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Recent Advances in Programmable Shape-morphing of
Stimuli-responsive Hydrogels with Oriented Structure
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Abstract: Stimuli-responsive shape-changing hydrogels can undergo shape transformation upon
environmental changes. Various strategies have recently been successfully developed to achieve multi-mode
and complex shape-morphing by constructing structural anisotropy, thus enhancing material capabilities.
Subsequently, advanced applications of these hydrogels in various fields, such as implantable devices,
smart devices, and soft robots, have been explored. Among the existing shape-morphing mechanisms,
programming oriented structures showcases distinct advantages, particularly in terms of transformation
modes and actuation speed. Based on the latest achievements in the field, we provide a detailed comparison
of the differences between existing strategies, including nanocomposites, aggregation, and chain
orientation, along with their fabrication methods. The mechanisms and effects of these orientation strategies
on programmable shape-morphing are then discussed. Finally, the applications of oriented hydrogels in
soft robotics and bioelectronics are summarized, and future opportunities and challenges are discussed.
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Figure 1 An overview of oriented hydrogel and their
fabrication (Reprinted with permission from Ref. [56];
Copyright 2014 Springer Nature; Reprinted with permission
from Ref. [57]; Copyright 2024 Springer Nature; Reprinted
with permission from Ref. [58]; Copyright 2025 Wiley-VCH;
Reprinted with permission from Ref. [59]; Copyright 2020
Springer Nature)
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Figure 2 Mechanism and Fabrication of polymeric hydrogel with oriented structures. (a) Fabrication of oriented structures

via magnetic field-induced assembly of two-dimensional nanoparticles (Reprinted with permission from Ref. [56]; Copyright

2014 Springer Nature); (b) Fabrication of oriented structures via shear-induced assembly of two-dimensional nanoparticles

(Reprinted with permission from Ref. [64]; Copyright 2024 Wiley-VCH); (c) Fabrication of oriented structures via extrusion-

induced assembly of two-dimensional nanoparticles (Reprinted with permission from Ref. [66]; Copyright 2024 Springer Nature)

LA J 3 B A 53 A (0 B Iv) 22 AL 45 4 (¥ 3b).
AR, BT TEN G A g R 4% ] AR iR 37, i —
BRI AE — M 4P EAEK, £ET
IR FE H UK e BRY BT 9317 I R B8 T2 BRI 7K R
R SRR AL T AL HEER 1 45 e (7, AR R
A E A R ECR B S 30 1 5 2 1% (PEG) (1)
SE 17 2 ALMESE . I Jm K T 2 Wi 7 ) V- SR T A
H B A (NTPAm) B4 I o8 T LI, JFid
T B S ) w6 1 B A H I 5 A R LR W S 7K e
e (P 3e) M. AT, SR FH S 16 4 5 ) 45 B 17 i 45

Foy, 3 H 22 AE K EEIR N S LIE 45, 3 B
BRI )5 PERe. vit, B30 IM ¥ K %% Wang
PR € 1R A R 7 AR R LT (PVA) 15
R T MUK SRS . TEUK e AR K R, UK
i 23 B R T 0 B PVA 43 1, AR A T Bk e
7S 1) s X, A8 [ 5 B (m) ) [N 166 o 1 sk B 1) )
AU, T, IR AR JE K IR AL UL KR
He PR #2075 06 B il |, % © 128 45 4 i PVA K
G E T =R AT R, FIHE RS
7 5 2% W (Hofmeister effect) i — 25 #4581 = 7



1758 o4 F OB R 2025 4F
@ MERER (®)
— B
PPES — kSR
R
7
i) e
©
—— PEGDA
— k& 3HE Ba
K ]
i
K
ERSE ERMPEGIEFLIESR NIPA ERRFLE
(d)
> —>
ERSH L

3 RGBS G M 1) K A2 T B P LB 5 ) 46 AR o (@) 1P VA VR 5 AR i 45 B 45 #491°7) (2012 The Royal Society of
Chemistry R ) (b)) FH R 38 () 55 57 K P T 12 BT B 4 FLAR /NS (2016 Willey-VICH RSALVFAT): (o) 1 ¥4 5 il B
ATV S 4 T M TR 4544171 (2024 Springer Nature FSUEF D) s (d) A2 1194 4 B SR AT 18- 5 901 4 B 10 Mg S0 i 5 177
(2021 Springer Nature B A1)

Figure 3 Orientation mechanism and preparation process of structurally oriented hydrogels. (a) Preparation of oriented
microstructures via directional freezing technology (Reprinted with permission from Ref. [67]; Copyright 2012 The Royal
Society of Chemistry); (b) Regulation of pore size in oriented microstructures through localized hydrophilicity/hydrophobicity
control (Reprinted with permission from Ref. [68]; Copyright 2016 Wiley-VCH); (¢) Construction of oriented structures by
directional freezing-assisted salting-out-induced network orientation (Reprinted with permission from Ref. [71]; Copyright 2024
Springer Nature); (d) Fabrication of oriented structures via freezing-assisted salting-out technology (Reprinted with permission
from Ref. [73]; Copyright 2021 Springer Nature)
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Figure 4 Mechanism and fabrication of polymeric hydrogel with oriented chains. (a) Human skeletal muscle structure and

hetero-network aligned organohydrogel (Reprinted with permission from Ref. [79]; Copyright 2023 Wiley-VCH); (b) Mechanical

training assisted in aligning chains and the strategy for fabricating oriented hydrogels via secondary polymerization (Reprinted

with permission from Ref. [80]; Copyright 2025 Springer Nature); (c) Realization of oriented chains via supramolecular

interactions and dynamic covalent bonding
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Figure 5 Impact of structurally orientation on shape-morphing. (a) Anisotropic shape-morphing of structurally oriented

hydrogels (Reprinted with permission from Ref. [59]; Copyright 2020 Springer Nature); (b) Multi-dimensional shape-morphing

of electrically-programmed hydrogels (Reprinted with permission from Ref. [84]; Copyright 2020 Wiley-VCH); (c) Illustration

showing the fabrication of programmed oriented structure via photo-polymerization®®; (d) Multi-dimensional shape-morphing of

photo-programmed hydrogels (Reprinted with permission from Ref. [59]; Copyright 2020 Springer Nature)
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Figure 6 Impact of chain oriented structures on shape-morphing. (a) Anisotropic shape-morphing of structurally oriented
hydrogels; (b) The anisotropic shape-morphing of chain oriented hydrogels; (c¢) The shape-morphing mechanism of structurally
oriented hydrogels (Reprinted with permission from Ref. [85]; Copyright 2023 Springer Nature); (d) FFE based shape-
shifting kinetics; (d) Monomer precursors; (e) The stress-coupling state between deswelling stress and elastic recovery stress;
(f) Shape-morphing kinetics; (g) Shape-morphing processes of positive and negative shape-morphing (Reprinted with permission
from Ref. [86]; Copyright 2024 Springer Nature)
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Figure 7 Re-programmable shape-morphing of chain oriented hydrogel. (a) Fabrication of chain oriented hydrogel with ion-

responsiveness; (b) Anisotropic shape-morphing of ion-responsive hydrogels; (c) Re-programmable shape-morphing of ion-

responsive hydrogels (Reprinted with permission from Ref. [87]; Copyright 2022 American Chemistry Society); (d) Programming

mechanism of chain oriented hydrogel with thermo-responsiveness; () Re-programmable shape-morphing of thermo-responsive
hydrogel (Reprinted with permission from Ref. [88]; Copyright 2020 Wiley-VCH)
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Figure 8 Impact of oriented structure on the actuating speed of hydrogels. (a) Ultrafast shape-morphing of structurally oriented

hydrogels upon multi-stimulus (Reprinted with permission from Ref. [57]; Copyright 2024 Springer Nature); (b) Illustration

showing the fabrication and shape-morphing mechanism of dynamic covalent bond-based chain-oriented hydrogels

[81].

(c) Illustration showing the fast shape-morphing of chain-oriented hydrogelslgl]; (d) Actuating kinetic comparison of chain-

oriented hydrogels and typical bilayer hydrogels®®!l; (¢) Shape-morphing comparison of chain-oriented hydrogels and typical

bilayer hydrogels under oil environment (Reprinted with permission from Ref. [81]; Copyright 2023 Springer Nature)
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Figure 9 Effect of oriented structure on hydrogel energy output. (a) Preparation of mineralized wood-based hydrogel[89]; (b) Tensile
strain curve of mineralized wood-based hydrogel (Reprinted with permission from Ref. [89]; Copyright 2021 Wiley-VCH);
(¢) Orientation process of PNIPAm polymer chains in oil-water gel system!”); (d) Tensile strain curve of gel containing oriented

structure, schematic of isometric model testing apparatus, and comparison of tensile ranges between oriented gel and other gels

(Reprinted with permission from Ref. [79]; Copyright 2022 Wiley-VCH)
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