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Extreme nonlinearity by layered materials

through inverse design

Zhi Zhao't, Rahul Dev Kundu't, Ole Sigmund?, Xiaojia Shelly Zhang'***

Biological materials such as seashell nacre exhibit extreme mechanical properties due to their multilayered micro-
structures. Collaborative interaction among these layers achieves performance beyond the capacity of a single
layer. Inspired by these multilayer biological systems, we architect materials with free-form layered microstructures
to program multistage snap-buckling and plateau responses—accomplishments challenging with single-layer ma-
terials. The developed inverse design paradigm simultaneously optimizes local microstructures within layers and
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their interconnections, enabling intricate layer interactions. Each layer plays a synergistic role in collectively achiev-
ing high-precision control over the desired extreme nonlinear responses. Through high-fidelity simulations, hybrid
fabrication, and tailored experiments, we demonstrate complex responses fundamental to various functionalities,
including energy dissipation and wearable devices. We orchestrate multisnapping phenomena from complex inter-
actions between heterogeneous local architectures to encode and store information within architected materials,
unlocking data encryption possibilities. These layered architected materials offer transformative advancements
across diverse fields, including vibration control, wearables, and information encryption.

INTRODUCTION

Architected materials with nonlinear mechanical responses hold great
potential for a wide range of applications (I). For example, compo-
nents designed for impact protection require materials that exhibit
force plateau regimes over a long deformation range to effectively ab-
sorb energy and mitigate high impact force (2, 3). Wearable devices
such as tremor suppression need materials capable of repeatedly dis-
sipating energy while complying with large deformations of soft bio-
logical tissues (4). In addition, data storage and encoding within
architected materials demand diverse deformation modes and wide
design flexibility (5). Customizing these unique nonlinear mechanical
responses of architected materials to meet specific application re-
quirements is crucial to fully harness their potential. Hence, much at-
tention has been devoted to the design and realization of these
architected materials for versatile functionalities, including energy
dissipation (6-8), energy absorption (3, 9), information encoding
(5, 10), and wearables (11-13). State-of-the-art studies (3, 6, 14-16)
have successfully programmed and prototyped nonlinear stress-strain
relations in planar architected materials with a single design layer.
However, some extreme nonlinear responses, such as multistage snap
buckling and plateau responses, may not be realizable within a single
in-plane layer, which could limit the achievable programmability and
functionality of architected materials.

Biological materials in nature often reveal intricate microstruc-
tures with multiple layers, for example, seashell nacre (17, 18) illus-
trated in Fig. 1A. Collaborative interaction among these multiple
layers often leads to performance that surpasses the capacity of a sin-
gle layer. Prior studies have used architected multilayer materials to
enable deformation and stiffness controls, such as auxetic deforma-
tion (19, 20), area preservation (21), spatiotemporal shape evolution
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(22), and ultrastiff mechanical performance (23). Here, we harness
the bioinspired concept of layered microstructures to architect mate-
rials that achieve extreme nonlinear responses, such as multistage
snap buckling and multistage plateau responses. The achievement of
these extreme nonlinear responses stems from the synergistic interac-
tions among different soft material layers, which is challenging, if at
all possible, to achieve by a single material layer alone.

To inversely design the architected materials for nonlinear target re-
sponses, existing studies have used topology optimization (6, 24, 25)
and machine learning (15, 26-28) as design approaches. Topology
optimization stands out as an effective generative method (29, 30) for
the free-form design of materials and structures, given its ability to
explore the entire geometric design space to achieve the target re-
sponses. In this work, we develop an inverse design framework to
simultaneously optimize the local microstructure within each layer
and architect their interconnections, enabling complex and collab-
orative layer interactions within these architected materials. The pro-
posed framework presents several advantages over existing inverse
design methodologies for nonlinear stress-strain responses. The
framework optimizes nacre-like multiple layers along with their in-
terconnections in a continuum setup, which significantly expands
the design space compared to similar work involving a single-layer
setup (3, 31) or lattice structures (32). At the same time, it bypasses
the immense computational expense of a full 3D design problem
with a hybrid finite element method using both 2D and 3D elements.
The proposed multilayer design setup allows precise control of chal-
lenging nonlinear responses, such as multistage plateau and snap-
buckling including bistability, while bypassing the challenges of
single-layer design setup, such as internal contact (see the Supple-
mentary Materials for a comparison study). Furthermore, it uses a
gradient-based topology optimization scheme that explores a larger
design space compared to intuitive and parametric solutions (33)
and offers less overall computational time compared to machine
learning-based methods (27, 32, 34) that generally involves a com-
putationally intensive dataset generation and training phase (35).

We conduct high-fidelity simulations, use hybrid fabrication tech-
niques, and perform experimental testing to demonstrate the inverse
design and physical realization of layered architected materials, which
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Fig. 1. Inverse design of layered nonlinear architected materials. (A) Images of layered structures found in seashell nacre (17, 18). (B) Design of layered nonlinear ar-
chitected materials with snapping properties. (C) Overview of the fabrication approach. (D) Collection of prototypes with versatile programmed properties. See movie S1
for the inverse design process, fabrication, and experimental validation. Photo credits: (A) 2 cm scale photo, courtesy of J. Varner, adapted from (78) with permission from
Springer Nature, licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/); 10 pM and 1 pM scale photos, adapted from (77) with permission from the

Royal Society of Chemistry (https://doi.org/10.1039/9781849735315-00113).

successfully enable the function-oriented nonlinear responses.
We explore the versatile potential of snap-buckling responses in
layered architected materials, which have evolved from critical
mechanical instabilities to valuable mechanisms for advanced ap-
plications. Snap-buckling materials dissipate energy efficiently
during deformation, transitioning between stable states while
maintaining resilience through repeated cycles (as demonstrated
in Figs. 2A and 3C). These properties make them ideal for damp-
ing systems, such as vibration isolators, and biomedical wearable
devices, such as tremor mitigation systems (4, 36). Their tunable,
adaptive behavior can also be utilized in soft wearables, such as
joint-specific and patient-specific support (37), with structures
offering controlled stiffness and tactile sensing (see a demonstra-
tive example in Fig. 2F).

In addition, we investigate the programmable single- and mul-
tistage plateau responses enabled by layered architected materials,
which can transfer external energy into stored energy (as illustrated
in Fig. 4A). This feature benefits wearable devices and energy-
absorbing systems, such as fall protection belts that reduce impact
forces and car bumpers with multistage plateau responses that im-
prove safety for both pedestrians and occupants by adapting to
collision severity (3, 27). In addition, our study uncovers a unique
multisnapping response driven by the interplay of heterogeneous
local layered architectures, enabling control over snapping se-
quences and the potential to encode and store information within
soft materials (see a demonstrative example in Fig. 5). These find-
ings highlight the potential of layered architected materials with
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programmable nonlinear responses for advancements in wearable
devices, automotive safety systems, and information encryption.

RESULTS

The layered materials are constructed using periodic microstructural
unit cells, each consisting of multiple soft elastomer layers. These lay-
ers are interconnected by rigid pins in the out-of-plane direction. In
this study, we focus on square unit cells comprising three layers, as
shown in Fig. 1B. The top and bottom layers share the same geometry
because this sandwich configuration helps to mitigate unwanted out-
of-plane deformations. The homogenized nonlinear properties of the
layered material, characterized by effective stress and strain relations,
can be determined by analyzing the mechanical responses of the lay-
ered unit cells with periodic boundary conditions under uniaxial
loading (14). Depending on the various application-specific require-
ments, we can design the unit cells to exhibit periodicity either in one
direction, forming an N X 1 array, or in two directions, forming an
N X N array.

Programming multistage snap buckling and plateaus in layered
materials builds on the design of local microstructure (i.e., soft ma-
terial distribution) within each layer and architectured interconnec-
tions (i.e., rigid pin distribution) among layers. As illustrated in Fig.
1B, the developed inverse-design framework concurrently optimiz-
es the distributions of soft materials and rigid pins, which are pa-
rameterized by three sets of design variables. These variables are
then used to characterize the mechanical responses defined by the
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Fig. 2. Architected layered nonlinear material in N x 1 array with snap buckling responses. (A) lllustration of energy dissipation capabilities and envisioned applica-
tion scenarios. (B) A representative design example of the layered material. (C) A collection of designs (Dsg.) showcasing a range of initial stiffness and peak stress levels.
(D) Numerical analysis showing the influence of varying unit cell numbers on the mechanical performance for design BN1-3. (E) Experimental validation for design BN1-3.
See movie S3 for simulation and experimental validation. (F) Experimental demonstration of a soft wearable for injury recovery using design BN1-3.
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Fig. 3. Architected layered nonlinear material of N x N array with snap buckling responses. (A) The design setup and three designs with distinct valley stresses and
energy profiles. (B) Experimental validation of the performance of design BNN-2. (C) Numerical simulation and experimental validation of a loading-unloading cycle
demonstrating energy dissipation for design BNN-2. See movie S1 for simulation and experimental validation.

stored energy density functions through a tailored interpolation
technique. With this design parameterization scheme, we formulate
an inverse design problem: optimize the distributions of soft elasto-
mers and rigid pins to minimize the discrepancy between the pre-
dicted stress-strain response via nonlinear finite element analysis
(FEA) and the target nonlinear stress-strain relations. The optimiza-
tion incorporates functional constraints to limit the excessive de-
formation and ensure well-defined geometry of each layer of the
unit cell. We solve this constrained optimization problem using the
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method of moving asymptotes (38), a gradient-based optimizer based
on analytically derived adjoint sensitivity analysis. The optimization
framework enables the discovery of key interaction mechanisms
among different layers that are crucial in achieving the target ex-
treme nonlinear responses. For example, as illustrated in Fig. 1B, the
top and bottom layers (here in blue), serving as supportive layers,
sandwich and impose local restrictions on a middle layer (here in
red) via rigid pins, thus triggering the snapping response of the mid-
dle layer. Leveraging the identified interaction mechanisms, we can
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Fig. 4. Architected layered nonlinear material with single- and multistage plat:
plication scenario. (B) Numerical designs and experiment for the designs with N

eau responses. (A) lllustration of energy absorption capabilities and envisioned ap-
X N array. (C) Numerical designs and experiment for the designs with N x 1 array.

(D) Approach 1 for achieving multistage plateau response through direct optimization of the unit cell. (E) Approach 2 for achieving multistage plateau response by as-
sembling single-plateau unit cells. See movies S4 and S5 for simulation and experimental validation for design PN1-1 and PNN-1, respectively.

realize precise control over complex nonlinear responses in the pe-
riodic unit cells, such as snap buckling with distinct peak and valley
stresses, and single and multiple plateau responses. Details of FEA
and the inverse design framework are provided in the Supplemen-
tary Materials.

To physically realize and validate our inversely designed layered
materials that exhibit a range of extreme nonlinear responses, we
use a hybrid fabrication approach to prototype four representative
designs, as illustrated in Fig. 1 (C and D). These samples are experi-
mentally tested to validate the extreme nonlinear responses of mul-
tistage snap buckling and plateau responses. The fabrication process
and experimental procedures are detailed in the Supplementary
Materials.

Architecting snap buckling responses

In this section, we explore the snap-buckling responses of layered
architected materials, which transition efficiently between stable
states through elastic deformation and dissipate mechanical energy
without permanent damage. As illustrated in Fig. 2A, this behavior
makes them well suited for applications such as vibration damping
in isolators and soft wearables, providing protection for sensitive
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components and shielding patients from excessive forces. To unlock
their potential in these applications, we use the proposed inverse
design framework to program a family of snap-buckling behaviors
and validate the performance experimentally.

Architected material with N x 1 array

We first architect snap buckling on an N X 1 array of layered unit
cells, where periodic boundary conditions and design symmetry are
applied along the x axis, as shown in Fig. 2C. We showcase the capa-
bility of the inverse design framework to precisely program snapping-
type stress-strain responses by adjusting control targets with a tensile
loading strain up to 0.4. We obtain three N X 1 architected mate-
rial designs (labeled as BN1-1, BN1-2, and BN1-3) that exhibit snap
buckling with various initial stiffness and peak stress levels. Figure
2B shows the synergetic interaction between the red and blue lay-
ers in design BN1-3. The red and blue layers collectively ensure
connectivity within the architected material. In addition, the blue
layers support the red layer through anchored rigid pins to facili-
tate snapping responses. While the other two designs harness sim-
ilar interactions, they feature unique soft material geometries and
pin interconnection distribution that are crucial for achieving the

50f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

A Snapping and dual-axis symmetry
Information \L"ad ny
3 Load inx
“1” - oy @
© ) Target pomts
22
S3
1 Du ) 2 \|
Q 1 |
N ,0 '
[ / ——b__
[ ] . /
\ ) p ¢ M 0 01 02 03 04
X Load in x Strain
C Encoding map Information-based snapping programming Decodable stress
111 Perturbed 2
[P (] T
<,
[}
N o | i- E{ VRN
Original o ngurna
o | BT C
Unsnapped snapped [ Perturbed area (for load in y) Earlier 0 01 02 03 04
[ Perturbed area (for load in x) = snhapping Strain
D t11 Deformed and decoded Binary representation
t t 1 1 > 1
= Decoding stress
» g ]
[} 0 O 0
A & &
205 -
179]
1 1
0
i \
{ & 5 q| Decodingstress 1 0
: < " ww
! -
- 205 yy 1 0 1
\ j.. &3
-
1 B 0
0 0.1 0.2 0.3 0.4
Strain
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process. See movie S2 for a demonstration of information encoding.

associated target nonlinear responses. We emphasize that the unique
layer interaction mechanisms of these designs stem from the
optimization-driven inverse design framework, where the distribu-
tions of the red layer, blue layer, and rigid pins are simultaneously
optimized to accurately achieve the prescribed targets.
Transitioning to Fig. 2D, we conduct a comparative analysis of the
responses in 3 X 1,5 X 1, and 9 X 1 arrays of architected materials for
design BN1-3. We introduce small perturbations in the member sizes
to account for the inevitable fabrication inaccuracies encountered in
practical applications. Increasing the number of unit cells in the as-
sembly results in the following interesting observations: (i) The stress-
strain curves exhibit additional peaks and valleys in the snap-through
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region of the original periodic unit response; (ii) despite having ad-
ditional peaks and valleys, the initial and final stiffness values align
with those of the periodic unit; and (iii) while the assembly response
with many units no longer satisfy both peak and valley stress targets
simultaneously, the peak stress level remains the same as that of the
periodic unit (and target peak stress) during loading, and the valley
stress coincides with that of the periodic unit (and target valley stress)
during unloading. Furthermore, the interactions among local unit
cells give rise to the intriguing multistage snap-back phenomenon.
Subsequently, we fabricate and experimentally test a 3 X 1 array
of the layered architected material for design BN1-3 (unit size is
60 mm). Figure 2E illustrates the experimental setup, where the

60f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

sample is clamped at both ends in a loading machine with one end
undergoing upward stretching. As anticipated from Fig. 2D, the
experiment demonstrates a sequential and snap-back buckling re-
sponse, progressing from the top unit cell to the bottom unit cell.
Our FEA simulations, which include random size variations in the
unit cell members to account for potential fabrication inaccuracies,
show strong agreement with the stress-strain relation of the experi-
mental results. This experiment validates the effective translation of
our numerical design into physical prototypes, highlighting the ca-
pability of our inversely designed layered material to realize highly
nonlinear snap-buckling responses.

The layered snapping architected material shows potential as a
wearable device to aid recovery of joint mobility after injury or dis-
ease, as shown in Fig. 2F. This wearable offers several key benefits:
(a) It is mainly made from soft materials for biomedical compatibil-
ity and comfort, reducing fatigue and reinjury risk, and (b) the snap-
ping behavior aligns with joint rotation, providing intuitive tactile
feedback during recovery. In addition, programmable stress support
enables patient- and joint-specific customization, promoting heal-
ing by encouraging tissue adaptation (39). Unlike traditional woven
support materials, this layered design allows precise control over
stress-strain response, adaptable to various injury scenarios. To il-
lustrate this application, we scale down design BN1-3 (unit size is
45 mm) to fit a knee joint. Anchored above and below the knee, the
wearable snaps at specific bending angles, generating tactile feed-
back through vibration that helps patients monitor joint movement.
As joint rotation increases, the number of snapped units also in-
creases. While out-of-plane forces from joint contact are a potential
area for future study, this demonstration indicates the layered mate-
rial’s promise in biomedical wearables for joint recovery.

Architected material with N x N array

Next, we architect snap buckling on an N X N array of layered materi-
als. As shown in Fig. 3A, the design domain is subjected to periodic
boundary conditions along the x and y axes with a symmetry con-
straint applied relative to the x axis. As shown in Fig. 3A, leveraging
the inverse design framework, we produce three distinct designs (la-
beled as design BNN-1 to design BNN-3), demonstrating precise
alignment with predefined targets with distinct valley stresses.

Found by the design framework, the architected materials in the
N x N array exhibit snap buckling resulting from complex layer and
unit interactions. In addition to the layer interaction found in N X 1
array, i.e., blue layers providing lateral support to the red layer, each
unit cell also interacts with its neighboring unit cells to obtain sup-
port within the N X N array. These supports facilitate the snap buck-
ling phenomenon in the red layer. While the three obtained designs
in Fig. 3A exhibit similar snapping mechanisms, variations in the
soft material and pin distributions result in different snapping re-
sponses with distinct valley stresses. Notably, unlike design BNN-1,
designs BNN-2 and BNN-3 exhibit stress valleys below zero, indi-
cating a nonmonotonic stored energy profile with secondary energy
density valleys. These secondary energy density valleys imply the
appearance of bistability, which is a special case of snap buckling
with interesting applications, such as microelectromechanical sys-
tems and actuators (40-42).

In Fig. 3B, we present the experimental validation for a 3 X 3 ar-
ray prototype of design BNN-2. In contrast to the N X 1 array, the
edges of the N X N array are not mechanically free due to the periodic-
ity in both in-plane directions. To realize this boundary condition
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approximately in the experiment, we use rollers on the nonloading
sides of the 3 X 3 sample. The sample is clamped at both ends on a
loading machine, with one end undergoing upward displacement.
From the testing result, we observe a multistage buckling phenome-
non progressing from the top to the bottom rows, emerging from the
complex interactions between heterogeneous local architectures.
Minor oscillations in the stress-strain curve are observed because of
unavoidable roller friction. The measured stress-strain curve exhibits
strong alignment with the FEA simulations with randomly perturbed
member sizes. The experimental findings validate the physical real-
ization of snap buckling responses in the architected layered nonlin-
ear materials with N X N array.

Moreover, we conduct loading-unloading simulations and ex-
periments for design BNN-2 to demonstrate its potential application
in energy dissipation. As illustrated in Fig. 3C, both computational
and experimental findings reveal energy dissipation during the mul-
tistage snap-back buckling under displacement loading. We note
that short stress plateaus occur during the stress drop stages of the
experiment, resulting from unsynchronized snapping among differ-
ent units in the same row (see movie S1) due to sample imperfec-
tions. Despite these short plateau regions, the overall stress-strain
relationship trend closely aligns with the simulation results. Here,
each snap buckling indicates a rapid material response (i.e., rapid
snap movement of the buckling members) that converts the stored
elastic energy into kinetic energy and subsequently dissipates it by
the material damping. This proof-of-concept capability for energy
dissipation by the architected layered material holds great promise
for applications related to vibration isolation and tremor suppres-
sion, as illustrated in Fig. 2A.

Architecting single and multistage plateau responses
In this section, we focus on developing layered nonlinear materials
with programmable single- and multistage plateau responses. As
shown in Fig. 4A, these responses enable the transfer of external
energy into stored energy with customizable force plateaus. This fea-
ture is particularly advantageous for wearable devices and energy-
absorbing systems. For instance, fall protection belts can use these
materials to absorb kinematic energy and reduce impact forces,
while car bumpers with multistage plateau responses can enhance
pedestrian safety using lower plateau levels to absorb initial impact
forces and higher levels for added resistance during severe collisions.

For programming single plateau responses, we set five target
points to define various long plateau responses from a uniaxial
tensile strain of 0.08 to 0.35. As shown in Fig. 4B, our inverse
design framework effectively produces N X N array layered ar-
chitected materials with precisely controlled plateau stress levels
of 2.5 and 1 kPa, labeled as design PNN-1 and PNN-2, respec-
tively. By adjusting the periodicity to apply only along the x axis,
we generate N X 1 array layered architected materials (labeled as
PN1-1 and PN1-2), precisely achieving stress levels of 2 and 1 kPa,
respectively.

Experimental tests are conducted to validate the plateau responses
on designs PNN-1 and PN1-1 (with N = 3), shown in Fig. 4 (B and C),
respectively. We observe that the measured stress-strain relations of
both 3 X 3 and 3 X 1 samples align closely with the FEA results (con-
sidering member size perturbation). Here, the wavy pattern in the
experimental results for assembled unit cells is primarily due to fabri-
cation errors and other perturbation factors (such as gravity). The
wavy pattern in the perturbed FEA simulations is caused by the

7of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

randomly perturbed member sizes. These perturbations cause the soft-
ening behavior of each unit to occur asynchronously, leading to se-
quential stress release and resulting in the observed wavy pattern.
For the 3 x 3 sample in Fig. 4B, discrepancies arise after a loading
strain of 0.2 due to roller-induced friction. We observe minor oscil-
lations in the stress-strain curve, consistent with the nonsmooth
sliding of the sample on the rollers (see movie S5), indicating that
the primary cause is friction-induced vibrations. Both samples fail
at approximately 0.32 loading strain due to the relatively low inher-
ent fracture resistance of the used soft material. In addition, the
discrepancy between the target plateau behaviors with the experi-
mental and perturbed FEA results of the assembled structures is
also caused by the small number of unit cells in the assembly. As we
increase the number of unit cells, the assembled structure can grad-
ually resemble the unit cell target behavior. In Fig. 4B, we present
the simulation result for design PNN-1 assembled in a 10 X 10 ar-
ray. Compared to the 3 X 3 assembly, the 10 X 10 assembly shows a
closer alignment with the unit cell simulation and original target
points, effectively capturing the optimized plateau-like behavior.
This improved agreement is due to the separation of length scales
achieved in the larger assembly.

Moreover, the developed inverse design framework can also be
adjusted to produce multistage plateau responses through two dif-
ferent approaches, as shown in Fig. 4 (D and E). The first approach
conducts optimization toward dual-plateau targets. The architected
unit cell incorporates two distinct sets of softening-enabling struc-
tural members, each set facilitating a separate softening response
that results in different plateau stages. During uniaxial stretching,
the right pair of members undergoes softening at approximately 0.2
strain, followed by the left pair softening at a strain level near 0.5.
This approach offers effective control over the multiple plateau stress
levels due to direct optimization, although it may result in less
smooth plateau transitions due to the limited design space in a
square layered unit cell.

To expand the design space and achieve finer control over the
multistage plateau response, the second approach (Fig. 4E) assem-
bles two different unit cells with distinct single-stage plateau stress
levels in series (e.g., design PN1-1 and design PN1-2), forming a
composite microstructure that exhibits smoother dual-plateau re-
sponse. The unit cell with lower peak stress softens first, followed by
the higher peak stress unit cell. This assembly-based design ap-
proach also allows for creating materials with more than two plateau
responses by integrating additional single-stage plateau unit cells.
The architected layered material with multistage plateau response
can achieve adaptable energy absorption under various external
force (or stress) levels (3).

The two-stage multiplateau response can be further improved via
direct optimization in a 2 X 1 design domain (or n X 1 design do-
main in general, with n > 2). Although this approach increases the
computational cost and optimization complexity, it can expand the
design space and allow more design freedom to fine-tune the two-
stage plateau response to be smoother by incorporating more intri-
cate softening or snapping mechanisms in the optimized designs.

Similar to the N X 1 snap-buckling design in Fig. 2D, we also in-
vestigate the effect of increasing the number of same units in the
assembly for the two multistage plateau designs in Fig. 4D (unit
design repeated 10 times) and Fig. 4E (each type of unit repeated
5 times). For both cases, increasing the number of units results in
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multiple small snapping near the target plateau stress levels and
makes the responses closer to two distinct plateau stages.

Encoding information using architected dual-axis snapping
In this section, our objective shifts to information encoding on me-
chanical architected materials. Inspired by the multisnapping phe-
nomenon observed in the previous sections, we can manipulate the
snapping sequence and encode multiple pieces of information into
the layered nonlinear architected materials. Specifically, as shown in
Fig. 5A, we integrate letter shapes such as “I” and “D” into a single
N X N array with snapping responses.

Within the design setup of the N X N array layered architected
materials, we apply design symmetry along the x, y, and 45° axes
to ensure consistent responses under loading in both x and y di-
rections. We optimize both the material distribution within soft
layers and the distribution of rigid pins to achieve the prescribed
targets that define a snapping response. The optimized design, as
shown in Fig. 5B, successfully achieves dual-axis snapping re-
sponses when loaded separately in both x and y directions.

In Fig. 5C, we illustrate the process of encoding information in
the optimized 3 X 3 array architected materials. Here, we treat the
material array as a pixelated domain and define the unit-cell level
snapping as a transition from binary 0 to 1 within the associated
pixel. Next, we use our understanding of the multisnapping phe-
nomenon and intentionally perturb each unit cell to encode infor-
mation. In this example, by strategically perturbing the in-plane
member sizes of these unit cells, we orchestrate a snapping se-
quence where certain units snap earlier at a snapping peak stress
lower than others. Under mechanical loading, these perturbed
unit cells would snap, whereas others remain unsnapped, correlat-
ing with the binary representation on the pixelated domain to
store information. Notably, because of the symmetric nature of the
optimized design and independent snapping members along both
x and y directions, we gain the ability to manipulate the snapping
sequence and encode different information into a single 3 X 3 ar-
chitected material. Moreover, it is crucial to determine the decod-
able loading stress, where we can pause and analyze the snapping
response to decode the information. This decodable stress typi-
cally falls within the range from the peak stress of the original
snapping to the peak stress of the perturbed snapping. With these
considerations, pixelated information can be encoded into the
N x N domain by loading the material array to the decoding stress
level in both x and y directions.

To decode the information, we simply load the architected ma-
terial in x and y directions to the decodable stress and analyze the
resulting snapping responses for the deformed configurations. As a
demonstration, the encoded 3 X 3 array shown in Fig. 5D is loaded
in the y and x directions, respectively. At a loading stress level of
1 kPa, we pause and analyze the deformed shapes. By translating
the snapping response into a binary representation, where 0 signi-
fies unsnapped and 1 signifies snapped, the shapes of Iand D can be
unveiled. More complex information can be encoded with an in-
crease in the number of unit cells, effectively enhancing the resolu-
tion of the pixelated domain. In addition, further adjustment of
member sizes and snapping stress for each unit can also manipulate
the snapping sequence with more precision, which can be used to
encode the writing or drawing path of shapes into the layered archi-
tected materials.
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DISCUSSION

This study proposes a strategy to create bioinspired layered archi-
tected materials to achieve extreme nonlinear responses. An inverse
design paradigm is created to simultaneously optimize the local mi-
crostructure within each layer and the position of rigid pins inter-
connecting different layers. The synergistic interactions among
different layers collectively achieve unprecedented programmability
over the desired extreme nonlinear responses. The unique multilayer
interaction of the layered architected material enhances the design
flexibility, enabling responses that are difficult, if at all possible, to
achieve with single-layer material architecture (see the Supplemen-
tary Materials for a comparison study). We conduct rigorous numer-
ical and experimental investigations to confirm the multistage snap
buckling and plateau responses, demonstrating their potential appli-
cations in energy dissipation and absorption, wearable devices, and
information encoding. Leveraging the feature of multistage snap
buckling, we manipulate the snapping sequence and effectively en-
code and store information within the architected material. With the
rapid advancement of architected mechanical materials, we present a
pathway to engineer future programmable materials, characterized
by their layered architecture and remarkable ability to achieve precise
and extreme nonlinear responses.

We discuss the multistage snap buckling observed in this study.
The snapping behavior is sensitive to perturbations, such as gravity
and fabrication errors, which can lead to unsynchronized snapping
for an assembly of the same unit cell. The sequence of snapping
depends on the type and application of these perturbations. For in-
stance, when gravity acts downward, the top unit in a stack bears
the weight of the units below, resulting in greater loading and mak-
ing it more prone to snapping (see the Supplementary Materials).
As the top unit snaps, the load shifts to the next unit, and this con-
tinues downward. Given insignificant fabrication errors, the snap-
ping sequence consistently occurs top-to-bottom throughout the
paper. This phenomenon can be leveraged for applications such as
the information encoding shown in Fig. 5, where perturbing unit
cell sizes controls the snapping sequence to encode information.
Furthermore, an intriguing direction for future work is the strategi-
cal assembly of unit cell designs with diverse nonlinear behaviors to
enable more complex and controllable multistage snap buckling.

Here, we also discuss the potential advancements for transition-
ing to real-world applications of our proposed layered architected
materials. Scalability is a critical aspect for realizing viable products.
We highlight that the developed inverse design paradigm offers
scale-independent programmability for extreme nonlinearity. Using
a hybrid fabrication technique, we demonstrate centimeter-scale
prototypes. Fabricating products at millimeter scale or smaller, how-
ever, presents challenges, especially for intricate, optimized designs
that may exceed the mold-making capabilities of Fused Deposition
Modelling (FDM) 3D printing used in this study. Alternative ap-
proaches, such as stereolithography three-dimensional (3D) printing
(43), electrical discharge machining (44), and SU-8 mold fabrication
(45), can enable mold production at millimeter- to micrometer-level
scales. In addition, direct 3D printing of soft materials such as ther-
moplastic polyurethane (46) is a promising solution. As scale de-
creases, bonding strength may be compromised because of reduced
bonding areas; however, surface treatments (47, 48) can enhance ad-
hesion, thus improving bonding reliability and supporting the struc-
tural integrity of assembled architected materials.
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Another important aspect is the stability and durability of the
layered architected materials. We acknowledge that our current
fabrication approach presents challenges in the following areas:
The soft material, polydimethylsiloxane (PDMS) (Sylgard-184), has
limited fracture resistance and may fail under large strains, and the
adhesive, cyanoacrylate (super glue), bonding the soft material to
the rigid pins, can degrade over extended loading and unloading
cycles. However, these issues can be addressed through several
strategies. Toughened silicone materials, such as Elastosil-M4630
and M4130 (49), offer improved long-term stability and durability
due to their high elongation and tear resistance. In addition, incor-
porating manufacturing constraints, such as maximum stress con-
straints (50), reduces stress concentrations and enhances fracture
resistance (51), improving long-term viability. In terms of the ma-
terial bonding, surface treatments (47, 48) can substantially en-
hance the bonding strength between the soft material and the rigid
pins, thereby improving the overall stability and durability of the
layered architected materials.

Furthermore, we note that the proof-of-concept demonstration
of snapping-based information encoding can be extended to large-
scale assemblies of layered architected unit cells to represent high-
resolution pixelated domains, enabling the encoding of more complex
information in practical applications. Full FEA-based analysis of
large-scale assemblies could be computationally intensive, and a
simplified spring system might offer a potential alternative ap-
proach (6). A comprehensive investigation of the encoding capabil-
ity of the layered materials for more complex information warrants
an interesting future study. Ensuring reliability in large-scale as-
semblies is also an important future direction. Encoding accuracy
can be influenced by fabrication defects and uncertainties under
loading conditions, which may result in snapping and decoding er-
rors. Optimization techniques accounting for manufacturing errors
and load uncertainty can potentially mitigate the impact of these
uncertainties (52, 53). Exploring experimental strategies to address
these challenges, such as reducing loading sensitivity and boundary
effects through carefully designed boundary conditions and en-
hancing fabrication accuracy, also offers valuable contributions for
transitioning the information encoding concept toward future real-
world applications.

MATERIALS AND METHODS

Material characterization

The mechanical properties of the used soft material (PDMS) with a
base-to-agent ratio of 10:1 are characterized by fitting the parameters
in the constitutive model to the stress-strain relationships obtained
from testing dog-bone specimens in tension and cylinder specimens
in compression. See the Supplementary Materials for details.

Fabrication and experimental setup

The specimens are fabricated through a hybrid 3D printing and mold
casting approach. Specifically, 3D printers are used to produce water-
soluble molds (made of polyvinyl alcohol) for casting soft PDMS ma-
terials with optimized geometries. Carbon fibers with much higher
stiffness are used to pin the soft material layers and bonded with glue.
The loading process is carried out using a uniaxial loading machine
on the layered material with a displacement rate of 5 mm/min. For
more information, refer to the Supplementary Materials.
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Finite element analysis

To predict the mechanical response of the layered architected mate-
rials, we use FEA to conduct numerical simulations. We model the
soft elastomer layers using 2D elements under the plane stress as-
sumption and the rigid pins using 3D elements. Further details are
provided in the Supplementary Materials.

Inverse-design optimization algorithm

The inverse-design optimization algorithm is developed to generate
the designs in this study. It simultaneously optimizes the geometry
of the soft material and the distribution of the rigid pins. The opti-
mization process formulates an inverse problem by minimizing the
error between the FEA simulation and the prescribed target re-
sponses at multiple control points. Our inverse-design optimization
algorithm enables scale-independent programmability of stress-
strain nonlinearity by automatically generating designs for arbitrary
design domains, normalizing size within the controlled stress-strain
response, and accurately accounting for the experimentally charac-
terized base material’s nonlinear properties. Further details can be
found in the Supplementary Materials.

Supplementary Materials
The PDF file includes:
Supplementary Text

Figs.S1to S5

Legends for movies S1to S5
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