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ARTICLE INFO ABSTRACT

Handling Editor: Dr Hao Wang Driven by increasingly complex functional requirements, the shape memory polymer (SMP) is more competitive
due to its convertible configuration and tunable properties. In particular, the multi-shape SMP that is not limited
to one temporary configuration gives more possibilities for intelligent applications of SMP. However, it is still
challenging to manufacture highly controllable and selectively programmable multi-shape SMP in a facile and
scalable manner. Here, thermal-, magnetic-, and light-responsive 4D printed SMP composites with up to eight
shape memory effects were developed, with the advantages of selective programming, highly controllable
deformation in time and space, and configuration customization. The introduction of 4D printing into the
manufacturing of multi-responsive SMP composites allowed for easy implementation and rapid manufacturing of
controllable and customizable dynamic structures. Through the design of multi-material and multi-structural
modules, coupled with 4D printing technology, the multi-responsive SMP composites were endowed with un-
limited design freedom. 4D printed multi-responsive SMP composites realized accurate and selective actuation,
tripled programmability, and efficient encrypted transmission of multiple types of information (e.g., encrypted
transmission of idioms in the form of combined graphs and text), showing attractive application prospects in
flexible robots, highly programmed metamaterials, information encryption carriers, etc.
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1. Introduction programmed to a single temporary configuration and then recover to the

initial/permanent configuration during a shape memory cycle. To in-

Shape memory polymers (SMPs) are a class of stimuli-responsive
materials that possess the ability to program to temporary configura-
tions and recover to a predefined initial configuration upon stimuli such
as heat, light, water/humidity, electric and magnetic fields [1,2]. The
extraordinary configuration transformation capability of SMP endows it
with progressiveness in structure and performance, showing broad
application potential in many fields, such as aerospace, textile
manufacturing, flexible electronics, soft robotics, biomedicine, etc.
[2-5].

Despite extensive work on autonomous transformation configura-
tions for SMPs, it remains a challenge to achieve selectively program-
mable deformations that are highly controllable in time and space [6].
Typically, SMPs are limited to switching between two configurations
(dual shape memory effect), which means that SMPs can only be
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crease programming flexibility to accommodate applications requiring
more tunable configurations, SMPs with multiple shape memory effects
that can remember more than two temporary configurations are devel-
oped, among which triple-shape SMP is the most common multi-shape
SMP. Triple-shape SMP can be obtained by broadening the shape
memory transition region or by integrating phases with discrete tran-
sition temperatures into a single SMP. Implementation strategies include
the preparation of interpenetrating polymer networks, copolymeriza-
tion, grafting, etc. [7-13]. However, to obtain different temporary
configurations in one shape memory cycle, the transition temperature
interval of the two temporary configurations in triple-shape SMP is
usually required to be more than 20 °C. Otherwise, the temporary
configurations will interfere with each other, resulting in unsatisfactory
shape fixation/recovery performance. Such a wide temperature range is
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impractical in many applications, such as textile products, biomedical
devices, etc. More importantly, achieving a controlled range and several
transition temperatures in SMP is extremely inefficient, and the
cumbersome and time-consuming molecular design and synthetic
preparation routes greatly limit the feasibility of further practical ap-
plications of the synthesized SMPs. In addition, the most widely
explored SMPs typically accomplish shape recovery in a holistic manner
through thermal or other actuation methods (e.g., light, magnetic fields,
humidity), which severely hinders the requirement for selective pro-
grammed actuation of preset regions. Therefore, it is of great signifi-
cance to develop an easy-to-implement, economical, rapid, and scalable
manufacturing strategy to obtain multi-shape SMPs with highly
controllable and selectively programmable deformability to serve
real-world practical applications.

3D printing is capable of creating highly complex structures in a
large-scale and rapid manner, breathing new life into the manufacturing
industry [14-18]. However, 3D printed structures are static, greatly
limiting the applications that require dynamic reshaping of the config-
uration. This limitation can be perfectly addressed by preparing SMPs as
printable raw materials and combining them with 3D printing, which
gives rise to 4D printing. 4D printing adds time as an additional
dimension to 3D printing, enabling 3D printed structures to dynamically
deform in response to environmental stimuli [19-24]. Due to the inte-
gration of the strengths of 3D printing and SMP, 4D printing has shown
unique advantages in electronic devices, intelligent soft robots,
biomedicine, self-assembled structures, etc. [25-29].

Here, a facile strategy was proposed to fabricate 4D printed SMP
composites with multiple shape memory effects, capable of responding
to thermal, magnetic fields, and light. Since compounding functional
fillers into the polymer matrix in a blended manner is an efficient and
easy-to-process method, it avoids the obstacles to large-scale production
caused by cumbersome synthetic routes. Therefore, by introducing
Fe30O4 nanoparticles and multi-walled carbon nanotubes (MWCNTSs)
functional fillers into the shape memory polylactic acid (SMPLA) matrix,
the magnetic and light responsiveness of 4D printed SMP was achieved
(Fig. 1). The magnetic- and light-responsive SMP composites showed
excellent magneto-thermal and photothermal properties and demon-
strated outstanding shape memory performance. Thermal-, magnetic-,
and light-responsive 4D printing filaments capable of scalable
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production were prepared, clearing the way for the practical application
of functional devices. 4D printed SMP composites enabled selective,
controlled, and precise actuation, showing attractive applications in
flexible robotics, highly programmable metamaterials, and information
encryption carriers.

2. Results and discussion
2.1. Characterizations

The tensile properties of SMPLA, Mag-SMPLA, and Lig-SMPLA at
different temperatures were evaluated. Among them, the tensile
strength of Mag-SMPLA was slightly lower than that of SMPLA but
slightly higher than that of Lig-SMPLA (Fig. 2a—-d). The tensile strength
decreased with increasing temperature. At 25 °C, the tensile strengths of
SMPLA, Mag-SMPLA, and Lig-SMPLA were 45.87 MPa, 40.73 MPa, and
38.00 MPa. At 35 °C, the tensile strengths of SMPLA, Mag-SMPLA, and
Lig-SMPLA were 37.44 MPa, 36.90 MPa, and 35.14 MPa, respectively.
The elongation at break increased sharply with the increase of temper-
ature (Fig. 2a—c, Table S1). At 45 °C the elongation at break of SMPLA
was significantly higher than that of Mag-SMPLA and Lig-SMPLA. This
may be because the magnetic nanoparticles and MWCNTs hindered the
movement of the matrix chain segments and delayed the temperature at
which the chain segments initiated large-amplitude motion. At 55 °C,
the elongation at break of Mag-SMPLA and Lig-SMPLA also increased
significantly, rising to 274.00 % and 197.72 %, respectively. At this
temperature, the typical characteristics of yielding, strain softening,
plastic deformation, and strain hardening of the specimens were shown,
and the macroscopic “thin neck” phenomenon also appeared obviously
(Fig. S1). As the temperature was close to their T, the yield phase of
SMPLA, Mag SMPLA, and Lig-SMPLA became less pronounced when the
temperature rose to 65 °C. The bending properties were evaluated by
three-point bending tests. The elongation at break of Mag-SMPLA and
Lig-SMPLA was significantly higher than that of SMPLA, and the flexural
strengths of the three were close (Fig. 2e). The thermal behavior of Mag-
SMPLA and Lig-SMPLA was investigated (Fig. 2f). Since the thermal
behavior of SMPLA has been studied in detail in our previous work [20],
there was no redundant repetition here. The glass transition temperature
(Tg) and melting temperature (Tp) of SMPLA, Mag-SMPLA, and
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Fig. 1. Thermal-, magnetic-, and light-responsive 4D printed SMPLA filaments. “Mag-SMPLA” represents the 4D printed magnetic-responsive SMPLA. “Lig-SMPLA”

represents the 4D printed light-responsive SMPLA.
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Fig. 2. Mechanical properties of SMPLA, Mag-SMPLA, and Lig-SMPLA. Tensile tests of (a) SMPLA, (b) Mag-SMPLA, and (c) Lig-SMPLA at different temperatures. The
second row is enlarged views of the tensile test curves. (d) Tensile strength. (e) Three-point bending tests at room temperature. (f) Differential scanning calorimetry

(DSC) tests. Tg: glass transition temperature; Te: crystallization temperature; Tp,: melting temperature.

Lig-SMPLA were very close, with Ty approximately 66 + 3 °C and Tp,
approximately 170 + 3 °C. The cold crystallization temperatures (T.) of
Mag-SMPLA and Lig-SMPLA were shifted to lower temperatures
compared to SMPLA, which may be due to the fact that magnetic
nanoparticles and MWCNTSs acted as nucleation sites and thus promoted
the crystallization of the matrix.

The deformation repeatability of SMPLA, Mag-SMPLA, and Lig-
SMPLA was evaluated by loading-unloading cycles (Fig. 3). As the
number of cycles increased, the curves showed a significant hysteresis
due to the energy dissipation caused by internal friction in SMPLA, Mag-
SMPLA, and Lig-SMPLA. At 55 °C, the hysteresis of SMP was more
obvious than that at 45 °C, which may be because the internal motion of
the material increased as the temperature increased, thus the energy
dissipation caused by friction also increased. The first loading-unloading
cycle exhibited the greatest energy dissipation, probably because
microcracks started to develop. After ten load-unload cycles, the energy
dissipation gradually stabilized.

When SMPLA, Mag-SMPLA, and Lig-SMPLA were combined as
functional multi-responsive SMP composites, the bond strength was
critical as it determined the overall mechanical properties. Therefore,
standard specimens for tensile testing were prepared by combining
SMPLA, Mag-SMPLA, and Lig-SMPLA in pairs to precisely assess the

stress-strain behavior of the multi-responsive SMP composites. SMPLA
+ Mag SMPLA, SMPLA + Lig-SMPLA, and Mag SMPLA + Lig-SMPLA
showed excellent and similar mechanical properties (Fig. 4a), with
strengths of 34.56 MPa, 37.25 MPa, and 36.37 MPa for the three,
respectively (Fig. 4b). The fracture location of SMPLA + Mag-SMPLA
was exactly at the junction of the dual materials. SMPLA + Lig-SMPLA
and Mag-SMPLA + Lig-SMPLA were fractured on the side close to the
Lig-SMPLA part, probably due to the lower strength of Lig-SMPLA
compared to SMPLA and Mag-SMPLA. In addition, the strengths of the
dual-material specimens were compared with those of the single-
material specimens (Fig. 4c). The largest difference was found be-
tween SMPLA + Mag-SMPLA and SMPLA, but the former strength also
exceeded 75 % of the latter strength. The smallest difference was found
between SMPLA + Lig-SMPLA and Lig-SMPLA, with the former strength
exceeding 98 % of the latter strength.

2.2. Precisely controllable actuation

Light-responsive SMPLA combined with 4D printing enables
configuration transformation with precise control of time and space. The
shape recovery process of the 4D printed Lig-SMPLA complex configu-
rations is shown in Figs. 5 and 6, showing high printing accuracy and
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Fig. 3. Tensile stress-strain behavior of SMPLA, Mag-SMPLA, and Lig-SMPLA with 20 cycles of loading and unloading. (a) SMPLA, 45 °C, (b) SMPLA, 55 °C. (c) Mag-
SMPLA, 45 °C, (d) Mag-SMPLA, 55 °C. (e) Lig-SMPLA, 45 °C, (f) Lig-SMPLA, 55 °C.
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Fig. 5. 4D printed light-responsive octopus (a) 3D model. (b) 4D printed octopus. (¢) Temporary configuration of the octopus. (c-i) Precisely controlled light-

responsive shape recovery process. (i) 4D printed octopus after shape recovery.

excellent printing performance (Video S1, Fig. S2). Fig. 5c shows the
programmed temporary configuration with the eight curled tentacles of
the octopus opened. By manipulating the irradiation position and irra-
diation time of the light, the recovery of the tiny antennae and the
sequence of their recovery were precisely controlled (Fig. 5c—i). Simi-
larly, the wings of eagles were assigned as folded temporary configu-
rations (Fig. 6). The control of the wing angle can be achieved by
controlling the irradiation time and position of the laser during the re-
covery process. The folded eagle wings were able to return to the
unfolded state, showing outstanding light-responsive shape memory
performance. It only took 2 min 50 s to complete the shape recovery of
the eight tentacles of the octopus and 1 min 11 s to complete the shape
recovery of the wings of the owl. Under light stimulation, the printed
complex configurations underwent progressive and targeted configura-
tion changes, exhibiting precise and convenient controllability.
Supplementary video related to this article can be found at http
s://doi.org/10.1016/j.compositesb.2024.111257

2.3. Multi-responsive actuation

The multi-responsive SMP composites were obtained by combining
Lig-SMPLA (I), SMPLA (II), and Mag-SMPLA (III) (Fig. 7). The straight
multi-responsive SMP composite (configuration 1) was programmed
into a heart-shaped temporary configuration (configuration 2). First, an
alternating magnetic field was applied to the Mag-SMPLA module,
which underwent shape recovery in response to the magnetic field to
obtain configuration 3. Then the SMPLA module was thermally stimu-
lated and configuration 4 was obtained. Finally, the Lig-SMPLA module
was exposed to light, and the Lig-SMPLA module recovered to its initial
configuration. The multi-responsive SMP composite re-exhibited its
configuration 1. Therefore, the SMP composite showed a quadruple
shape memory effect (configuration 1-4), with three programmed

temporary configurations (configuration 2-4).

2.4. Applications

The 4D printed multi-responsive SMP composites achieved highly
controllable programming and deformation, demonstrating attractive
application potential in complex precision devices requiring multiple
tunable configurations. This section showed the broad application
prospects of the multi-responsive SMP composites with examples of
robotic hands, highly programmable metamaterials, and encrypted in-
formation carriers.

2.4.1. Robotic hands

Robotic hands are of great importance in practical engineering as
they can greatly save manpower and improve efficiency, and are espe-
cially important for work scenarios with high-risk factors. The applica-
tion of the 4D printed multi-responsive SMP composites as robotic hands
was demonstrated, which can complete the entire process of lifting and
releasing objects. The working principle of the SMP robotic hands to lift/
release objects is shown in Fig. 8. The Lig-SMPLA and the SMPLA were
combined to obtain a linear-shaped multi-responsive SMP composite
(Fig. 8a). The composite was programmed as two S-shaped robotic
hands with left and right symmetry (Fig. 8b). The SMPLA modules of the
robotic hands were first thermally stimulated and automatically
returned to a “hook” shape (Fig. 8c and d), which can lift the object
(Fig. 8d). Then the Lig-SMPLA modules of the robotic hands were then
stimulated with light, and the robotic hands recovered to their initial
linear shape, which can complete the release of the object (Fig. 8e and f).

Fig. 9 and Video S2 show the SMP robotic hands lifting and releasing
a basket containing a full can of cola, clips, glue sticks, etc. (=350 g) to
simulate the loading/unloading of baskets with various goods in prac-
tical applications. Fig. 9al shows two symmetrical S-shaped robotic
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Fig. 6. 4D printed light-responsive eagle (a) 3D model. (b) 4D printed eagle. (c) Temporary configuration of the eagle. (c-i) Light-responsive shape recovery process.
(i) 4D printed eagle after shape recovery.
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Fig. 7. Selectively programmable multi-responsive shape memory process. The Lig-SMPLA (I), SMPLA (II), and Mag-SMPLA (III) composites showed a quadruple
shape memory effect.
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Fig. 9. The robotic hands lifted and released the basket. (a) The SMPLA modules of the robotic hands underwent shape recovery and the basket was lifted. (b) The
robotic hands can lift and drop the basket (containing a full can of cola, clips, glue sticks, etc.) 20 times without damage. (c) The Lig-SMPLA modules of the robotic
hands underwent shape recovery and the basket was released.

hands in a temporary configuration after programming. First, the modules as load-bearing modules were still in the temporary configu-
SMPLA modules of the left and right robotic hands were actuated under ration without deformation, demonstrating excellent shape fixation
thermal stimulation (Fig. 9a2, 9a3). The downward recovery deforma- performance. The robotic hands can lift and drop the basket for 20 cycles

tion of the robotic hands realized the lifting of the basket (Fig. 9a4), without any damage, further demonstrating the outstanding mechanical
showing excellent mechanical properties. At this time, the Lig-SMPLA properties and shape memory performance (Fig. 9b, Video S2). Then,
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the robotic hands were exposed to light, and the Lig-SMPLA modules
underwent shape recovery, completing the basket release (Fig. 9¢). The
stability of the robotic hands during lifting and releasing was sufficient
to keep the balance of the basket, thus ensuring that various goods
loaded in the container can be transported intact in practical
applications.

Supplementary video related to this article can be found at http
s://doi.org/10.1016/j.compositesb.2024.111257

2.4.2. Encrypted information carrier

In the current fast-moving digital era, information security is
extremely critical for various departments and institutions and has a
significant impact on economic development [30,31]. Therefore, it is of
great importance to break the limitation of traditional manufacturing
technology on the complexity of information codes and to manufacture
novel information carriers for texts and images in a fast and efficient
manner. A novel information carrier with a reliable encryption strategy,
facile manufacturing process, and the ability to deliver diverse infor-
mation was developed using the 4D printed multi-responsive SMP
composites. Different from the traditional binary codes and Morse codes,
the 4D printed multi-responsive SMP composites guaranteed the possi-
bility of preparing complex configurations with high reproducibility.
More importantly, it enabled the encrypted transmission of not only text
information but also image information.

The schematic of the 4D printed multi-responsive SMP composite as
an information carrier for encryption and decryption is shown in Fig. 10.
The 4D printed SMP information carrier consisted of three modules
fabricated by Lig-SMPLA, SMPLA, and Mag-SMPLA. Fig. 10a shows the
initial configuration of the multi-responsive SMP information carrier. By
programming, the temporary configuration was displayed (Fig. 10b) and
the initial configuration was hidden, thus enabling the encryption of
information. When decryption was required, the SMP information car-
rier was selectively actuated by light, thermal, and magnetic field,
respectively. The three modules in the temporary configuration
sequentially recovered to the initial configuration, and the information
decryption was achieved (Fig. 10b-e). Through selective actuation, the
composite can exhibit eight different configurations (multi-shapes),
achieving eight shape memory effects (Fig. 11).

Fig. 12 shows the physical images of the multi-responsive SMP in-
formation carrier and its encryption and decryption process. Two text
messages “10000” and “Gallop” were included in the Lig-SMPLA mod-
ule, while one image message “Horse” was included in the SMPLA
module (Fig. 12a). After programming, only the cluttered square blocks
were presented on the temporarily configured SMP information carrier

Lig-SMPLA
19001

SMPLA Mag-SMPLA

Tl alllleypy
(a)
Programming
Encrypted
(b) information
Light actuation -
A OLHY
(c)
Thermal actuation ="
Ve
(d)

Magnetic' actuation

I YHnYy Traullingpy Decrypted

(e) . information

Fig. 10. Schematic of the 4D printed multi-responsive SMP composites as the
information carrier.
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and the text/image information was hidden (Fig. 12b). The decryption
process was as follows (Fig. 12c—e): first, the encrypted “10000” Lig-
SMPLA module was selectively actuated by light to recover to the
initial configuration, and “10000” was displayed again. Then, the
encrypted “Horse” SMPLA module was selectively actuated by a heat
gun, and the disorganized temporary configuration recovered to the
initial “Horse” configuration. Finally, the encrypted “Gallop” Mag-
SMPLA module was selectively actuated by the magnetic field, and the
“Gallop” information was released. The decryption was completed, and
the recovered configuration was highly consistent with the initial
configuration, proving the outstanding shape recovery performance.
The three modules not only represented their respective information,
but also, interestingly, as a whole, they represented a Chinese idiom -
“tens of thousands of Horses galloping”, which meant thousands of
Horses were running and leaping (Fig. S4). It can also be extended to
describe mass activities with great momentum or enthusiastic scenes.
The selectively programmable actuation and the excellent shape mem-
ory performance of the 4D printed multi-responsive SMP composites
ensured the transmission accuracy and communication security of
encrypted text and image information.

2.4.3. Highly programmable metamaterials

Metamaterials are a class of artificial materials that can exhibit
unique properties that natural materials do not possess. The delicate
design of microstructural units and periodic arrangements of meta-
materials enables the customization of mechanical properties, allowing
them to demonstrate extraordinary potential for applications in aero-
space, biomedical, and other fields [32-36]. The combination of SMPs
and metamaterials enables the programmability of metamaterials in
terms of structure and properties, but their programmability is limited
by the singularity of material responsiveness and actuation methods.
Fortunately, introducing multi-responsive SMPs into metamaterials
combined with region-selective actuation can greatly improve meta-
materials’ designability and programming freedom.

Fig. 13a shows the designed metamaterial structure and geometric
parameters. The metamaterial unit cell consists of a central circular node
and four arc-shaped ligaments, where r/R = 0.429, w/R = 0.571, t/R =
0.571, and a = 7. Fig. 13b-d shows the structures and stress-strain
curves of permanent and programmed temporary configurations of
SMPLA, Mag-SMPLA, and Lig-SMPLA metamaterials. The tensile
strengths of SMPLA PC and SMPLA TC were 1.19 MPa and 2.43 MPa,
respectively, and the elongations at break were 51.1 % and 13.2 %,
respectively. The low strength and high elongation at break of SMPLA
PC were closely related to the metamaterial ligament structure. The arc-
shaped ligaments were gradually straightened during the stretching
process, and the deformation mode was a combination of bending
dominance and stretching dominance. In contrast, the ligaments of the
programmed SMPLA TC were almost straight, and the straight ligaments
were directly stretched with little bending deformation as a cushion,
leading to increased strength and decreased elongation at break. The
stress-strain curves of Mag-SMPLA metamaterials and Lig-SMPLA met-
amaterials before and after programming showed similar trends. The
strength of Mag-SMPLA TC (Mag TC) was slightly higher than that of
Lig-SMPLA TC (Lig TC), which were 2.32 MPa and 2.15 MPa,
respectively.

By preparing multi-responsive SMP composites, the programmability
of metamaterials can be tripled (from one temporary configuration to
three temporary configurations). Fig. 13e shows the Mag-SMPLA + Lig-
SMPLA metamaterial, where two additional programmed temporary
configurations (Mag PC + Lig TC and Mag TC + Lig PC) can be obtained
by selective actuation. Both Mag PC + Lig TC and Mag TC + Lig PC were
a combination of straight ligaments and curved ligaments, thus their
mechanical behaviors were between those of Mag PC + Lig PC and Mag
TC + Lig TC. In the multi-responsive SMP composite, the component in
temporary configuration was the main determinant of the overall
strength of the module. The strength of Mag TC was higher than that of
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Fig. 12. Physical images of the 4D printed multi-responsive SMP composites
information carrier and its encryption and decryption process. (a) Initial
configuration, (b) temporary configuration, and (c-e) decryption process of the
4D printed multi-responsive SMP information carrier.

Lig TC, and accordingly, the strength of Mag TC + Lig PC was also higher
than that of Mag PC + Lig TC. Similarly, the SMPLA and Mag-SMPLA
composite exhibited three programmed temporary configurations
(Fig. 13f). SMPLA TC + Mag TC had the highest strength and lowest
elongation at break; SMPLA PC + Mag PC had the lowest strength and
highest elongation at break; SMPLA PC + Mag TC and SMPLA TC + Mag
PC had intermediate strength and elongation at break. Fig. S3 and Video
S3 show the deformation process of the 4D printed multi-responsive
SMP metamaterials.

Supplementary video related to this article can be found at http
s://doi.org/10.1016/j.compositesb.2024.111257

Fig. 14a shows the 4D printed Mag PC + Lig PC metamaterials, and
Mag TC + Lig TC metamaterials were obtained after programming Mag
PC + Lig PC metamaterials (Fig. 14b). The selective actuation of the 4D

printed Mag TC + Lig TC was demonstrated (Fig. 14c, Video S4). In an
alternating magnetic field, the Mag TC module was selectively actuated
and the ligaments recovered from the straight configuration to the initial
curved configuration (Mag PC + Lig TC). While the Lig TC module
cannot be actuated in the magnetic field and the ligaments remained in
the temporary configuration. When exposed to light, the Lig TC module
was actuated and the Mag PC + Lig PC metamaterial was finally
obtained.

Supplementary video related to this article can be found at http
s://doi.org/10.1016/j.compositesb.2024.111257

Therefore, by combining multi-responsive SMPs with selective
actuation, the programmability of metamaterials can be tripled, thus
greatly improving the design freedom and utilization of metamaterial
devices. The introduction of highly programmable metamaterials into
engineering applications will yield significant economic benefits,
allowing for multiple uses of a single device, and thereby significantly
reducing production costs.

3. Conclusion

Thermal-, magnetic, and light-responsive 4D printed SMP compos-
ites with up to eight shape memory effects were fabricated in a facile
way, which can be adapted to applications requiring more tunable
configurations, greatly broadening the application range of SMP.
Notably, the design and fabrication strategy for 4D printed multi-shape
SMP circumvented the barriers to mass production, representing a
meaningful step in closing the gap between modeling and engineering
applications of 4D printed multi-shape SMP intelligent devices.

The 4D printed multi-responsive SMP composites demonstrated
attractive application potential in flexible robotics, highly programma-
ble metamaterials, and encrypted information carriers. The multi-
responsive SMP robotic hands were able to lift and drop baskets
loaded with various goods 20 times without damage. The programma-
bility of 4D printed multi-responsive SMP metamaterials can be tripled,
significantly improving the design freedom and utilization of meta-
material devices. In addition, 4D printed multi-responsive SMP infor-
mation carriers broke the limitation of traditional manufacturing
technology on the complexity of information encoding and realized
efficient encrypted transmission not only of text information but also of
image information. Due to the advantages of selective programming,
highly controllable deformation, and customized configuration, the
application prospects of multi-responsive SMP composites are not
limited to the above applications, but also have broad application
prospects in electronic sensing, self-assembled structures, aerospace,
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