (4).

Mechanical characterization of PAMs

We designed NxNxN arrays (where N is the
number of unit cells consisting of one or more
interlocked particles; see table S1) leading to
different PAM geometries and topologies. We
fabricated them by using additive manufac-
turing with a brittle acrylic polymer (37). We se-
lected eight types of representative PAMs, four
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Translating Crystal Lattice Topologies into 3D Polycatenated Architected Materials
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Fig. 1. Design strategy for PAMs. (A to E) A typical design workflow of PAMs from
a designated network: (A) Network of the dia topology. (B) Essential nodes and
their connections with adjacent nodes in the dia network. Each pair of nodes are
mapped with two tetrahedral particles catenating their vertices, while aligning their
threefold axes. (C) An extended D-4-TET PAM composed of tetrahedral particles.
(D) An array of exemplary PAM variants in addition to the catenated tetrahedra,
namely Catalan tetrahedra (D-4-CT), icosahedra (D-4-ICO), cubes (D-4-cube),

composed of 2D particles (fig. S4, A to D) and

four composed of 3D particles (fig. S4, E to H).
After fabrication and removal of support mate-
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rial, the PAMs relaxed under gravity and the
originally ordered and periodic microstructure
became irregular (Fig. 2, A to G). Such gravity-

A 3-fold catenation

® 2-fold catenation

J-4-CO

octahedrally arranged six-ring clusters (J-4-ring), tetrahedrally arranged four-ring
clusters (T-6-ring), and tetrahedrally arranged four-hexagon clusters (T-6-HEX). The
green line highlights the threefold symmetrical axis. (E) A series of extended PAMs
corresponding to the configurations from (D). (F to M) Generation of PAMs from
designated particle geometry: (F) to (I) show a cuboctahedron (CO), catenated
through its fourfold (blue), threefold (green), and twofold (red) axes. (J) to (M) show
expanded PAMs from the catenations illustrated in (G) to (I).

induced shape deformations (hereafter referred
to as “relaxations”) of PAMs are highly dependent
on their domain boundaries (e.g., spherical;

2 of 9

Gz0Z ‘9T Arenuer uo ABOjoUYdS | 1O 8IN1ISU| BILIo LI RD Te HI0°80US I0S MMM/ SO1Y WO PapeouUMOQq



RESEARCH | RESEARCH ARTICLE

d=0.55mm d=0.7mm d=0.8 mm d=0.9mm d=1.0mm
Increasing ring thickness (d)
—————————>
<100> oriented J-4-ring spheres

|
T 10%_Cyclic' " —~ 1024
....... 20%_Cyclic S-6/2-OCT '5_\5
e 50%_Direct s
10%_Cyclic 4 g
20%_Cyclic J-4-OCT @
e 50%_Direct g
b=
1 @104
e
9]
N
] ®
E
<]
i \ Z
0t ; . - 10° i i . . :
0% 10% 20% 30% 40%  50% 10% 15% 20% 25% 30% 35% 40%
Compressive Strain Volume Fraction
J 05— Tensile L 2 ,
30
30
=, 20
S )
o &
= 10 V
@ 20 s %
o 0
) 4 6
10 O “As is”, 10% strain
—Simulation 0 “As is”, 20% strain
(For computing I @ “Tapped”, 15% strain
- - Experiment o “Tapped”, 25% strain
0 2 4 0.5 1 1.5
Compressive strain (%) logyo({%) — Zo)

Fig. 2. Gravity-induced relaxation and uniaxial compression of PAMs. (A to placed on a flat surface. When oriented along the <100> (A), <110> (B), and
C) Relaxation of a series of J-4-ring PAMs with spherical domain boundaries, <111> (C) crystallographic axes, they show different relaxed outline shapes.
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Scale bar, 2 cm. (D to G) lllustration and corresponding photos of expanded
J-4-0OCT, S-6/2-0CT, J-4-ring, and T-6-ring PAM samples. Scale bars, 1 cm.
(H) Stress-strain plots of J-4-OCT and S-6/2-OCT PAMs under uniaxial compression.
(I) Summary of normalized stiffness, calculated as the slope of the stress-strain
curve (via linear fitting in the 5 to 10% strain range) and normalized by the measured
volume fraction, plotted against the measured volume fractions. (J) A comparison
of the response of a T-6-ring sample under uniaxial compression between experiment
and LS-DEM simulation result. The inset shows the calculation of £* by fitting a

Fig. 2, A to C) and on the particle-to-particle
clearance. For mechanical characterization,
we designed cubic samples with sides of about
50 mm (Fig. 2, D to G, and fig. S4) and mea-
sured their designed and relaxed dimensions,
as summarized in table S1.

To characterize their mechanical responses,
we conducted quasistatic uniaxial compression
tests, simple shear tests, and rheology tests
under different loading conditions. The mech-
anical response of PAMs emerges from a com-
plex interplay of interactions across scales,
ranging from (i) um-scale interparticle con-
tacts, (ii) mm-scale particle deformation (e.g.,
bending, buckling, and fracture), (iii) meso-
scale layer-by-layer collapse, and (iv) cm-scale
global deformations. Initially, all loadings in-
duce the rearrangement of particles within the
available kinematic DOF and the redistribution
of stresses within the volume, without damage
to the particles. However, the rearrangement of
the particles leads to a bulk deformation of PAMs,
which persists even after the removal of the ex-
ternal loads. As the particles reach a jammed
state, further spatial reconfiguration becomes
untenable. Beyond jamming, continued com-
pressive forces result in the deformation, dam-
age, and fracture of the particles.

Under uniaxial compression (Fig. 2H; figs.
S6, A to F, and S7; and movie S2), all samples
exhibit a nonlinear stress-strain behavior with
substantial loading and unloading hysteresis
(energy absorption). This hysteric stress-strain
relationship is likely influenced by three dis-
tinct mechanisms: (i) the rearrangement of
catenated particles, (ii) the presence of friction
at the contact, and (iii) at larger strains, par-
ticle deformation and damage. After relaxa-
tion, the arrangement of the particles (i.e.,
their position and orientation) in PAMs is in-
trinsically disordered and varies from experi-
ment to experiment. However, we observed
that PAMs present consistent values of effec-
tive stiffness within a statistical distribution in
the range of 10%.

A particularly interesting observation is the
strain-stiffening response during the loading
phase (Fig. 2J), which is reminiscent of the
response of classical granular systems (38). To
understand and quantify the role of dynamic
contact chains within PAMs, we performed level-
set discrete element method (LS-DEM) (39, 40)
simulations with particles of arbitrary shapes
(30, 41). We first analyzed the response of a T-6-
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ring sample, subjected to uniaxial compression
(37). Experimentally, under cyclic compression
at lower strains, PAMs show a reduced peak stress
and a hysteretic response with a progressively
smaller area, then stabilize into a steady-state
response after the first few cycles (fig. S7).

Within the small to moderate strain regime
(e.g., no particle fracture), our numerical simu-
lation quantitatively captured the steady-state
stress-strain response (see Fig. 2J for an exam-
ple). From the simulation result, we further cal-
culated the apparent compressive modulus (£*)
at each loading step by fitting a polynomial to
the stress-strain curve during the loading phase
(Fig. 2J, inset). As the compression progressed,
we observed that the T-6-ring PAM “densified”
as more contacts (both tensile and compres-
sive ones) formed among particles (Fig. 2K)
and carried larger contact forces (indicated by
thicker and longer blue and red lines in Fig.
2K). To relate the macroscale strain-stiffening
response with the particle-scale “densification”
process, we plotted E* as a function of (Z) — Z,,
where (Z) is the mean contact number (sum-
ming over cohesive and compressive ones) and
Zy is the minimal contact number per particle
for the sample to become structurally rigid
(37, 42). Z, depends on many factors, such as
particle friction, geometry, and catenation to-
pology, and is unknown for these catenated
granular systems. Nevertheless, we find that
picking Z, = 5 can collapse data from different
preparation protocols and loading strain ranges
(Fig. 2L), which follows a power-law scaling as
predicted by the critical phenomenon of jam-
ming phase transition (42). In this case, the
scaling exponent is very close to 1, and is ob-
tained by fitting a second-order polynomial
to the stress-strain curve to get E*. This result,
together with additional particle-scale analysis
based on granular physics (fig. S11), suggests
that the (small-strain) mechanics of PAMs
share many features with that of classical
granular materials. However, these LS-DEM
simulation-based analyses will fail when par-
ticles deform or fracture.

Unlike other architected materials, PAMs
exhibit a notable ability to adjust their inter-
particle arrangements in response to external
loads, a characteristic also found in granular
systems. This particle rearrangement leads to
two mechanical regimes, which appear under
all deformation modes: (i) a fluid-like response,
with a vanishing shear modulus, linked to rela-
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polynomial to the simulated stress-strain response during the loading phase. (K) A
visualization of the contact forces (blue being compressive forces and red being
tensile forces) at three selected loading stages [see (J)]. Each contact force is
represented by a cylinder whose orientation is the force vector direction and
whose length and radius are scaled according to the force magnitude. (L) Relation
between £* and (Z) — Z; for four simulations considering different preloading
configurations and loading-strain ranges. All data can be reasonably represented
by a power-law scaling (black dashed line) by setting Zy = 5.

tive particle motion; and (ii) a solid-like response,
characterized by particle deformation, beyond
the jamming transition. To describe the fluid-
like mechanical response, we conducted simple
shear and rheology tests on J4-ring and T-6-ring
samples (Fig. 3, A and B). These PAMs were
selected because they are composed of toroidal
particles, which have greater kinematic DOF.
To control testing conditions, we fabricated sam-
ples that incorporated top and bottom gripping
plates (Fig. 3, A and B, and fig. S5).

Under shear loads, both J4-ring and T-6-ring
samples demonstrated a plateau region with
force values close to zero, indicative of a fluid-like
behavior (Fig. 3, C and F, and movie S3). Beyond a
critical strain, these plateaus then transitioned to
a quasilinear elastic region, typical of solid-like
behavior. This transition can be correlated to the
reduced DOF between rings, which jam under
external tensile, compressive, or shear loads. The
fluid-like and solid-like regimes can be pro-
grammed by designing the catenation topol-
ogies and particle geometries.

To further understand this fluid-solid dual-
ity, we characterized the rheological proper-
ties (37) of cylindrical-shaped PAM samples
(Fig. 3B and movie S4). In oscillatory ampli-
tude sweep experiments (Fig. 3, D and G), the
J-4-ring and T-6-ring samples initially displayed
a decrease in storage modulus (G'), loss mod-
ulus (G"), and complex viscosity (n*) with in-
creasing torsional strain. Upon reaching the
critical jamming strain observed in simple
shear tests, all three parameters began to in-
crease (43). In the oscillatory frequency sweep
experiments (Fig. 3, E and H), both J-4-ring
and T-6-ring samples exhibited an unusual in-
flection in viscosity at high angular frequency.
‘When subjected to torsional strains below their
respective jamming transition thresholds, a
notable transition from shear-thinning to shear-
thickening was observed with increasing oscil-
lation angular frequency. In the latter part of
the shear-thickening phase, the substantial in-
crease in viscosity is likely influenced by the in-
ertia effects of particles under high-frequency
oscillation conditions. Although both shear-
thinning and shear-thickening behaviors have
been observed in various materials (43, 44),
they have not been reported concurrently in
the same material, particularly with the ob-
served pronounced reduction in viscosity fol-
lowed by a substantial increase, as a function
of both angular frequency or torsional strain.
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Fig. 3. Shear and rheology test of PAMs. (A and B) PAM samples in shearing
and rheological test, showing the deformation in response to corresponding loads.
(C and F) Stress-shear strain results for J-4-ring (C) and T-6-ring (F) PAMs,
showing the transition from a fluid-like to solid-like regime with the increase of shear
strain. (D, E, G, and H) Rheology results of J-4-ring (D) and T-6-ring (G) PAMs
under oscillatory amplitude sweep (E) and frequency sweep (H), with plots of
storage modulus (G'), loss modulus (G"), and complex viscosity (n*) as a function
of torsional strain and angular frequency. Dotted lines indicate the region
where the tests were significantly affected by the instrument inertia effects.
The blue shaded area in (C), (D), (F), and (G) indicates the region where the
PAMSs exhibit fluid-like behavior, transitioning to solid-like behaviors as

To better understand this unusual frequency-
dependent thinning-to-thickening transition, we
modeled the response of PAMs using the LS-
DEM. We focused on modeling the rheological

Zhou et al., Science 387, 269-277 (2025) 17 January 2025

experiments and on the inflection of n* with
increasing angular frequency. Because the mech-
anical deformation of each particle is minimal
compared with the translation observed in their

Angular frequency (rad/s)

indicated by the red shaded area. (I and K) Simulation results of the variation
of n* as a function of angular frequency for J-4-ring (1) and T-6-ring (K)
cylindrical samples. Insets show the mean contact number, (Z) (left axis), and
normalized granular temperature, ﬁ (right axis), as a function of angular
frequency. Here, wcit is the angular frequency at which the inflection of n*
occurs in our simulations and R is the radii of the sample, used only for making
dv dimensionless. (J and L) Simulation results of the variation of % as a function
of Z; — (Z) for the J-4-ring (1) and T-6-ring (K) cylindrical samples. The black
dashed lines are power-law fits using simulation data before the inflection of n*. Insets
show a magnified visualization of the main plot including a portion of the data after
the inflection of n*.

rigid body motion (e.g., rearrangement) in the
experiments, we modeled the rings as rigid par-
ticles. We used LS-DEM to model sweep experi-
ments for both J4-ring and T-6-ring samples.
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Fig. 4. Programmable critical jamming strains of PAMs. (A and C) The schematics illustrate the local ring arrangements under shearing and compressive loads
for J-4-ring and T-6-ring PAMSs, respectively. (B) A summary plot displaying critical shear jamming strain (y;) against the critical compressive jamming strain (g})
for both types of PAMs containing rings with varied thicknesses. (D to S) Photographs showing J-4-ring [(D) to (K)] and T-6-ring [(L) to (S)] PAMs at their

corresponding critical jamming strains.

We constructed digital twins, replicating the
ring’s shape, density, size, and spatial arrange-
ment, as well as the total number of rings in
each respective sample.

All simulations qualitatively capture the in-
flection of n* observed in experiments (com-
pare Fig. 3, I and K with Fig. 3, E and H). Our
simulations also agree with experiments in
that the value of n* at the inflection point is
smaller for the J-4-ring sample compared with

Zhou et al., Science 387, 269-277 (2025)

that for the T-6-ring sample. However, our sim-
ulations overestimate the angular frequency at
which the inflection ofn* happens. This mismatch
could be due to imprecisions in the 3D-printed
particle geometry and to contact imperfections,
which are not included in our models. These
discrepancies can also lead to considerable dif-
ferences in particles’ frictional interactions as
well as the sample’s packing structure in the
relaxed configuration in experiments and sim-

17 January 2025

ulations, which can shift the angular frequency
at which the inflection of n* happens. Neverthe-
less, our simulations provide particle-scale de-
tails that allow us to better understand the
mechanisms underpinning this thinning-to-
thickening transition. More specifically, from
the point view of the rheophysics of dense
granular materials (45-47),n" takes contribu-
tion from two components: a contact compo-
nent (which corresponds to percolating and
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Fig. 5. Scale independence of PAMs and electrostatic actuation of u-PAMs. (A) Stress-strain curves of C-6-TT PAMs fabricated at different scales (60 times
difference in all dimensions) and volume fractions (lll > Il > I). Inset shows a comparative summary of energy absorption capacities of PAMs at two scales. (B and
C) Snapshots of macroscale and microscale (B) C-6-TT PAMs undergoing compression experiments at strains of 0, 25, and 50%. Scale bars, 1 cm (B), 0.1 mm (C).
(D to K) The J-4-ring u-PAMs in various geometries, including cubes and letters, before and after electrostatic expansion. White regions in illustrations highlight
the fixing area between the u-PAMs and the substrate. These u-PAMs, when subjected to electrostatic charges generated by a Van de Graaff generator, deploy from a
relaxed natural state to an expanded state because of interparticle electrostatic repulsion. Scale bars, 1 mm.

enduring force chains in the statics of granular
media, used often in the soil mechanics com-
munity) and a fluctuation component (which
corresponds to the degree of turbulency of gran-
ular flow stemming from short-lived particle
collisions, used often in the fluid mechanics
community).

In our experiments, as the excitation fre-
quency increases, we expect that both samples
experience a transition from a contact-dominant
(or “quasistatic”) regime to a fluctuation-
dominant (or “inertia”) regime. As such, the
initial decrease of n* may be understood as the
decrease of contact (due to stronger centrifu-
gal effects) in the contact-dominant regime,
whereas the later increase of n* can be under-
stood as the increased degree of “turbulency”
(due to a faster external excitations) in the
fluctuation-dominant regime. This concept is
confirmed by looking at Fig. 31 (inset), which
shows, for the simulation of the J-4-ring sam-
ple, the variation of the average contact num-
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ber per particle and of the normalized average
particle velocity fluctuation, v [computed as
the square root of granular temperature (45);
see (37) for our calculation procedure], as func-
tions of the angular frequency. As the angular
frequency increases, the average contact num-
ber per particle decreases while the particle
velocity fluctuation increases. In particular,
the latter shows a much rapid increase rate
once it exceeds the frequency of the inflec-
tion point of n*, which suggests the transition
from the contact-dominant regime to the
fluctuation-dominant regime. A similar obser-
vation can be made for the T-6-ring sample by
looking at Fig. 3K (inset) and comparing it with
Fig. 31 (inset). According to kinetic theory (48),
the viscosity of granular flow, n , depends on
the density and granular temperature through
ascalingn ~ (p, — p) “8v, where p,, is the mate-
rial density at random close packing, p is the
material density at a given flow state, and a is
a scaling exponent whose value depends on
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particle properties (such as shape and surface
friction). We tested the relevance of this theory
in describing the rheological response of PAMs.
Due to difficulties in calculating objectively
p for our simulated PAM samples, we used the
mean contact number (Z) in place of p (with Z.
the contact number at random close packing),
assuming that a power-law scaling between
p and (Z) can translate from conventional
granular materials (46) to PAMs. Figure 3J
and Fig. 3L show the variation of the nor-
malized viscosity, %, as a function of Z, — (Z)
for the J-4-ring sample and the T-6-ring
sample, respectively. We observed that in the
low-excitation frequency regime (before the
inflection of n*), the rheological response fol-
lows a power-law scaling (black dashed line
in Fig. 3, J and L) as predicted by kinetic
theory. However, as it progresses into the
high-frequency domain (after the inflection of
"), the rheological response deviates further
away from the respective power-law scaling
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(insets of Fig. 3, J and L). The exact reason for
this deviation is unknown, but one possible
cause is the breakdown of the power-law scal-
ing between (Z) and p in the high-frequency
domain due to the presence of tensile con-
tact (for preventing particles from separat-
ing) that is absent in conventional granular
materials. Lastly, we note thatZ; is unknown
for PAMs. For the results shown in Fig. 3, J
and L, we used the mean contact number of
the sample before the torsion experiment
(that is, after gravity settlement) as an esti-
mation of Z.. A different Z. will change the
scaling exponent presented in Fig. 3, J and L,
but it will not change the observed power-
law relation.

Programmable critical jamming strains

We studied the role of particle geometry and
particle linking topology in the jamming tran-
sition in PAMs. The local catenation topol-
ogies in PAMs play a pivotal role in defining
their mesoscale (e.g., cell-to-cell, layer-by-layer)
DOF, which, in turn, dictates the critical strain
for jamming (g;: critical compressive jamming
strain; v; : critical shear jamming strain). For
instance, J-4-ring PAMs show a substantially
higher y; as compared with T-6-ring PAMs,
whereas T-6-ring PAMs exhibit a higher €
relative to J-4-ring PAMs. In J-4-ring PAMs,
shear loading induces a coordinated rearrange-
ment of particles, thereby amplifying v; (Fig.
4A). During this process, rings oriented paral-
lel to the shearing direction maintain their
orientations, while those perpendicular to
the shearing direction rotate in a coordinated
manner, facilitating a greater y;. However, un-
der compression or tension, the rings’ in-
ability to adjust their positions—restricted
by limited DOF from neighboring particles—
results in a reduced e;. By contrast, T-6-ring
PAMs rely on a “scissor” mechanism (Fig. 4C):
Upon compressive loading, all rings adjust their
orientations coordinatively, which allows for
alarger €.

In addition to the choice of catenation to-
pology, the thickness, d, of the torus substan-
tially influences the jamming transition in PAMs
(Fig. 4D). A decrease in d generally correlates
with an increased DOF in PAMs. To elucidate
this relationship, we fabricated a series of J-4-
ring and T-6-ring PAMs with constant ring
diameters (D) but varied d. We measured the
critical jamming strain under both shear (y;)
and compressive (g7) loading conditions as a
function of thickness d (Fig. 4B). Regardless of
the catenation topology, reductions in d are
associated with increases in both v; and &;. Fur-
thermore, we observed that catenation topo-
logy significantly impacts the predominant
deformation modes. For instance, the y; for
J-4-ring PAMs (Fig. 4D), which exhibit the
largest d/D ratio and therefore the lowest
DOF, is higher compared with that of T-6-
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ring PAMs (Fig. 40), which have a much lower
d/D ratio.

Length-scale dependence and electrostatic
reconfiguration of pn-PAMs

The deformability of PAMs is primarily in-
fluenced by their particle geometries and the
particle-to-particle DOF, which are expected
to be scale-independent. Hence, we hypothe-
sized that reducing the particle size by a factor
of about 60 will retain the characteristic mech-
anical response of macroscopic systems, such
as their quasistatic compressive behavior and
liquid-fluid duality. To validate this hypothe-
sis, we fabricated PAMs by using two-photon
lithography with postprinting oxygen plasma
etching (37). Upon completion of the fabrica-
tion and release process—during which plas-
ma etching removes thin support materials
required during fabrication—the yu-PAMs dem-
onstrated a gravitational relaxation analogous
to that observed in their macroscopic counter-
parts (fig. S17). We designed a series of C-6-TT
PAMs (as in fig. S9), varying their volume frac-
tions by changing the beam thicknesses of the
particles. After an increasing order of beam
thickness, we labeled the PAMs as I, II, and
111 (fig. S9). The same PAMs were fabricated at
both macroscale (Q_I, Q_II, and Q_III) and
microscale (u_I, u_II, and p_IIT), scaling them
by a factor of 60 in all dimensions (i.e., sample
side lengths: 24 mm and 400 um). Due to the
differences in fabrication methods, we used
slightly different acrylic polymers (37) for the
macro- and microscale samples. Neverthe-
less, we found qualitative agreement between
the mechanical responses of PAMs across scales
(Fig. 5, A to C). The energy-absorption cap-
acities of all C-6-TT PAMs were calculated by
integrating the areas under the stress-strain
curves. Our experiments revealed scale factors
(U,/ Ug) among all I, II, and III designs to be
near constant at 12.76 + 0.53 (Fig. 5A).

One defining difference between microscale
and macroscale PAMs is their dramatically
different surface-to-volume ratio (~60 times
larger in the u-PAM samples) and the reduced
weight of each particle in the catenated net-
work (a reduction by a factor of ~216,000 in the
u-PAM samples). Such discrepancy can be ex-
ploited to observe the role of interparticle forces
(e.g., electrostatic repulsion) in the global defor-
mation of PAMSs. To test this hypothesis, we
tessellated J-4-ring p-PAM voxels to form var-
ious geometries: a side-anchored cube (Fig.
5D), a point-anchored cube (Fig. 5E), a bottom-
anchored numeral “1” (Fig. 5F), and a bottom-
anchored letter “T” (Fig. 5G). We then coated
each pu-PAM sample with a thin layer of cop-
per, approximately 300 nm in thickness, to
provide electrical conductivity. We then posi-
tioned the samples atop a Van de Graaff gen-
erator with direct electrical contact (fig. S17).
As electrostatic charges accumulated, the in-
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dividual rings within the u-PAMs began to
repel each other because of increased electro-
static repulsion. This electrostatic interaction
prompted the u-PAMs to both expand out-
ward in all directions owing to inter-ring re-
pulsion and to elongate upwards owing to
repulsion between the u-PAMs and the sub-
strate against gravity, transforming each ini-
tially collapsed structure into a structurally
deployed state (Fig. 5, D and G, and movie S6).
The charged u-PAMs will stay in this deployed
geometry until we discharge the Van de Graaff
generator by neutralizing the electrical charge
stored in its metallic dome, to which the con-
ductive substrate of the u-PAM samples is at-
tached. The transition between the uncharged,
compact state and the charged, deployed state
was fast (<0.1 s; movie S9) and completely re-
versible. This behavior is derived from the fluid-
solid duality also observed in the macroscale
samples. Global deformations are allowed by
the intrinsic DOF but constrained when reach-
ing the tensile critical jamming strains, result-
ing in a “lockable” 3D shape-morphing behavior.
This suggests that u-PAMs driven by electro-
static forces can be engineered as responsive
elements in remotely actuated materials for
use in microscale devices and smart material
systems.

Conclusions

We introduce PAMs as a class of architected
materials that bridge the gap between discrete
granular materials and continuous architected
materials within a 3D domain. Our design
strategy rationally maps discrete, topologically
interlocked particles onto 3D crystalline net-
works. Their nonlinear elastic response in the
jammed state, coupled with non-Newtonian
shear-thinning and shear-thickening behav-
iors in the unjammed state, provides a ver-
satile mechanical platform for applications
requiring adaptive stiffness and energy dissi-
pation. This is particularly relevant for stimuli-
responsive materials, soft robotics, and morphing
architectures. The material behavior of PAMs
is highly dependent on their catenation topo-
logies and particle geometries, which together
determine the interparticle DOF. Depending
on the target mechanical performance, different
PAMSs may fulfill different roles. For example, in
applications that require large deformations,
such as shape morphing and soft actuation,
topologies with larger shear deformability (such
as the J-4-ring) are preferable. Applications
requiring larger energy absorption favor PAMs
with higher compressive critical jamming re-
sponses (such as the T-6-ring), which also show
relevant strain-stiffening characteristics. Last-
ly, for structural applications, stiffer PAMs are
more advantageous. These are best represented
by PAMs with J topologies using polygonal or
polyhedral particle geometries (e.g., J-4-square
and J-4-OCT). This work lays the foundation
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for creating architected materials with unpre-
cedented control over mechanical properties
and responsiveness. Future research could ad-
dress the resilience of these materials to dis-
crete particle fracturing and examine their
dynamic and wave propagation response, non-
linear rheology, and thermal and optical char-
acteristics, as well as look at optimal selection
of constitutive materials and particle coatings,
in order to target specific applications.
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