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Yeonwoo Jang, Hyeonseo Song, and Jiyun Kim*

Inspired by the adaptive features exhibited by biological organisms like the
octopus, soft machines that can tune their shape and mechanical properties
have shown great potential in applications involving unstructured and
continuously changing environments. However, current soft machines are far
from achieving the same level of adaptability as their biological counterparts,
hampered by limited real-time tunability and severely deficient
reprogrammable space of properties and functionalities. As a steppingstone
toward fully adaptive soft robots and smart interactive machines, an
encodable multifunctional material that uses graphical stiffness patterns is
introduced here to in situ program versatile mechanical capabilities without
requiring additional infrastructure. Through independently switching the
digital binary stiffness states (soft or rigid) of individual constituent units of a
simple auxetic structure with elliptical voids, in situ and gradational tunability
is demonstrated here in various mechanical qualities such as shape-shifting
and -memory, stress—strain response, and Poisson’s ratio under compressive
load as well as application-oriented functionalities such as tunable and
reusable energy absorption and pressure delivery. This digitally programmable
material is expected to pave the way toward multienvironment soft robots and

have been appealing candidates for the cre-
ation of intelligent adaptive devices, soft
robots, and machines.'"'] One promis-
ing approach toward programmable sys-
tems is to use mechanical metamaterials,
a class of artificially designed material that
gains global scale mechanical properties
from the local scale structural patterns,
which have shown great capabilities to en-
able various exotic physical properties such
as programmable shape-shifting 115 neg-
ative and alternating Poisson’s ratio,[1¢17]
tunable stress—strain curve,['®2% and tun-
able impact energy absorption.!*!l However,
these exhibited features are often specifi-
cally programmed during the design stage
and cannot be reprogrammed postfabri-
cation to accommodate a range of tasks.
While some mechanical metamaterials are
designed to reversibly go between differ-
ent configurations using interchangeable
bistable and multistable geometries,!?2-24]

interactive machines.

1. Introduction

Soft materials having elasticity similar to that of biolog-
ical tissues are finding increasing utility in versatile sys-
tems that require safety and adaptability to unstructured en-
vironments. Specifically, programmable soft materials that
can reconfigure their shapes, properties, or functionalities
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the achievable properties are highly con-
strained by the prescribed design and may
use structures that are not scalable and can-
not serve as a building block of a multifunc-
tional mechanical metamaterial.

In this context, other approaches have integrated stimuli-
responsive smart materials such as shape memory polymers
(SMPs),[! liquid crystal elastomers (LCEs),[?®) magnetorheo-
logical fluids,[?’! and phase-changing materials(!*?®] to provide
metamaterials with more diversified in situ programmable
functionalities. These reconfigurable mechanical metamate-
rials can change their physical properties, such as shapes,/*]
curvatures, ' and stiffness!?!) under external stimuli. However,
still they usually have limited mechanical capability to perform
under different situations that require strategic and timely
adjustments in functionality, due to the inherently limited stable
physical states (or memory) of the smart materials. Therefore,
in practice, achieving a wide variety of (or imminently required)
physical properties of a soft programmable material, both quali-
tatively and quantitatively, in real-time still presents a challenge.

Here we introduce an encodable digital mechanical metama-
terial that provides in situ and gradational tunability in various
mechanical qualities such as shape-shifting and -memory, stress—
strain response, and Poisson’s ratio under compressive load, all
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Figure 1. Concept and mechanism of PPMM for in situ programming of mechanical behaviors. a) The design concept of using digital patterns of binary
numbers “0” and “1” to project versatile mechanical information. The binary information of a digital pixel is translated to discrete stiffness states of the
corresponding mechanical pixel. A schematic gallery of several mechanical capabilities is shown derived from various digitalized pattern instructions.
b,i) Mechanical pixel architecture and ii) reversible stiffness mechanism using phase transition of the LMPA layer. c) Operating processes for developing

reprogrammable mechanical functionalities and exemplary shape reconfiguration and shape memory effect of the PPMM.

in a single metamaterial system. Inspired by binary language
systems where simple coding of discrete binary digits with as-
signed coding sequences enables effective and comprehensible
representations of a variety of information, we harness stiffness
tunable pixels that can be in situ encoded as “0” (stiff) and “1”
(soft), to translate digitized stiffness pattern information of (i X j)
pixels into (279) possible mechanical information (Figure 1a).
We note that these pixelated or combinatorial approaches have
been tried before,*-38] but in situ programmability and mechan-
ical capability were not fully explored or achieved. A detailed
comparison of our mechanical metamaterial with state-of-the-
art is shown in Table S1 in the Supporting Information. To fur-
ther achieve such a wide range of programmability, we devel-
oped the digital mechanical metamaterial composite that syn-
ergistically combines elastic instability behaviors of elastomeric

Adv. Mater. 2023, 2304302

2304302 (2 of 11)

endoskeleton with a periodic array of elliptical voids and the
phase change of embedded low-melting-point alloy (LMPA) pix-
els. These LMPA pixels, with their two extremely contrasting stiff-
ness states (liquid or solid),?®! empower the distinctive effects of
each digital state of the pixels that can be critical for achieving
versatility when using stiffness patterning. Finally, reversibility
is achieved by integrating heaters into each pixel to actively con-
trol the phase transition of the LMPA.

While the endoskeleton of our metamaterial is a simple and
widely known structure for its auxetic (or negative Poisson’s ratio)
behavior,['! we show that encoding different stiffness patterns
unravels diverse and gradually tunable mechanical functions that
can be achieved in a programmable and coherent manner. For
example, the digitized stiffness patterns enable rich shape re-
configurability of the material under load, releasing numerous
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shape-shifting modes such as contraction, shear, and flexure, all
of which degree of shape reconfiguration can be tuned in a grad-
ual manner. The morphed shape can be further permanently
memorized globally or locally without requiring external energy
inputs for potential load-bearing applications. In addition, we
show that local stiffness tuning can be leveraged for the global
mechanical characteristics, enabling gradational control of the
stress—strain curve and Poisson’s ratio of the material between
two extreme states. Finally, we demonstrate this material as a tun-
able and reusable energy absorption material that can provide the
least transmitted stress for different impact scenarios and pres-
sure delivery material that can reprogram the pressure flow path
and sequence within the material for the delivery of pressure to
specific locations and time under external loads. We expect that
this digital mechanical metamaterial will pave the way for the cre-
ation of soft robots and machines that can dynamically adapt to
their surroundings and operate effectively in unstructured envi-
ronments.

2. Results and Discussion

2.1. Platform Development

The concept prototype, which we refer to as a “pixelated in situ
programmable mechanical metamaterial (PPMM),” consists of a
7 X 7 periodic composite array with alternating elliptical voids, a
common structure known to exhibit buckling-induced re-entrant
behavior under compressive load. Each unit structure is com-
prised of three layers: an embedded LMPA layer, a conductive
heating layer, and a silicone rubber layer, as shown in Figure 1bi.
The LMPA layer is a eutectic alloy of bismuth, indium, and
tin that can demonstrate a dramatic shift in stiffness from a
solid with a high elastic modulus (>3 GPa) to a flowable lig-
uid at the melting temperature of 61 °C. The conductive heat-
ing layer is a mixed composite of an elastomer and carbon black
(9 wt%), allowing conduction (see Figure S2, Supporting Infor-
mation) while retaining elastomeric mechanical properties (see
Figure S3, Supporting Information). The LMPA layer is discretely
embedded inside each pixelated void of the silicone rubber en-
doskeleton and actively controlled by the conductive heating layer
with flowing current (Joule heating) to control the digital states
“0” and “1” of each pixel, as shown in Figure 1bii.

By simply uploading a digital pattern of activation instruction,
the PPMM can read and selectively control the stiffness of each
pixel (see Figure S3, Supporting Information) to generate spe-
cific mechanical responses. For example, in shape-shifting sce-
narios, the inactivated solid-state LMPA layers prevent reorgani-
zation of the porous network under compression, whereas the
activated liquid-state LMPA layers allow the voids to collapse and
produce local reconfigurations. Furthermore, a shape memory
behavior can be derived by returning the activated pixels to the
solid state while retaining the compressive load. In Figure Ic,
mechanical pixels at horizontal three middle rows of the PPMM
(i = 3-5, j = 1-7, where i and j represent the column and row
numbers, respectively) were activated and compressed. As a re-
sult, the PPMM was reconfigured into an “hourglass” shape,
with the buckling-induced auxetic configurations at the activated
regions while other inactivated regions stayed relatively unde-
formed. Upon deactivating pixels while maintaining compres-
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sion, the PPMM underwent phase transition back to a solid state
within a few minutes (see Figure S2, Supporting Information)
and then memorized the deformed shape without consuming
external energy. Then, reheating the deactivated pixels returned
PPMM to the original shape from the shape-memorized state.
Since these shape-shifting and shape-memory responses (as well
as other mechanical responses that can be displayed) are re-
versible, the PPMM can be reprogrammed to create a different
shape or serve a different mechanical function without requiring
new mechanical infrastructure by simply returning the PPMM
to its original state and then uploading a new control pattern in-
struction.

2.2. Shape Reconfiguration and Memorization

By rationally encoding the digital pattern of the mechanical pix-
els, numerous sets of shape-shifting modes of the PPMM can
be expressed. In Figure 2a, we show several possible modes un-
der a compressive load: stationary, contraction, shear, and flex-
ure modes (see Movie S1, Supporting Information). Numeri-
cal investigations were performed using finite element analysis
(FEA) to simulate the shape-shifting behavior of individual digital
patterns (see the Experimental Section “Finite Element Simula-
tions”). The simulation results were in good agreement with the
experimental results.

The reconfiguration of the mechanical pixels within the
PPMM is dominantly determined by the activated pixels and
their adjacent digital state pixel patterns. Specifically, the ho-
mogeneously inactivated pattern substantially inhibited the re-
configuration of the entire voids (Figure 2ai), whereas the ho-
mogeneously activated pattern with no adjacent stiff pixels pro-
moted contraction under compressive load driven by buckling-
induced orthogonally symmetrical re-entrant reconfigurations
(Figure 2aii). The two characteristic contractability created by
these homogeneous patterns can be further blended through a
mixed design of their patterns, distributed block-wisely from top
to bottom. As shown in Figure 2b and Figure S5a in the Support-
ing Information, the contractability is tuned stepwise depending
on the ratio of the inactivated and activated rows of pixels.

Furthermore, the reconfiguration shape of the activated pix-
els can be systematically programmed by tuning the adjacent
boundary conditions. For example, the orthogonally symmetrical
reconfigurations in Figure 2aii can be broken with a diagonally
activated pattern, which instead produce synchronously inclined
re-entrant reconfigurations and subsequent macroscopic shear
(Figure 2aiii). This lateral sliding motion under the compressive
load can be quantitatively (and perhaps directionally) adjusted by
the slope of the diagonally activated pattern, allowing stepwise
tunability in shear angle ®, as shown in Figure 2c and Figure
S5b in the Supporting Information.

Lastly, the digital patterns can be encoded from a spatial per-
spective to achieve local variations in response. For example, a
stepwisely activated pattern can derive a gradient in contractabil-
ity along the columns (j = 1-7) of the PPMM, producing the flex-
ure mode (Figure 2aiv). This gradient in contractability can be
further adjusted, as shown in Figure 2d and Figure S5c in the
Supporting Information, to achieve a quantitative spectrum in
flexure angle 6.
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Figure 2. Shape-shifting and shape-memory capabilities. a) Schematic illustration of various producible shape-shifting modes with simulation and
experimental results. b—d) Quantitative programming of various shape-shifting parameters: b) contractability, c) shear angle ®, and d) flexure angle 6.
Digital patterns are explored and developed while preserving each reconfiguration mechanism to achieve stepwise tunability. Compressive load = 1 kg.
e) Schematic of digital patterns and experimental images demonstrating shape memory capabilities of the PPMM: i) homogeneous shape memory and
ii) partial shape memory (path 1) and additional selective shape memory (path 2).

In addition to the spatial coding of the mechanical pixels, a
time-dependent coding with rationally sequenced digital patterns
and loads can excavate versatile shape-memory functionalities of
the PPMM (Figure 2e). Along with the monotonous shape mem-
ory of the entire structure (Figure 2ei), the pixelated control en-
ables localized activation of the PPMM as shown in Figure 2eii,
which can be homogeneously memorized (path 1) or selectively
memorized (path 2). We note that by combining this memoriza-
tion capability with shape tunability, heterogeneous shape mem-
orization within a single structure could possibly be achieved

Adv. Mater. 2023, 2304302

2304302 (4 of 11)

with spatially distributed shape retaining of differently shape-
shifted pixels.

2.3. Mechanical Property Tuning and Decoupled Responses
Another quality that can be gradationally tuned with digital pat-
tern coding is mechanical properties. Figure 3a shows the PPMM

with gradually activated rows of pixels under the same compres-
sive pressure (10 kPa). Here, along with the contractability shown
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Figure 3. Mechanical property programming and decoupled responses. a) Schematic and experimental images of PPMM with progressively activated
rows of pixels from (i) to (v). Images are taken at strain e = =5%, —10%, —15%, —20%, and —25%, respectively. Dotted red lines correspond to mechanical
pixels with the soft response. b) Stress—strain curve for various patterns in (a). The dashed circle indicates the abrupt local minimum and the arrow
indicates the gradual emergence of the nonlinear plateau. c) Schematic and experimental images of PPMM with increasing columns of alternative
checkboard pattern from (v) to (ix). All images are taken at strain ¢ = —30%. Dotted green lines correspond to local augmented positive Poisson’s ratio
behaviors. d) Poisson’s ratio as a function of strain for various patterns in (c). e) Stress—strain response of 1200 simulations, showing fine-tunability of
the PPMM. f) Effective Young’s modulus Y as a function of activated pixel density p,. Selected patterns with rare-event shape deformation modes and
tunable Poisson’s ratios v are highlighted. g) Five patterns selected in (f), indicated by a dotted ellipse, that show similar Effective Young’s modulus Y
but distinct deformation shapes. Shape images are captured at —24.3% strain.

in Figure 2b, rigid inactivated pixels and soft activated pixels (in-
dicated by the red dotted line) can be blended to create grada-

activated pattern showed a soft response (Y|, = 38.9 kPa), which
is 4.4 times softer than the homogeneously inactivated state.

tional tunability in global mechanical elasticity. Figure 3b shows
the stress—strain (6—¢) curves of the above patterns from uniax-
ial compression tests. Effective Young’s modulus Y was evaluated
from the initial slope of the stress—strain curves. The PPMM with
a homogeneously inactivated pattern showed a rigid response
(Y =171.2kPa). In comparison, the liquid-state homogeneously
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Within this obtained range of tunability, the intermediate par-
tially activated patterns showed mechanical properties between
the two extreme homogeneous patterns depending on the com-
positional ratio of the soft activated pixels.

Furthermore, the shape of the stress—strain curve was
programmed depending on the dominant reconfiguration
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mechanisms of the mechanical pixels. In detail, the homoge-
neously inactivated pattern (Figure 3ai) showed a relatively linear
stress—strain response, with the silicone layer’s compression
as the dominant mechanism that resists the compressive load.
For the PPMM with activated pixels at i = 4 (Figure 3aii), the
boundary conditions of the activated pixels produced a bistable
snap-through behavior that led to an abrupt local minimum
(indicated by the dotted circle in Figure 3b) at a critical strain.
Lastly, for the activation patterns that create symmetrical re-
entrant reconfigurations of the activated pixels (Figure 3aiii-v), a
nonlinear plateau (where the structure contracted with minimal
additional strain energy) emerged driven by instability-induced
buckling. The plateau region evolved gradually with greater
flattening behavior as the number of activated rows increased
(indicated by the dashed arrow in Figure 3b).

As another mechanical property of the PPMM, we explored the
effect of pixelated activation on the Poisson’s ratio v. To achieve
gradational tunability in v, a coherent approach was taken: first,
deriving two elemental patterns that generate opposing charac-
teristics in Poisson’s ratio (negative and positive; see Movie S2,
Supporting Information), then blending the patterns for the in-
termediate quantities. Figure 3¢ shows the PPMM with gradu-
ally activated columns of pixels with an alternative checkboard
pattern under the same compressive strain (¢ = —30%). Here,
we modified the mutually orthogonal re-entrant mechanism that
creates a negative Poisson’s ratio (Figure 3cv) with the check-
board pattern that allows the pixels to buckle only in the horizon-
tal direction, leading to an augmented positive Poisson’s ratio be-
havior (Figure 3cix). We note that this positive Poisson’s ratio was
larger than that of the homogeneously inactivated pattern shown
in Figure 3ai (see Figure S7, Supporting Information), demon-
strating that our approach to material programming may facili-
tate the realization of unique properties beyond the commonly
known auxetic properties of the design structure, within a single
metamaterial system.

Blending these patterns column-wisely retained each distinct
mechanism, allowing for local variations in Poisson’s ratio re-
sponse (indicated by the green dotted lines for the positive Pois-
son’s ratio responses), which may be summed or canceled to
produce the overall Poisson’s ratio response. The evolution of
the global Poisson’s ratio v is plotted as a function of strain in
Figure 3d. The Poisson’s ratio was determined by calculating and
averaging local Poisson’s ratios within the PPMM (see the Ex-
perimental Section “Mechanical Characterization” and Figure S8,
Supporting Information). The initial Poisson’s ratio of each acti-
vation pattern was narrowly distributed (v = 0.4 = 0.06) at a rela-
tively low compressive strain. However, when the buckling trans-
formations were completed (e &~ —20%), their Poisson’s ratios sat-
urated at different values distributed over a wide range created by
the two extreme patterns ((v): v = —0.273 and (ix): v = 0.614), in-
cluding a near zero value ((vi): v = —0.08).

Finally, to gain a deeper understanding of the correlation be-
tween digital patterns and their associated properties, we con-
ducted an extensive series of 1200 simulations, each featuring
different patterns. The collection of patterns had a uniformly dis-
tributed activated pixel density p, (calculated by the number of
the activated pixels divided by the total number of pixels) and
within each pattern, the activated pixels were distributed ran-
domly. Also, we included specific patterns that were previously
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shown, including those in Figure 3a,c, and the results were in
good agreement with the experimental results (Figure 3b,d, re-
spectively). The simulation results contained stress—strain curve
and deformed shape data for each pattern. As a result, the PPMM
showed a remarkable fine-tunability (Figure 3e), with each digital
pattern having a distinctive set of stress—strain and shape-shifting
responses. Also, the effective Young’s modulus Y and the acti-
vated pixel density p, were inversely correlated (Figure 3f). Re-
garding shape deformation, the categories that we adopted (e.g.,
shear and flexure mode) were rare events that we discovered by
rationally encoding the digital patterns out of the extensive 2%
possible patterns. Similarly, patterns with calculable Poisson’s ra-
tios were also rare events because the deformation necessitates
no change in the transversal strain under periodic boundary as-
sumptions to apply the notion of Poisson’s ratio. In practice, in
our dataset of 1200 observations, most patterns showed com-
plex and combinatorial shape-tunable continuous curves on the
left and right sides of the PPMM (Figure 3g). Harnessing this
substantial tunability, we uncovered the ability to customize the
shape-shifting behavior of the PPMM while maintaining a nearly
consistent effective Young’s modulus Y (indicated by dotted El-
lipse in Figure 3f,g). This versatility holds promise for the adap-
tation of the PPMM to suit specific application requirements.

2.4. PPMM as an Adaptive Energy Absorption Material

We demonstrate the PPMM as a tunable and reusable energy
absorption material for an extensive range of possible impact
scenarios. While most existing energy absorption materials have
fixed mechanical properties, attenuating specific impact through
irreversible crushing or plastic deformation, the PPMM features
reprogrammability with facile tuning capability and recoverabil-
ity driven by the phase-transition mechanism.

Here, different fractions of inactivated and activated pixels
were evenly dispersed within the digital pattern to achieve differ-
ent mechanical elasticity while avoiding severe local stress con-
centration (Figure 4ai). An energy absorption material that is ex-
cessively soft or rigid for a given impact energy results in high
transmitted stress (see Figure S9, Supporting Information) that
might cause damage or injury. Specifically, at low impact ener-
gies (Figure S9bi), Supporting Information), rigid materials ab-
sorb energy elastically but transmit higher stress. In contrast,
soft materials absorb the same energy with more deformations,
leading to reduced transmitted stress. However, at high impact
energies (Figure S9biii, Supporting Information), soft materials
may deform excessively and enter the densification region, which
significantly increases the transmitted stress. Thus, rigid mate-
rials are more advantageous in such cases. In this context, the
customizable stress—strain response (Figure 4aii) of the PPMM
could offer optimal performance with the least possible transmit-
ted stress in an arbitrary impact scenario. For example, the opti-
mal digital pattern for a scenario with relatively high impact en-
ergy can be achieved by adequately reducing the activated pixel
ratio (to increase the effective stiffness). To validate this, the ab-
sorbed energy E as a function of peak transmitted stress was plot-
ted for each activation pattern (Figure 4aiii). E was evaluated as
the area under the experimentally obtained stress—strain curve in
Figure 4c. Finally, a design map (shaded regions in Figure 4aiii)
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evenly distributed activated pixels, ii) corresponding stress—strain curve obtained from experiment, and iii) energy diagram (left) and schematic (right)
guiding optimal activation pattern that minimizes transmitted stress for different impact energy scenarios. b,i) Schematic of a ball-drop impact scenario
and ii) experiment and simulation results of various digital patterns after a 14 ms contact duration. iii) Simulation results at low impact energy and high
impact energy scenarios. iv) Schematic of PPMM recovering after an impact to be reused for a different task.

Adv. Mater. 2023, 2304302

2304302 (7 of 11)

© 2023 Wiley-VCH GmbH

85U80|7 SUOWIWIOD aAIeR.D 3|edl|dde ayy Aq peusenoh ae sspfe YO ‘8sn Jo se|n. 1oy Areiqi8UljUO AB|IM UO (SUORIPUOD-PUB-SWBIW0D A8 |IMAeIq Ul [UO//:SANY) SUORIPUOD pue SWB | 38U} 88S " [7202/T0/20] Uo Ariqi]auljuo A8 (1M ‘JO 8INHsu| fuoleN Ues|n Aq ZOEY0EZ0Z BWIPe/Z00T OT/I0p/Lioo" A3 1M Akeiq 1 jeul|uoy//:sdiy wolj papeojumod ‘0 ‘S605T2ST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a)

Uniform Pressure

h 4 v v

Mechanical switches

v v

b) Bi-axial programming

U]

Von Mises stress

Top view

(ii)

v__VvV Vv

== R

www.advmat.de

Adaptive Pressure Delivery
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Figure 5. PPMM as an adaptable pressure delivery material. a) Schematic, experiment, and simulation results of various digital patterns controlling the
path of the stress flow within the PPMM. Gray boxes in simulation results represent outlines of the PPMM. b) Biaxial stress flow path programming with
independent horizontal and vertical tunability. The horizontal path is tuned i) from operating the green LED ii) to the yellow LED, while maintaining the
vertical path. c) Pressure delivery sequence programming. The operation of the green LED is delayed by incorporating a buffer pixel (indicated by the

dotted circle).

that guides the optimal activation pattern (with the minimum
peak transmitted stress) was plotted over a range of E, demon-
strating the capability of the PPMM to fit in different conditions.

In Figure 4bi, the feasibility of the PPMM as an adaptive en-
ergy absorption material was verified through a simple case study
in which an iron ball (0.55 kg), guided by an acrylic tube, was
dropped from a height of 240 mm onto the PPMM (Figure 4bi).
As shown in Figure 4bii, the PPMM with the higher composi-
tion of activated pixels responded with higher deformation dur-
ing impact. Simulations were performed to further assess the
distribution of internal strain energy and internal stress within
the PPMM during impact. For simplification, the iron ball was
dropped at the initial speed of v, = 2 m s™' from a height of
40 mm onto the PPMM in simulations, which closely approxi-
mate the impact energy levels that occurred in the experiments.
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As a result, the PPMM with the higher composition of activated
pixels responded with higher deformation with more distributed
strain energy within the silicone layer (shown in green contour).
However, within the same structure, the PPMM with the lower
composition of activated pixels responded with higher internal
stress distributed within the solid LMPA layers (shown in blue
contour). The deformation shapes in simulations were in rea-
sonable agreement with the experimental results. These findings
suggest that deformation of the structure within the elastic region
can effectively absorb energy and avoid creation of internal stress
that can elevate the transmitted stress (Figure 4biii, left). How-
ever, in higher impact energy scenarios (e.g., ball drop speed of
5 m s7'), highly deformable patterns could be less advantageous
as excessive deformation can lead to the densification of the struc-
ture (Figure 4biii, right and Movie S3, Supporting Information).

© 2023 Wiley-VCH GmbH
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These results align with the observations in Figure 4aiii, indicat-
ing that the effectiveness of an activation pattern depends on the
energy level of the impact scenario. Consequently, the PPMM
can adaptively reduce transmitted stress in various impact sce-
narios through the adjustment of the activation pattern. We note
that the deformed PPMM after the impact (even with local LMPA
fractures, in principle) can be recovered through liquefaction and
further reused (Figure 4biv), which can be advantageous in terms
of sustainability and resource efficiency.

2.5. PPMM as an Adaptive Pressure Delivery Material

As another possible application, we exploit the PPMM as an adap-
tive pressure delivery material that can control the path of stress
flows through their mechanical pixels. In detail, when one side
of the PPMM is pressed, the pressure can be selectively trans-
ferred to specific locations on the other side depending on the
encoding of digital patterns. In Figure 5a, we visualize the con-
cept of the pressure delivery material using mechanical switches
connected to light-emitting diodes (LEDs) of different colors (see
Figure S10, Supporting Information). When the pressure was
applied to the top of the PPMM, the pressure was exclusively
transferred to the bottom near the rigid mechanical pixels (where
the inactivated column pattern is located), turning on the match-
ing light-emitting diode (see Movie S4, Supporting Information).
The stress distribution of the base ground below the PPMM
(without mechanical switches) was simulated for each activation
pattern with uniformly applied pressure (shown by the contour
map; see Figure S11, Supporting Information). The simulation
results corresponded well with the experimental result.

In addition, this functionality can be extended to a biaxial
basis, in which the pressure delivery path is programmed in-
dependently for each axis (horizontal and vertical). As shown
in Figure 5b, the horizontal pressure flow path located at
the top (Figure 5bi) was changed to the intermediate position
(Figure 5bii) while maintaining the vertical pressure path.

Lastly, we demonstrate that the pressure delivery can also be
chronologically controlled by the activation pattern. As shown in
Figure Sc, the inclusion of a buffer pixel (indicated by the dot-
ted circle) delayed the transmission of the pressure driven by the
deformation of the buffer pixel, resulting in sequential pressure
delivery and subsequent operation of the LEDs.

3. Conclusion

We introduced a metamaterial composite system that allows for
gradational and reversible adjustments in various mechanical in-
formation by translating encoded digital pattern information into
discrete stiffness states of the mechanical pixels. Using this ap-
proach, the mechanical response of the material can be in situ re-
programmed with a broad design space of 2/ possible patterns.
In addition to this extensive range of possibilities, we synergis-
tically combined i) an elastomeric endoskeleton with elastic in-
stabilities, ii) LMPA that can reversibly transition between two
vastly disparate stiffness states, and iii) a soft heater to demon-
strate the PPMM as a digital mechanical material platform that
unravels numerous mechanical capabilities, controlled simply by
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uploading abstracted digital geographic patterns with spatial and
sequential variations. FEA simulations were conducted to aid the
prediction of mechanical behaviors created by digital stiffness
patterns.

Specifically, while some digital patterns could lead to ge-
ometric frustration (which is conventionally avoided as they
hinder coherent operation), we exploited aperiodicity in me-
chanical pixels with different stiffness boundary conditions to
achieve functionalities such as shear and flexure shape-shifting
modes. The encoding of digital patterns as a function of time
also excavated uncommon functionalities, such as partial shape
memorization, which could be used for localized memorization
of different shapes to create various load-bearing shapes. We
found several coherent and comprehensible relationships be-
tween digital patterns and output mechanical behaviors. For ex-
ample, two patterns that generate distinct quantities in effective
Young’s modulus or Poisson’s ratio were partially blended to cre-
ate a new pattern that produces an intermediate quantity. Fi-
nally, several practical scenarios were demonstrated in which the
PPMM adapts as an energy absorption or pressure delivery ma-
terial and dynamically performs tasks according to more specific
assignments.

Overall, our combinatorial metamaterial that achieves numer-
ous in situ programmable mechanical capabilities whose infor-
mation is abstracted in digitized stiffness pattern information
represents a stepping stone for a universal, adaptable, and sus-
tainable mechanical metamaterial. We note that while the frame
structure of the PPMM that allows modulation of re-entrant
buckling mechanisms of each elliptical void was recognized for
its broad-range tunability particularly in Poisson’s ratios, we note
that the frame structure, pixel locations, and pixel shapes could be
highly varied (Figure S12, Supporting Information) to potentially
abstract different specialized mechanical information within the
digital patterns. Also, along with our FEA simulations, we expect
a faster prediction and full exploration of mechanical responses
in the future through using artificial intelligence such as a convo-
lutional neural network since the mechanical information can be
represented by pattern images. Also, through combining the use
of optimization algorithms, we envision the potential to work to-
ward the inverse design of stiffness patterns for diverse dynamic
and adaptation-critical situations. We anticipate that this work
will inspire the development of cognitive mechanical metamate-
rials that can autonomously percept, process, and learn,*! which
may be realized in the future through technological advance-
ments with embedding pixelated devices such as sensors/***2]
and processors>#! with artificial intelligence algorithms.[*4]

4. Experimental Section

LMPA Layer Preparation: Conventional molding techniques were used
to prepare the LMPA layer. For a simple demolding process, first, a pre-
mold is printed for the LMPA layer with polyvinyl alcohol (PVA) using
a 3D printer (Ultimaker 2). Then, a soft silicone rubber (Ecoflex 00-30;
Smooth-On) was cast into the premold and cured for 1 h in an oven at
80 °C. The silicone structure was demolded to be used as the LMPA layer
mold.

Next, liquidized LMPA (Bolton, Field’s metal) was injected into the ring-
shaped voids of the silicone mold with a syringe. The mold was placed
on a hotplate during injection to prevent the solidification of the LMPA.

© 2023 Wiley-VCH GmbH
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Finally, the mold was placed at room temperature to solidify the LMPA
layer for 10 min and then the silicone mold was removed. The LMPA layer
is a hollow elliptic cylinder with a major axis of 1.04 mm, a minor axis of
0.96 mm, a thickness of 0.4 mm, and a height of 15 mm.

Conductive Heating Layer Preparation: ~Ecoflex 00-30 (Smooth-On) and
carbon black (Super P, Alfa Aesar) were mixed (weight ratio = 100:9) at
room temperature to make the conductive sludge. The sludge was placed
on a flat aluminum foil and then spread into a 0.25 mm thick layer using a
micrometer-adjustable film applicator. Two lead wires were placed 13 mm
apart in the middle of the sludge, then more sludge was poured onto the
fixed wires and spread into a 0.6 mm thick layer. Finally, the sludge layer
was placed on a hotplate at 80 °C for 1 h and cut into a rectangular shape
with a size of 34 mm X 30 mm.

PPMM Fabrication: First, a structural mold with the size of
104 mm X 104 mm x 60 mm (length X width X height) and a total of
49 elliptic pillars with the size of 0.88 mm x 0.8 mm x 60 mm (major
axis X minor axis X height) were 3D printed (Ultimaker 2) with PVA. The
structural mold has a 7 by 7 periodic array of craters at the bottom (depth
of 20 mm) that can clinch the elliptic pillars.

Then, the prepared conductive heating layer was rolled into a cylindrical
shape and attached to the inner surface of the LMPA layer using silicone
adhesive (Sil-Poxy; Smooth-On), followed by the insertion of the printed el-
liptic pillar. This procedure was repeated to create 49 identical units, which
were then clinched into the craters of the structural mold.

Hereafter, Ecoflex 00-30 was cast into the structural mold, degassed in
a vacuum chamber for 25 min, and cured in an oven at 65 °C for 1 h. Fi-
nally, the printed pillars and the structural mold were removed to create
the PPMM by submerging the whole structure underwater overnight. The
overall fabrication process is illustrated in Figure S1 in the Supporting In-
formation.

Electrical and Thermal Characterization: To find appropriate Joule-
heating conditions for controlling the liquid—solid phase transition of the
LMPA layer, the conductivity of the heating layer was characterized de-
pending on the weight ratio between the soft silicone and the carbon black
(Figure S2a, Supporting Information).

The electrical conductivity k of the conductive heating layer was calcu-
lated as k = LA~ R, where L is the length, A'is the cross-sectional area,
and R is the resistance. The resistance of the layer was measured with True
root mean square (RMS) Multimeter (Fluke). The conductivity increased
and subsequently saturated with increasing carbon black concentration.
The optimal carbon black concentration was found as 9 wt%, which pro-
vided near-saturated conductivity while avoiding excessive viscosity that
would encumber film production.

To activate the mechanical pixels, electricity was applied through cor-
responding lead wires using a DC power supply (Tektronix, PWS2326).
To find the appropriate voltage condition, the structure was turned on
and off repetitively for 400 s each and the temperature of the heat-
ing layer was trailed using a thermometer for various applied voltages
(Figure S2b, Supporting Information). The voltage of 25 V was used, which
raised the temperature above the melting point of the LMPA within a few
minutes.

Shape Fixation and Recovery Rate Characterization: To investigate the
ability of the LMPA to retain the deformed shape of PPMM and recover its
original shape, the shape fixation rate Ry and shape recovery rate R, were
characterized (Figure S6, Supporting Information). The shape fixation rate
Ry was defined as R¢ = €, /e; X 100 [%], where ¢, is the compressive strain
of the sample after unloading and e is the compressive strain at which
the sample is fixed. Red dots were indicated above the (i, j) = (1, 4) pixel
and below the (i, j) = (7, 4) pixel and tracked for calculation. To show the
full capability of the PPMM, the samples were unloaded after 30 min of
complete inactivation of the pixels for fixation. The shape recovery rate R,
was defined as R, = (e — €,)/ef X 100 [%)], where €, is the compressive
strain after recovery. €, was calculated after 10 min of complete activation
of the pixels for recovery.

Mechanical Characterization: The stress—strain curves were obtained
by conducting uniaxial compression tests on a universal electromechan-
ical testing machine (AGX-100NX, SHIMADZU) at a loading rate of
1mm s™'. The stress o was calculated by dividing the total applied force by
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the initial cross-sectional area, and the strain € was calculated by dividing
the change in structure height by the original height.

For the analysis of the Poisson’s ratio, the PPMM was marked with black
dots, and their positions were video recorded and then analyzed by an
image processing tool (image J). As shown in Figure S8 in the Supporting
Information, 8 X 8 vertices around the 7 x 7 pixels were marked with black
dots and tracked to calculate local values of engineering strain in both x
and y directions using the following equations

(D = x4 (xEF1) 1))
2D,

E)[(’U] _

=1 M

i (0 =y D) 4 () 1)
el = -1 @)
v 2D,

where D denotes the distance between vertices before the compressive
load is applied.

Since the effect of the internal mechanisms can be reduced at the edges
of the PPMM, the global Poisson’s ratio for each sample was calculated
from the median row of the PPMM (i.e., i = 4) to reduce the influence of
the boundary conditions. Specifically, the global Poisson’s ratio for each
sample was determined by taking the ensemble average of seven local
Poisson’s ratios derived from the calculated local engineering strains as
follows

o (L4

—_— i — - X

v= () = 7 3)
y

Finite Element Simulations: FEA was performed using the commer-
cially available software Abaqus. To simulate various activation patterns of
PPMM, the LMPA layer was modeled separately as solid phase and liquid
phases, then selectively tie-constrained to each void in the endoskeleton
silicone rubber layer.

In all simulations, the silicone rubber layer (Ecoflex 00-30) was con-
structed with hybrid solid elements of type C3D8RH, and the mechanical
property was constituted using hyperelastic Yeoh model with the follow-
ing parameter values:[*] N =3, C;y = 5072 ) m~3, C;o = =331) m~3, and
C30 = —15) m™3. The solid phase layer was constructed using an elastic
model with the solid element of type C3D8R with the following parameter
values: Young’s modulus Y = 9.25 GPa and Poisson’s ratio v = 0.445.

The activated liquid phase layer was modeled using the fluid-filled cavity
model, where a hydraulic cavity pressure is applied to a thin membrane of
Ecoflex 00-30. The liquid phase layer was constructed with the membrane
element of type M3 D4R with a hydraulic cavity inside the membrane (fluid
bulk modulus K= 28.5 GPa). For simplicity, the mechanical property of the
conductive heating layer was assumed to be equal to that of the silicone
rubber layer.

To predict the morphing behaviors of the PPMM, a rigid plate of 1 kg
placed above the metamaterial was gradually descended by gravity to de-
form the PPMM. To predict the stress—strain response and Poisson’s ra-
tio, a rigid plate above the metamaterial was gradually descended. Reac-
tion force and compression distance were recorded for stress and strain
calculations, respectively and changes in local transversal distances were
recorded for Poisson’s ratio calculation. For energy absorption simula-
tions, an iron ball of 0.55 kg with Young’s modulus Y = 213 GPa, and
Poisson’s ratio v = 0.3 was dropped on top of the PPMM with an initial
distance of 40 mm and speed of 2 or 5 m s™'. For pressure delivery simu-
lations, a rigid plate placed on top compressed the PPMM, and the stress
contour of the ground was captured at the compressive strain of 5%.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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