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Abstract

Metamaterials, owing to their exceptional physical characteristics that are absent in natural
materials, have emerged as a crucial constituent of intelligent devices and systems. However,
there are still significant challenges that necessitate immediate attention, as they have
considerably constrained the applicability of metamaterials, including fixed mechanical
properties post-fabrication and restricted design freedom. Here, thermo-responsive,
photo-responsive, electro-responsive, and magneto-responsive shape memory polymer
nano-composites were developed, and shape memory gradient metamaterials were fabricated
using multi-material 4D printing technology. The correlation mechanism between the design
parameters and the mechanical properties of multi-responsive gradient metamaterials was
systematically analyzed, and the highly designable and programmable configuration and
mechanical properties of the gradient metamaterials were realized. More importantly, 4D
printed multi-responsive shape memory polymer gradient metamaterials can be programmed in
situ without additional infrastructure for multi-functional mechanical functions, paving the way
for the realization of multiple functions of a single structure. Based on the multi-responsive
gradient metamaterials, 4D printed digital pixel metamaterial intelligent information carriers
were fabricated, featuring customizable encryption and decryption protocols, exceptional
scalability, and reusability. Additionally, 4D printed gradient metamaterial logic gate electronic
devices were developed, which were anticipated to contribute to the development of smart,
adaptable robotic systems that combine sensing, actuation, and decision-making capabilities.
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1. Introduction

Metamaterials are a category of functional materials formed
by deliberately designed microstructural units arranged
according to specific laws!!™!. Due to the extraordinary
physical characteristics that are absent in natural mater-
ials, metamaterials show significant potential for applica-
tions in flexible electronics, aerospace, and biomedicine!®~°1.
Currently, however, metamaterials are mostly homogeneous
periodic structures of a single material, and their configura-
tions and mechanical properties are limited in designability.
More importantly, the mechanical properties of metamateri-
als are fixed and lack programmable regulation ability, which
leads to the serious limitation of their application scope! %121,
Thus, the development of multi-material, gradient-structured,
programmable metamaterials is of great significance to realize
the high designability of their properties and configurations
and to broaden the application scenarios.

Smart materials, such as shape memory polymers (SMPs),
offer the possibility of post-preparation programming of
metamaterials, breaking through the limitation that the mech-
anical properties and geometric configuration of metamater-
ials cannot be changed once they are prepared!'*~1%1. As a
class of stimuli-responsive smart materials, SMPs can be pro-
grammed to temporary shapes (TS) and return to predefined
initial shapes (IS) under external stimuli such as heat, light,
electricity, and magnetism!!’~1°1, Usually, SMPs are single
stimulus-responsive and only have a single temporary shape,
which limits their tunable domain of structural properties and
makes it difficult to meet the current increasing demand for
multifunctionality and intelligence.

To address this problem, multi-shape SMPs with multiple
transition temperatures were developed, which can memorize
more than two temporary shapes!?~?2], Multi-shape SMPs can
be achieved by broadening the phase transition temperature or
multiphase design, integrating phases with discrete transition
temperature into a single SMP. However, to ensure the stability
and reliability of temporary shapes, a significant separation of
multiple transition temperatures in the SMP is required, which
severely limits the application scenarios of multi-shape SMPs,
such as biomedical and wearable electronic devices. Besides,
synthesizing SMPs with multiple separated phase transition
temperatures becomes extremely challenging as the number
of separated phase transitions rises, which is not approachable
for scale production with practical applications. Therefore, it
is urgent to develop a method for manufacturing multi-shape
SMPs, which is facile to implement, economical, fast and
accurate.

Here, to realize the high programmability, tunability and
versatility of metamaterials, multi-responsive, multi-shape

shape memory nano-composites (SMCs) gradient metamater-
ials were prepared in a straightforward and cost-effective way
using multi-material 4D printing technology, demonstrating
potential applications in intelligent information carriers and
intelligent flexible robotic system (Figure 1). SMCs featur-
ing different stimulus responses (thermo-responsive, photo-
responsive, electro-responsive, and magneto-responsive) were
integrated into a metamaterial structure by multi-material 4D
printing, and multiple shape memory effects as well as spatio-
temporally controllable selective actuation were realized by
applying specific stimuli. A diversified design of metama-
terial structures was conducted from various perspectives,
including ligaments, nodes, gradient materials, and gradient
architectures, to achieve enhanced diversification and tun-
ability of mechanical properties. It is worth noting that the
introduction of thermally, optically, electrically, and mag-
netically responsive materials, combined with gradient struc-
ture design, endowed metamaterials with diverse, tunable,
and programmable configurations and mechanical proper-
ties. This enhanced the design freedom of metamaterials and
broadened the tunable range of mechanical properties. Based
on multi-responsive gradient metamaterials, combined with
binary language and Morse code, encodable digitized pixel
metamaterial intelligent encrypted carriers were designed
with self-assembly, scalability, and encrypted transmission
of massive information. Variable stiffness logic electronic
devices, developed with multi-shape gradient metamaterials,
allowed devices to switch between rigidity and flexibility,
enabling precise control of digital signals and circuits, which
was expected to smooth the path for multi-environment soft
robots and interactive machines.

2. Results and discussions

2.1 Preparation and characterization of 4D printed SMCs

By employing multi-responsive SMCs and multi-material
4D printing technology, gradient metamaterials were fab-
ricated. Multi-material 4D printing allowed for the precise
preparation of complex structured metamaterials with pro-
grammable structures and properties, killing two birds with
one stone. 4D printing adds an additional time dimension
to 3D printing, allowing 3D printed structures to dynam-
ically change shape or properties over time after prepara-
tion. Combining 3D printing with intelligent programmable
material (e.g. SMCs) can achieve 4D printing. 4D print-
ing inherits the advantages of 3D printing in terms of
personalization of manufactured structures, fast preparation
speeds, and high processing accuracy, and adds the ability
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Figure 1. The design principle and applications of 4D printed multi-shape gradient metamaterials.

for structures to be dynamically transformable in time and
spacel =271,

Multi-responsive 4D printing SMCs were fabricated by
introducing functional components to SMP matrix, and multi-
shape metamaterials were prepared by combining differ-
ent stimuli-responsive 4D printing SMCs, which endowed
the structures with highly programmable properties and
selective precision actuation. Multi-responsive 4D print-
ing SMCs included photo-responsive, electro-responsive,
magneto-responsive, and thermo-responsive shape memory
composites. The shape transformation ability of 4D print-
ing SMCs was attributed to the combination of the fixed
phase and the switchable phase. The switchable phase was
movable molecular chains that were reversibly activated or
frozen, which determined the shape-fixing performance of
SMCs. The temperature at which the switchable phase under-
went a state change was defined as the shape memory trans-
ition temperature (T,ns) of SMCs, which was also equivalent
to the glass transition temperature (Ty) of SMCs. The fixed
phase consisted of physical crosslinking points formed by
polymer chain entanglements or chemical crosslinking points
formed by covalent bonds, which enabled SMCs to remem-
ber the initial shapes and ensured the shape recovery pro-
cess. 4D printing photo-responsive shape memory compos-
ites (P-SMC) were prepared using shape memory polylactic
acid (SMPLA) as substrate and introducing functional com-
ponent carbon nanotubes (CNTs). CNTs were able to absorb
light energy and convert it into heat energy, heating polymer
molecular chains above the shape memory transition temper-
ature, and promoting the shape memory process. The carbon
black (CB) nanoparticles and iron tetraoxide (Fe;O4) magnetic

nanoparticles were introduced to prepare 4D printed electro-
responsive shape memory composites (E-SMC) and magneto-
responsive shape memory composites (M—SMC). When elec-
tric fields and alternating magnetic fields were applied, the
polymer molecular chains were heated due to the presence of
CB nanoparticles and magnetic nanoparticles, thus achieving
programmable shape memory properties. The SMPLA matrix
was capable of responding to thermal stimuli and was there-
fore notated as 4D printed thermally responsive shape memory
composites (T-SMC).

Figure 2(a) illustrates the process of preparing multi-
responsive SMCs 4D printing filaments by melt extrusion.
These shape memory composite filaments were compatible
with commercial FDM printers, enabling the high-precision
fabrication of complex structures and exhibiting superior
print quality (Figure S1). The crystalline phase and struc-
tural information of the four SMCs were characterized by
XRD (Figure 2(b)). T-SMC showed a broad “bun peak”
between 10°-25°, indicating its amorphous molecular struc-
ture. After the addition of the functional components, P-SMC,
E-SMC, and M-SMC all showed a strong diffraction peak
at around 16.5°, corresponding to the (200) and (110) crys-
tal planes of SMPLA, possibly because the functional com-
ponents improved the crystallinity of the polymer matrix.
Compared with T-SMC, P-SMC exhibited an additional dif-
fraction peak at approximately 25.5°, which proved the suc-
cessful loading of CNTs. With the addition of CB, the E-
SMC showed a small and broad peak at approximately 26.0°,
corresponding to the characteristic peak of the (002) crystal
plane of CB. In the XRD pattern of M—SMC, three significant
characteristic peaks appeared at 20 ~ 29.8°, 35.4°, and 43°,
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corresponding to the (220), (311), and (400) crystal planes
of Fe;O4 nanoparticles. In addition, the thermal analysis res-
ults showed that the introduction of functional fillers slightly
increased the glass transition temperatures of the SMCs. The
transition temperatures of T-SMC, M-SMC, E-SMC, and P—
SMC were 59.4 °C, 63.53 °C, 63.74 °C and 62.37 °C, respect-
ively (Figure 2(c)), which may be due to the interface inter-
action between the functional fillers and the polymer matrix,
and the functional fillers inhibiting the migration of polymer
molecular chains. In addition, the cold crystallization peak of
SMPLA shifted to lower temperatures due to the incorporation
of functional fillers, indicating that the introduction of func-
tional fillers promoted the cold crystallization of SMPLA. On
the contrary, with the addition of functional fillers, the melting
peak of the three SMCs shifted to higher temperatures, but all
remained around 170 °C. Figure 2(d) illustrates the relation-
ship between the storage modulus of SMCs and temperature.
The results indicated that within the glass transition range, the
storage modulus of the four SMCs exhibited a sharp decline.
Furthermore, the addition of functional components reduced
the storage modulus of SMPLA at room temperature, enhan-
cing the SMCs’s flexibility. When the temperature exceeded
100 °C, the storage modulus of the SMCs began to increase,
which was attributed to the cold crystallization of SMPLA
above 100 °C, consistent with the DSC results. The morpho-
logy of the SMCs verified this phenomenon, the surface of
T-SMC was flat and no second phase appeared (Figure 2(e)).
Whereas, the morphology of P-SMC showed uniformly dis-
persed CNTs and tubular structured CNTs (with diameters
between 70—-180 nm) were observed (Figure 2(f)). In E-SMC,
conductive CB nanoparticles were also clearly observed and
uniformly dispersed in the matrix as spherical particles with
diameters of 80-120 nm (Figure 2(g)). Compared with E—
SMC, the nanoparticle size was larger in M—SMC, and the
Fe3;O4 nanoparticles were embedded in the matrix and tightly
bound to the matrix (Figure 2(h)). The functional groups of
4D printed P-SMC, E-SMC, M-SMC and T-SMC were ana-
lyzed using FTIR spectroscopy. The four 4D printed SMCs
exhibited strong -C=0 absorption peaks at about 1 749 cm™!,
while the characteristic peaks at 2 998 cm™' and 2 946 cm™
were attributed to asymmetric and symmetric vibrations of
—CHj; (Figure S2). Furthermore, the absorption peak observed
at approximately 584 cm™! was ascribed to the vibration of the
Fe—O bond, confirming the successful incorporation of Fe;04
nanoparticles. The XPS spectra showed that the P-SMC,
E-SMC, and T-SMC were all composed of C and O elements,
while the M—SMC showed an additional Fe element (Figure
S3). The Cls consisted of three peaks (284.3 eV, 286.7 eV,
and 288.8 eV), which were attributed to C-H, C-0O, and C=0
chemical bonds (Figure S4(a)). The characteristic peaks of
C-0O (531.6 eV) and C=0 (533.4 eV) in the XPS spec-
trum O1s were observed, and the M—SMC exhibited an addi-
tional Fe—O characteristic peak (530.8 eV) (Figure S4(b)). As
shown in Figure S5, two characteristic peaks at 724.3 eV and
715.1 eV corresponded to Fe2p;, and Fe2ps/,, respectively,
further confirming the presence of Fe;O4 nanoparticles.

2.2. Programmable stimulus responsiveness of the 4D printed
SMCs

The 4D printed P-SMC was able to respond to light stim-
uli to realize non-contact and precise control of the shape
memory process of the sample (Figures S7-S11). As shown
in Figure 3(a), the lower pair of wings of the dragonfly
was assigned as a folded temporary shape, and the photo-
responsive programmable shape recovery properties of the
4D-printed dragonfly were explored. The left and right wings
were actuated precisely and selectively, with an extremely
fast recovery time (within 5 s) and a recovery rate close to
100% (Movie S1). Durability tests were conducted on dragon-
fly samples at 50 °C, and the shape memory performance of
the samples after the tests was characterized. The results indic-
ated that after 20 cycles, the shape recovery ratio (R;) remained
above 99% (Figures S12-S16, Movie S2). In addition, the
feasibility of the 4D printed SMC as a drive hinge was ana-
lyzed (Figure 3(b)). When the 4D printed P-SMC hinges were
in temporary shape, the spacecraft sail panels were in a folded
state. When the light stimulus was applied, the 4D printed P—
SMC hinge was actuated, enabling controlled deployment of
the spacecraft sail panel. What’s more, electrically respons-
ive samples of structures such as infants were designed and
prepared using 4D printing technology, demonstrating once
again the excellent printability of the developed 4D printing
SMCs. The infant sample was configured into a temporary
shape and an electric field was applied. The Joule heat gen-
erated by the CB nanoparticles caused the temperature of the
sample to rise, and the shape recovery process was success-
fully carried out (Figure 3(c)). Temperature monitoring by an
infrared thermal imaging system showed that the 4D printed
E-SMC can reach temperatures of up to 70 °C or more. The
“U” shaped, four-leaf clover and villain samples also validated
the excellent electrically responsive shape memory properties
of the 4D printed E-SMC (Figures S17-S19). Similarly, the
rapid magnetic response characteristic of M—SMC was evalu-
ated, which can achieve a considerable deformation of 350%
and quickly return to its initial shape under an alternating mag-
netic field (Figure S20).

In addition, the selective actuation performance of 4D prin-
ted SMCs with multiple shape memory effects was eval-
uvated. The multi-shape dragonfly, toothless, and scorpion
were prepared by 4D printing using two different respons-
ive materials, P-SMC (black part) and T-SMC (green part)
(Figures 3(d)—(f)). A temporary shape was obtained by pro-
gramming the 4D printed multi-shape toothless to a folded
wing state (Figure 3(d)). Upon the application of light, the
P-SMC region was selectively actuated to revert to its ini-
tial shape, while the T-SMC region remained unchanged,
so the toothless acquired an additional temporary shape.
During this process, infrared thermograms showed that only
the temperature of the P-SMC region increased significantly,
while the temperature of another region remained unchanged.
When thermal stimulation was applied, the T-SMC region
returned to the initial shape, realizing multiple shape memory
effects and spatiotemporally selective controllable actuation.
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Figure 2. Preparation and characterization of multi-responsive 4D printing SMCs. (a) Preparation of the shape memory composite filaments
and the multi-material printing process. (b) XRD patterns. (c) DSC curves. (d) DMA curves. (e)—(h) Morphology analysis: (e) T-SMC, (f)

P-SMC, (g) E-SMC, and (h) M-SMC.

Similarly, the dragonfly sample was programmed to be in a fol-
ded wing state, and the scorpion sample was programmed to
be in an attacking state with both pincers raised and tail upside
down (Figures 3(e) and (f)). The samples were able to acquire
additional temporary shapes through photo/thermal dual stim-
ulation and sequentially reverted to their initial shapes. The
temperature monitoring of the samples indicated that the
temperature was increased in the target region, while the
non-target region was in a low-temperature state, which can
achieve effective temperature control. Therefore, the multi-
shape memory effect of the multi-shape 4D printed SMCs was

verified and the spatio-temporal selective controllable actu-
ation was realized. Meanwhile, in Figures S21 and S22, it was
demonstrated that the 4D-printed SMCs with selective actu-
ation properties can be employed to lift and release objects.

2.3. Highly programmable multi-shape gradient metamateri-
als

2.3.1. Design of fourligament gradient metamaterials.
Gradient metamaterial structures with bionic wave-like lig-
aments were designed, inspired by the curled and twisted
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Figure 3. Programmable stimulus responsiveness of the 4D printed SMCs. (a) Photo-responsive programmable shape memory properties
of the 4D printed dragonfly sample. (b) The 4D printed photo-responsive hinge structure for controllable deployment of sail panels in a
spacecraft model. (c) Programmable shape memory process and temperature evolution of 4D printed electrically responsive infant sample.
(d)-(f) Spatio-temporal selective shape recovery process and temperature evolution of 4D printed multi-shape samples under multiple stimuli:
(d) 4D printed toothless, (e) 4D printed dragonfly, and (f) 4D printed scorpion. Scale bar = 2.5 cm.

6



Int. J. Extrem. Manuf. 7 (2025) 055504

Highly programmable 4D printed multi-shape gradient metamaterials...
Yang C et al.

collagen fibers in biological tissues!?®:?°). The metamaterial
cell consisted of wave-like ligaments and nodes with rotational
symmetry properties. Gradient metamaterials were designed
in terms of the number of ligaments, ligament configuration,
and node configuration. To achieve selective and precise actu-
ation, the bionic metamaterials were prepared using multi-
responsive 4D printed SMCs, where four-ligament metama-
terials were prepared by 4D printed P-SMC and M-SMC.
The structural design of the four-ligament metamaterial is
shown in Figure 4, and the main geometrical parameters
include d/n, w/n, and angle 0 (Figure 4(a)). The photo/mag-
netic dual-responsive metamaterial with a ligament angle of
100 and a square node edge length of 3 mm (n = 3) was
denoted as P100n3-M100n3. Metamaterials with ligament
angles of 120°, 140°, and 160° were also designed, noted
as P120n3-M120n3, P140n3-M140n3, and P160n3-M160n3,
respectively (Figure 4(b)). In terms of the number of liga-
ment variations, four-ligament metamaterials and six-ligament
metamaterials were designed. In terms of ligament con-
figuration variations, gradient metamaterials were designed,
including gradient metamaterials with ligament angles of
100° and 120° (P100n3-M120n3), gradient metamaterials
with ligament angles of 120° and 140° (P120n3-M140n3),
etc. (Figure 4(c)). In terms of node configuration variations,
the metamaterials P160n0-M160n0, P160n3—-160n6, P160n6—
M160n6, etc., were designed with square node edges of 0 mm
(point nodes), 3 mm, and 6 mm (Figure 4(d)). In addi-
tion, nested metamaterials (NM) with nested multilevel node
structures were designed, in which metamaterial unit struc-
tures were nested in pristine metamaterial nodes, with the
structural parameters including ©°, 0, n’, n, d’/d, d/n, w/n.
According to the preparation materials and ligament angle, the
NMs were denoted as NM—-P100n6-M100n6, NM—-P120n6—
M120n6, etc. (Figure 4(e)).

2.3.2. Selective actuation mechanism of multi-shape gradient
metamaterials. The photo/magnetic dual-responsive four-
ligament metamaterials with wavy ligaments were prepared by
multi-material 4D printing technology. The photo-responsive
region was denoted by P, the magneto-responsive region was
denoted by M, and the initial and temporary shapes were
denoted as IS and TS, respectively. The metamaterial where
both photo-responsive and magneto-responsive regions were
of initial shape was called P IS-M IS, and if both photo-
responsive and magneto-responsive regions were of tempor-
ary shape, it was called P TS-M TS. P TS-M IS and P IS-M
TS represented metamaterials with photo-responsive region in
temporary shape and magneto-responsive region in temporary
shape, respectively. The 4D printed metamaterial enabled 3
temporary shapes (P TS-M IS, P IS-M TS, P TS-M TS), and
2 (PTS-MIS, PIS-M TS) of them were additionally obtained
by combining the programmable shape memory properties
with the multishape properties.

At room temperature, the molecular chains in SMCs were
freely arranged with the highest entropy. When light was
applied, CNTs in the photo-responsive metamaterial region

absorbed light energy and converted it to thermal energy
(photothermal effect), which was then transferred to the sur-
rounding molecular chains. After the temperature of the
molecular chains was increased above T, the switchable
phase was activated, the mobility of the molecular chains
increased and was readily assigned a shape under external
tensile loading. At this point, the molecular chains of the
switchable phase oriented along the loading direction and
became frozen (fixing the temporary shape), thereby reducing
the system’s entropy. The macroscopic manifestation was that
the photo-responsive metamaterial ligaments were deformed
into straight temporary shapes. In contrast, the magneto-
responsive metamaterial region was unable to respond to light
stimulation and the molecular chains remained frozen. The ini-
tial shape of ligaments remained unchanged even with external
tensile loads. As a result, the photo-responsive region was in a
temporary shape and the magneto-responsive region was in an
initial shape, realizing a selectively controllable actuation (P
TS-M IS). Similarly, when an alternating magnetic field was
applied, magnetic nanoparticles produced high hysteresis. The
molecular chains were heated and mobility was enhanced. The
magneto-responsive region was easily assigned to a tempor-
ary shape, while the photo-responsive region remained in its
initial shape, and another additional temporary shape of the
metamaterial was thus produced (P IS-M TS). If both light
and magnetic stimuli were applied simultaneously, the liga-
ments in both regions of the 4D printed metamaterial were
deformed into a straightened temporary shape (P TS-M TS)
(Figure 5(a)).

2.3.3. Highly programmable mechanical properties of
metamaterials. ~ The multi-shape characteristics of metama-
terials endowed them with the ability to incorporate addi-
tional temporary shapes, facilitating highly programmable
mechanical performance (Figures 5(b)-(e)). The four states
of metamaterials exhibited different mechanical properties,
facilitating the realization of multiple uses of a single struc-
ture/device. P IS-M IS had a wavy ligament structure, and
the ligament curvature decreased gradually at the beginning
of stretching, with the deformation of the metamaterial dom-
inated by bending. As stretching proceeded, the metamaterial
ligaments gradually approached the limit of bending deform-
ation and the metamaterial deformation transformed to tensile
dominance. The elongation at break of the metamaterials was
higher due to the bending-dominated deformation phase as a
buffer, while the tensile strength of the metamaterials was at a
lower level. In contrast, the ligaments of both photo-responsive
and magneto-responsive metamaterials were almost linear
after they were programmed (P TS—-M TS). The deformation
of metamaterial was dominated by the tension only, and the
elongation at break decreased. The tensile strength showed
significant enhancement due to the prominently increased
structural effective stiffness of the straight ligament metama-
terials. P TS-M IS and P IS-M TS were combinations of
flexural and straight ligaments, so their mechanical proper-
ties were intermediate between those of P IS-M IS and P
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Figure 4. Structural design of four-ligament gradient metamaterials. (a) Design parameters of the metamaterial cell. (b) Design of metama-
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TS-M TS. In general, the tensile strength of P IS-M TS was
higher than that of P TS-M IS, whereas the elongation at break
exhibited the opposite trend. Consequently, selective program-
ming not only enhanced the tensile strength of the metamater-
ials but also broadened the application range by balancing the
difference between strength and toughness.

The effect of ligament configuration on the mechanical
properties of metamaterials was investigated (Figure 5(b)).
When the ligament angles of the photo-responsive and
magneto-responsive regions were identical, the effective stift-
ness of the metamaterial decreased as the ligament angle
increased. As the ligament angle increased, the central angle of
the metamaterial ligaments reduced, leading to a decrease in

the bending-dominated deformation region, thereby increas-
ing the effective stiffness of the metamaterial. Thus, over-
all, the tensile strength of the metamaterials in the ini-
tial shape decreased gradually with the increase of the lig-
ament angle. The tensile strength of P100n3 IS-M100n3
IS was 420 kPa, while the tensile strength of P160n3 IS—
M160n3 IS decreased to 210 kPa. In addition, as the liga-
ment angle increased, the greater the difference between the
tensile strength of the initial and temporary shapes of the
metamaterial. The tensile strengths of the temporary shapes
of P100n3-M100n3, P120n3-M120n3, and P160n3—-M160n3
were 2.60, 3.48, and 4.43 times higher than those of their initial
shapes, respectively. Therefore, the multi-shape metamaterials



Int. J. Extrem. Manuf. 7 (2025) 055504

Highly programmable 4D printed multi-shape gradient metamaterials...

Yang C et al.

(@
Light
T e
e - Ea =
T el T N
Er e Rt
e S
PIS-M IS
Alternating
magnetic field
(®) @)  p1oon3-M100n3
1200
PIS-MIS
1000 PTS-MIS
o PIS-MTS
o 800 PTS-MTS
X
2 600
=
& 400
200
0
01 2 3 4 5 6 7
Strain/%
(i) p140n3-M140n3
800
PIS-MIS
PTS-MIS
« 600 PIS-MTS
o PTS-MTS
<
2 400
=
% 200
0
0 1 2 3 45 6 7 8
Strain/%
(d) ()  P160n0-M160n0
1000
PIS-MIS
800 PTS-MIS
« PIS-MTS
& 600 PTS-MTS
%]
(%]
£ 400
2]
200
0
0 1 2 3 4 5 6 7
Strain/%
(i) P160n6-M160n6
1400
PIS-M IS
1200 PTS-MIS
<1 000 PIS-MTS
& PTS-MTS
< 500
0
¢ 600
& 400
200

0
012 3 456 779
Strain/%

»

(ii)
1400
1200

a
=
o © O
o O O
S © o

Stress/kP:

400
200

0
0

(iv)

1000
800
600

400

Stress/kPa

200

(ii)
1200
1000

Stress/kPa
N b O ®
o O O O
o O O O O

©)
1600
1400

400

Heat

LY Heat
o e Light
. i T
i R
3 S e
PIS-M TS
P120n3-M120n3 (© )  P100n3-M120n3
800
PIS-MIS PIS-MIS
PTSMIS PTS-MIS
PISMTS « 600 PIS-MTS
PTS-MTS o PTS-MTS
9 400
L
? 200
0
1 2 3 4 5 6 7 0O 1 2 3 4 5 6
Strain/% Strain/%
P160n3-M160n3 (i) p100n3-M160n3
1000
PIS-MIS PIS-MIS
PTS-MIS PTS-MIS
PIS-MTS « 808 PIS-MTS
X o -
PTS-MTS 2 600 PTS-MTS
1]
(%]
£ 400
r 7]
200
0
1 2 3 4 5 6 7 01 2 3 4 5 6 7
Strain/% Strain/%
P160n3-M160n6 (V) P120n3-M160n3
1600 PIS-MIS
PIS-MIS -
PTSMIS 1400 PTS-MIS
PIS-MTS <1200 PIS-MTS
PTS-MTS & 1000 PTS-MTS
2 800
% 600
400
200
0
1 2 3 4 5 6 7 8 0O 1 2 3 4 5 6
Strain/% Strain/%
NM-P100n6-M100n6 (i) NM-P120n6-M120n6
1800
PIS-MIS PIS-MIS
PTS-MIS 1600 PTS-MIS
PIS-MTS 1400 PIS-MTS
PTS-MTS 1200 PTS-MTS
51000
& 800
i & 600
400
200
0
1 2 3 4 5 0 1 2 3 4
Strain/% Strain/%

7

8

e

— o it

P TS-M TS

(i) P100n3-M140n3
1000
PIS-MIS
800 PTS-MIS
m PIS-MTS
% 600 PTS-MTS
n
(%]
£ 400
n
200 -
0
0 1 2 3 4 5
Strain/%
(iv)  p120n3-M140n3
1600
PISMIS
1400 PTS-MIS
<1200 PIS-MTS
&1 000 PTS-MTS
ﬁ 800
% 600 ”
400
200
0
o 1 2 3 4 5 6 7
Strain/%
(Vi) P140n3-M160n3
1000
PIS-MIS
PTS-MIS
m 800 PIS-MTS
& 600 PTS-MTS
%]
0
£ 400 :
4]
200
0
0 1 2 3 45 6 7 8

Strain/%

(i) NM-P140n6-M140n6
1200

PISMIS
1000 PTS-MIS
m PISMTS
a 800 PTS-MTS
<
& 600 E
<
& 400
200
0
0O 1 2 3 4 5 6 7

Strain/%

Figure 5. Highly programmable mechanical properties of metamaterials. (a) Selective actuation mechanism of multi-shape gradient metama-
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ligament angles can be adjusted to regulate the difference
of their programming mechanical properties. Large ligament
angles were suitable for scenarios requiring a wide range of
tensile strengths, while small ligament angles were suitable for
application scenarios requiring fine tuning of tensile strengths.

Figures 5(c) and (d) analyzed how ligament configura-
tion and gradient ligaments affect the programmed mechan-
ical properties of metamaterials. The larger the difference in
the angle of the ligaments in the two regions of the gradi-
ent metamaterial, the higher the tensile strength of P TS—
M TS, and the more pronounced the difference in tensile
strength between its temporary and initial shapes. In contrast,
the elongation at break of the three temporary shapes was
negatively correlated with the difference in ligament angles.
Therefore, the angular difference of the gradient ligaments of
gradient metamaterials can be adjusted to further broaden the
tunable range of the mechanical properties of metamaterials.
Figure 5(d) revealed the impact of node size on the mechan-
ical properties of metamaterials. The elongation at break of
the initially shaped metamaterials increased significantly with
increasing node size, and the P160n6 IS-M160n6 IS exhibited
the highest fracture elongation. The mechanical properties of
metamaterials with nested nodes were analyzed (Figure 5(e)).
Overall, the strength of the nested metamaterials was signific-
antly increased compared to the conventional square nodes.
The tensile strength of NM-P100n6 TS-M100n6 TS was
increased to 1 400 kPa, and the tensile strength of NM—P120n6
TS-M120n6 TS was close to 1 800 kPa. Therefore, the nes-
ted node structure can be designed to realize the design of the
tensile strength. However, there was a slight decrease in the
fracture elongation of the nested metamaterials, which was
attributed to the introduction of the internal nested structure
at the nodes, resulting in a significant increase in ligament
stiffness. In addition, part of the ligaments was occupied by
nodes, and the toughness of the overall structure decreased.
The secondary nested structure was demonstrated here, and
future research on the multilevel nested structures can be
carried out to deeply analyze their effect on the mechanical
properties. Figure S25 illustrates the deformation behavior
of gradient metamaterials under different loading conditions.
During the tensile process, the deformation primarily concen-
trated on the ligaments, while the square nodes exhibited rota-
tional deformation. Throughout the deformation process, the
maximum principal strain was predominantly localized at the
inflection points of the ligaments, which may be attributable
to stress concentration.

2.3.4. Design of six-ligament gradient metamaterials. In
addition, six-ligament metamaterials with different structural
parameters were designed to investigate the effects of liga-
ment and node configuration on their mechanical properties.
The cell structure of the six-ligament metamaterial is shown
in Figure 6(a), and the design parameters mainly include d/n,
w/n, t/n, and 6. Six-ligament metamaterials were prepared
by 4D printing E-SMC and T-SMC. A multi-shape gradient
metamaterial was designed with a ligament angle of 100° in
the electro-responsive region, a ligament angle of 140° in the

thermo-responsive region, and a square node edge length of
3 mm, denoted as E100n3-T140n3 (Figure 6(b)). Similarly,
metamaterials such as E120n3-T140n3 and E120n3-T160n3
were also designed. In terms of node size variation, metama-
terials with square node side lengths of 0 mm, 3 mm, and 4 mm
were designed, including E160n0-T160n4, E160n3-T160n4,
etc. (Figure 6(c)). Six-ligament and four-ligament gradient
metamaterials exhibited similar programmable mechanical
properties. By selectively and controllably actuating the multi-
shape metamaterials, the metamaterials can be freely switched
among the four shapes, realizing highly programmable mech-
anical properties with high design freedom (Figure 6(d) and
(e)). When both the electro- and thermo-responsive regions of
the gradient metamaterial were in the initial shape (E IS-T IS),
the wavy ligament deformed into a mixed mode of bending
and tensile dominance upon being subjected to tensile load-
ing. The structural effective stiffness and tensile strength of
the metamaterials were at a lower level, while the elongation
at break was at a higher level. The ligaments were straightened
and the deformation mode was tensile dominant when both
the electro- and thermo-responsive regions of the metamater-
ial were in temporary shape (E TS-T TS). The E TS-T TS
metamaterials had higher tensile strength but lower elong-
ation at break. The mechanical properties of metamaterials
with mixed programming deformation (E IS-T TS and E TS—-
T IS) were between E IS-T IS and E TS-T TS. In general,
the variability in the mechanical properties of the four pro-
grammed shapes of the six-ligament metamaterials was signi-
ficantly reduced compared to the four-ligament metamaterials.
The tensile strength of the six-ligament metamaterial in the E
IS—T IS state was conspicuously greater than that of the four-
ligament metamaterial. This may be ascribed to the increased
number of ligaments that can withstand greater tensile loads.
The influence of ligament angle on the mechanical beha-
vior of gradient metamaterials was investigated (Figure 6(d)).
Elongation at break and tensile strength of E IS-T IS
increased with the ligament angle difference (E120n3-
T140n3 < E100n3-T140n3, E140n3-T160n3 < E120n3-
T160n3, E120n3-T140n3 < E120n3-T160n3, E140n3-
T160n3 < E100n3-T140n3). For instance, the tensile strength
of E120n3 TS-T140n3 TS exceeded 1 600 kPa, while E120n3
TS-T160n3 IS and E120n3 IS-T160n3 IS exhibited excel-
lent toughness, elongation at break was greater than 9.0%. In
addition, the impact of node size on the mechanical charac-
teristics of metamaterials was investigated (Figure 6(e)). For
six-ligament metamaterials, the decrease in node size con-
tributed to the increase in tensile strength. This may be due
to the fact that the aggregation of six-ligament metamaterial
ligaments at point nodes led to a higher surface coverage in
localized areas, which was higher than that of square nodes,
resulting in elevated strength. E160n0 TS—T160n0 TS had the
highest tensile strength, approximating 1 200 kPa, whereas
the elongation at break of E160n0 IS-T160n0 IS was the min-
imal. The tensile strength of the metamaterial decreased as
the node size increased, whereas the elongation at break of
the metamaterial at the initial shape was essentially positively
correlated with the node size. Figure 6(f) demonstrates the
P120n3-M120n3 and E120n3-T140n3 multi-responsive 4D
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Figure 6. Structural design of six-ligament gradient metamaterials. (a) Design parameters of the metamaterial cell. (b) Structural design of
six-ligament gradient metamaterial with variable ligament configuration. (c) Structural design of six-ligament gradient metamaterial with
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printed gradient metamaterials. After printing, the node and
ligament structures of the metamaterials can be accurately
reproduced with smooth and flat surfaces. Due to the trans-
ition from bending-dominated to tension-dominated behavior
during the deformation process, the multi-responsive gradi-
ent metamaterials also demonstrated excellent flexibility and
deformation capability even in harsh external environments,
greatly broadening their practical applications. They were able
to maintain a high degree of flexibility in snow at —10 °C,
overcoming the inherent brittleness of the SMPLA matrix and
realizing a significant improvement in performance through
structural design (Figure S29).

2.4. Applications of 4D printed multi-shape metamaterials

2.4.1. Intelligent information carrier.  In the era of informat-
ization, with the booming development of the Internet of
Things and 5 G wireless communication technology, inform-
ation security is extremely crucial. Here, inspired by the bin-
ary language, based on 4D printed multi-responsive gradient
metamaterials, encodable digital pixel metamaterial (DPM)
intelligent information carriers were designed, which were
characterized by reliable information transmission, high secur-
ity, and facile manufacturing process. Each cell of the DPM
was a pixel, and the deformed and undeformed cells were
encoded in situ as programmable pixels of “1” (deformed)
and “0” (undeformed). Thus the digitized pattern information
of (i x j) pixels allowed for conversion to (2! *J) possible
mechanical information/*°!, With 160n3—160n3 metamaterial
as the DPM intelligent information carrier (Figure 7(a)), each
carrier unit was composed of 5 pixel x 5 pixel with differ-
ent stimulus-response characteristics, and multiple metama-
terial carrier units constituted a metamaterial information car-
rier sequence. In the process of information transmission, the
stimulus-response signal was used as a symbolic language, and
4D printed DPMs responded to different stimuli to enable the
encryption and decryption of information. The non-actuated
metamaterial was in an encrypted state without any informa-
tion being displayed. Once the metamaterial carrier was actu-
ated by the predefined stimulation program, the encrypted text
“HIT” (abbreviation of Harbin Institute of Technology) was
gradually displayed. The information to be transmitted was
programmed in situ as a binary sequence consisting of 0 and
1, and the encrypted information was digitized to improve the
transmission efficiency and accuracy of the decrypted inform-
ation (Figure 7(a)). More interestingly, the DPM information
carrier can not only encrypt text information, but also provide
a facile way to transmit complex information. As shown in
Figure 7(b), by selectively actuating the DPM information car-
rier, expressions such as “smiley face”, “angry face”, and “sad
face” were obtained. Additionally, the feasibility of decrypt-
ing the 4D printed DPM through the electrostimulation pro-
gram was verified (Figure 7(c)). The 160n0-160n3 gradient
metamaterial of the six ligaments was used as the informa-
tion carrier, and after decryption by electrical stimulation, the
“4DP” information was displayed.

In addition, programmable Morse code intelligent inform-
ation carriers were developed by combining 4D printed DMP,

multi-stimuli actuating method and Morse code. Morse code
is an internationally recognized means of encrypting commu-
nications through the expression of dots (“.”) and dash (=) to
realize the encrypted transmission of information. As shown
in Figure 7(d), a multishape 160n3-160n3 DMP informa-
tion carrier with 17 pixel x 5 pixel was fabricated from P—
SMC and M-SMC by 4D printing technology. When the DPM
information carrier was exposed to light, the photo-responsive
pixels were deformed while the magneto-responsive pixels
remained unchanged. The deformed pixels were noted as

“~” and the undeformed pixels were noted as “.’, present-
ing a Morse code of “-———-—.—~/—-— —.—.—-", con-
veying the message “Mechanics”. Furthermore, a Morse code
encrypted message of “—.——— ——/—— ———" was

successfully transmitted, and the decrypted message was “no
pain, no gain” (Figure S32). Similarly, with the six-ligament
electrical/thermal dual-responsive 4D printed DPM (160n3—
160n4) as the medium, the Morse code “~-...—.—-...——/—
————...]—.———"" wasrevealed by the selective actu-
ation of the electric field, which was decoded as “metamater-
ial” (Figure S33).

Due to the highly programmable nature of the 4D printed
DPM and the diversity of stimulation methods, the inform-
ation carrier encryption/decryption procedure was customiz-
able. The encryption/decryption can only be obtained through
the pre-set stimulation program, which increased the reli-
ability of information transmission. Furthermore, each pixel
was independent, and the metamaterial units comprising i
pixel x j pixel were also independent, so that the metama-
terial carrier sequence had i x j X n independent pixels.
Therefore, metamaterial information carrier sequences were
highly independent and flexibly self-assembled, allowing for
a high degree of scalability and massive information transfer.

2.4.2. Flexible metamaterial electronics. Flexible robots
are emerging in the industrial and medical fields because of
their outstanding interactivity and high safety3!:3%1. A key
technology of flexible robots lies in the effective and con-
venient control of flexible structural units, but traditional con-
trol units are mostly rigid electronic components, which are
difficult to be perfectly compatible with flexible structures.
Therefore, based on programmable multi-shape 4D printed
gradient metamaterials, variable stiffness logic gate devices
were developed to realize the free switching between rigidity
and flexibility.

P160n6-T160n3 metamaterials were used as electronic
substrates for the logic gates, and adhesive copper foils were
used as conductive layers. The P160n6 and T160n3 regions
were used as inputs A and B, respectively. Indicator levers
were connected at adjacent nodes of the metamaterial to con-
trol the on and off state of the circuit. The “AND” logical
signal was executed (Figure 8(a)). When the metamaterial
P160n6-T160n3 was in its initial shape, the circuit was con-
nected and the LED emitted light (“A = 1, B = 1”). When
the metamaterial was programmed into the temporary shape
of the straight ligament, the nodes of the cell rotated during
this process, causing the indicator levers to deviate from their
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original position. Both the end circuits of A and B were dis-
connected (“A = 0, B =07), and the LED light was off. When
the metamaterial was exposed to light stimulation, the CNTs
absorbed light energy and converted it to thermal energy, and
thus the P160n6 region entered a soft rubbery state and under-
went shape recovery. The lever at the A end was reset and the
logic input was “A = 1, B = 0”. When the 4D printed metama-
terial was thermally stimulated, the T160n3 region entered

the rubbery state and underwent shape recovery. The B lever
was reset and the logic input was “A = 0, B = 1”. When the
metamaterial completely recovered to its initial shape, both A
and B end indicator levers were reset (“A = 1, B = 1”) and
the LED glowed. Similarly, selective stimulation of 4D printed
metamaterials and adjustment of the position of the indicator
levers in the circuit can realize the logical operations of OR,
XNOR, and XOR (Figures 8(b)—(d)).
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Besides, the P160n6-E160n3 (A-B) photo/electrical dual-
responsive metamaterial was used as the electronic substrate
of the logic gates to realize the logic operations of NOR and
NAND (Figures 8(e) and (f)). When the metamaterial was in
temporary shape, the indicator levers were disconnected. The
logic input was “A = 0, B = 07, while the logical operation
result of NOR and NAND was 1, and the LED was illumin-
ated. When the P160n6 region of the metamaterial entered
a soft rubbery state under light, the lever at the A end was
reset. The logic input was “A = 1, B = 0”, where the LED of
the NOR gate was off, while that of the NAND gate was on.
When the metamaterial was exposed to the electric field, the
functional filler CB in the E160n3 region generated Joule heat,
and E160n3 was heated into a soft rubbery state. The indicator
lever was reset with the deformation of E160n3, correspond-
ing to the input “A = 0, B = 1. The LED of the NOR gate
remained off, while the LED of the NAND was on. When both
the E160n3 and P160n6 regions returned to their initial shape,
the indicator levers at the A and B ends were reset (“A = 1,
B = 17), and the results of the logic operations for both NOR
and NAND were 0. The experimental results of each deform-
ation behavior precisely corresponded to the respective truth
table of the ideal logical gates (Figure 8(g)), while the schem-
atic diagrams of the serial and parallel switch circuits corres-
ponding to each logic gate are shown in Figure 8(h).

Due to the unique highly programmable characteristics of
4D printed multi-shape metamaterials, combined with multi-
stimuli processing, the metamaterial logic gate devices were
capable of switching between rigid and flexible states, realiz-
ing effective processing of digital signals and precise control
of circuits. If different logic units are combined in an orderly
manner, the information expression ability and logic judgment
ability of variable stiffness logic gates can be further improved
to achieve high adaptability and compatibility with flexible
robotic systems.

3. Conclusion

In conclusion, multi-responsive SMCs were developed, and
multi-shape gradient metamaterials were fabricated in a
simple and economically efficient manner by means of
multi-material 4D printing technology, manifesting substan-
tial potential for utilization in intelligent information carri-
ers and intelligent flexible robotic system. A systematic ana-
lysis of the programmable mechanical properties of 4D prin-
ted multi-responsive gradient metamaterials was conducted,
revealing the correlation mechanism between the design para-
meters of ligaments and nodes and the mechanical prop-
erties of the metamaterials. By combining binary language
and Morse code, programmable digital pixel metamaterials
were developed as an intelligent information carrier, achiev-
ing high levels of independence, scalability, and personal-
ized design for information encryption and erasure protocols.
More intriguingly, variable stiffness logic electronics with free
switching between rigid and flexible states were developed

based on the multi-responsive, highly programmable gradi-
ent metamaterials, which can effectively process digital sig-
nals and precisely control circuits, with the potential to realize
an intelligent flexible robot system with integrated sensing-
actuation-decision functions.
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