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Abstract
Mimicking natural botanical/zoological systems has revolutionarily inspired four-
dimensional (4D) hydrogel robotics, interactive actuators/machines, automatic 
biomedical devices, and self-adaptive photonics. The controllable high-freedom 
shape reconfiguration holds the key to satisfying the ever-increasing demands. 
However, miniaturized biocompatible 4D hydrogels remain rigorously stifled due to 
current approach/material limits. In this research, we spatiotemporally program micro/
nano (μ/n) hydrogels through a heterojunction geometric strategy in femtosecond 
laser direct writing (fsLDW). Polyethylene incorporated N-isopropylacrylamide 
as programmable interactive materials here. Dynamic chiral torsion, site-specific 
mutation, anisotropic deformation, selective structural coloration of hydrogel 
nanowire, and spontaneous self-repairing as reusable μ/n robotics were identified. 
Hydrogel-materialized monolayer nanowires operate as the most fundamental 
block at nanometric accuracy to promise high freedom reconfiguration and high 
force-to-weight ratio/bending curvature under tight topological control. Taking use 
of this biomimetic fsLDW, we spatiotemporally constructed several in/out-plane self-
driven hydrogel grippers, diverse 2D-to-3D transforming from the same monolayer 
shape, responsive photonic crystal, and self-clenched fists at μ/n scale. Predictably, the 
geometry-modulable hydrogels would open new access to massively-reproducible 
robotics, actuators/sensors for microenvironments, or lab-on-chip devices.

Keywords: Interactive hydrogel; Heterojunction nanostructures; Spatiotemporal 
programming; Chiral torsion; High freedom

1. Introduction
Shape-reconfigurable materials have evolved ubiquitously in the nature, encompassing 
the living organism, plants, muscles, and peristaltic cells, featuring high-strength, and 
multi-dimensional shape reconfiguration over its long history[1]. For instance, plants 
utilize water-sorption-to-desorption for morphogenesis, and a blooming flower changes 
its petals curvature in a few hours or days[2]. Flytrap snaps at ultrafast speed to switch its 
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curvature by releasing turgor across the leaf[3]. Antheraea 
pernyi silk fiber contracts and combines amorphous 
silk fibers, which spin into crystallization for tough silk 
fibers. Shape-reconfigurable materials have inspired 
intensive effort in bioscience[4], automatic robots/organ 
regeneration[5], self-deployed components/actuators[6,7], 
and even self-adaptive optics/photonics[8] without joints or 
hinges. The self-driven structural reorganization becomes a 
new frontier of current four-dimensional (4D) prototyping 
and manufacturing.

Soft-interactive hydrogels[9] have been regarded as 
the most promising self-driven robotics[10], which render 
stationary three-dimensional (3D) structures with 
morphological mutation[11] by small loads of stimuli, 
possessing desirable ductility, biocompatibility, optical 
clarity, lightweight, and easy synthesis (Table S1)[12-16]. 
To date, our literature review confirms several pioneered 
hydrogel artificial grippers[12], self-perspiring actuators[13,14], 
deployable cages or scaffolds[15,16], drug delivery[17], tissue 
regeneration[5], adaptive optics/photonics[8], simple 
microrobot collector[19], and soft machines[20,21]. However, 
there are some intrinsic bottlenecks of massively applying 
hydrogels originating from their sluggish expansion 
or poor controllability in direction/stiffness[22,23] due to 
the isotropic shape reconfiguration. Macroscopic 4D 
biomimetic hydrogels using inks are still at an early stage 
and are physically inaccessible to microenvironments of 
lab-on-chip devices[24], microbiological tissues (blood 
vessel, capillary, or artery)[25], or micro/nano (μ/n) 
electromechanical systems because of bulky volume and 
poor volumetric programming resolution. Therefore, it is 
strategically important for miniaturizing the self-driven 4D 
hydrogels at high resolution and high shape controllability 
to develop embedded bio-applications.

The last decade witnessed significant strides in two-
photon polymerization (TPP)[26,27] toward on-demand 
4D μ/n applications. Despite the progress, high-freedom 
shape reconfigurations remain a formidable prerequisite 
for practical robotics. The intensively-used stress-releasing 
method[28] generates only unidirectional deformations 
without resilience. TPP fabrication of compound 
machines[15,18] necessitates tedious preparation/scanning 
steps, increasing time/material cost to hinder producibility. 
Unfortunately, weak interfacial coupling between multi-
layers leads to mechanical mismatch and low strengths. 
To substantially overcome these limitations, we upgrade 
the shape controllability (Figure  1) by monolayer 
heterojunction scanning for biomimetic reversible multi-
dimensional shape reconfiguration. Here, the conventional 
femtosecond laser direct writing (fsLDW) procedure was 
facilitated by incorporating hydrogel-nature materials[29-33], 

and as obtained, became enabled to trigger a series 
of versatile high-freedom 4D behaviors at nanometer 
accuracy.

Herein, triallyl isocyanurate (TAIC), a biocompatible 
crosslinking agent, strengthens the polymeric 
bonding between extender N-isopropylacrylamide 
(NIPAM)[34,35] and polyethylene glycol-diacrylate 
(PEG-DA)[24,33] (Figure S1) due to their desirable 
miscibility. The monolayer nanostructured interactive 
hydrogels (MNIHs) were a composite network of NIPAM/
PEG showing amphiphilicity, enhanced responsiveness, 
and desirable structural integrity. A cationic photoinitiator 
(methylene blue[36], MB, a derivative of phenothiazine with 
a high photon absorption ratio[37]) triggers the confined 
two-photon polymerization (TPP)[27] in a sub-micrometer 
laser-focus voxel (Videoclip S1) at tunable optical 
parameters (Table S2). MNIHs featured hierarchical 
polymeric degrees, succeeding in harnessing tunable 
mechanics[38,39] at high-order directions much better than 
the reported isotropic PNIPAM hydrogels. Our home-built 
mask-free transfer-free fsLDW system[40,41] fully utilized 
the hydrogel’s properties[42-45] owing to higher-complexity 
shape morphing function at ultrafine resolution. fsLDW-
fabricated MNIHs exhibited self-driven high freedom 
contraction, torsional twisting, reverse distortion, large-
angle rotations, directional gripping, and structural 
coloration, and allowed researchers to select stimuli. 
Some physically-damaged MNIHs recovered themselves 
like having self-consciousness, ensuring long-term use 
for extreme conditions. To simplify the discussion, all 
hydrogels at μ/n footprint were rapidly prepared using 
fsLDW, and referred to as MNIH.

2. Materials and methods
2.1. Precursor preparation

As illustrated in Figure S1, NIPAM (C6H11NO, 0.6696 mg, 
99.99+% purity, Mw = 113.16, extender), PEG-DA 
((C3H3O).(C2H4O)n.(C3H3O), 1.8  mL, 99.999+% purity, 
Mw = 700, crosslinker) were added to potassium persulfate 
(K2S2O8, 0.001  mg, Mw = 270.32) for a room-condition 
pre-polymerization. Subsequently, TAIC (C12H15N3O3, 
Mw = 249.27, a crosslinking agent, 0.04 mg) was ground and 
added into the mixture with MC (C16H18ClN3S), and then 
vortexed and sonicated to homogenous precursor; sediment 
was removed before fsLDW (Figure S1). The precursor-
containing materials were obtained commercially and 
used without further purification.

2.2. Morphological characterization

The indium tin oxide (ITO)-coated glasses operated as the 
substrates for the as-fabricated MNIHs, which provided a 
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conductive background for scanning electron microscopy 
(SEM) images or secondary-electron images. Besides the 
Olympus digital microscopes, 3D micrographs of the 
shape-reconfigured MNIHs were achieved by utilizing a 
laser scanning confocal microscope (LSCM, VK-X1000, 
Keyence) to digitally reconstruct the sample profile at 
nanometer accuracy (shown in Supplementary File). 
Geometric parameters were figured out by the Keyence 
analysis software.

2.3. Two-photon polymerization

TPP was done by a femtosecond laser system on isolating 
optical platform to realize monolayer heterojunction 
hydrogel. The laser system contained Ti:  sapphire 
laser (density of optical power ranges from 2 to 
20 mW/µm−2). A  2D galvanometer cooperated with one 
longitudinal translation platform to realize 3D trajectories 
(Videoclip S1). A  self-developed analysis software 
converted stereolithography file (STL) of models into 
structure data and directed the movement of laser focus. 
The focused oil objective provided ultra-precise feature 
sizes down to 180 nm confined inside the laser focus voxel 
using the hydrogel-nature precursors.

2.4. Thermogravimetric analysis (TGA)

We conducted TGA to estimate the dynamic solvent 
retention of MNIHs affected by temperature. The TGA 
analyzer (Q500, TA Instruments) adjusted the ambient 
temperature inside the chamber at the vacuum degree of 
100 torr. The pure PEG-DA hydrogel was compared with 

the composite MNIHs here. The equipped precise scale 
reflected the mass changes at a resolution of <0.1 μg. Solvents 
inside fully-swelled MNIHs were gradually evaporated in 
TGA tests when the ambient temperature increased at a step 
of 5°C/min at the range of 30°C – 60°C by infrared heating. 
The relative mass loss was calculated at (minitial-mreal)/minitial 
to reflect the water retention of MNIHs. The dehydration 
speed of water was calculated by differential operation on 
mass loss along time.

2.5. Cell cytotoxicity tests

The as-fabricated MNIH samples (one PC sample and one 
hollow scaffold) were first disinfected and then added cell 
culture medium placed in a non-dust room. The used cell 
culture medium contained small ratios of amino acids, 
glucose, vitamins, and trace elements for fibroblast cell’s 
survival and reproduction. A  fluorescence microscope 
(Nikon Ti-U) reflected and summarized the cell activities 
over two weekends as experimental verification of 
cytocompatibility. The viability of fibroblasts was examined 
using the live-dead assay kit (Abcam, ab115347), and the 
ratios of live/dead cells were calculated with Image J.

2.6. Optical spectroscopic investigation

To interpret the process of TPP-induced molecular 
linking, we conducted Fourier-transform infrared (FTIR) 
spectroscopic observation on MNIHs and precursor 
material compositions. The FTIR spectra were read by 
Nicolet ™ nexus670 to reflect the molecule structural 
transfer. Another optical spectrograph (SCT-320, 

Figure 1. The schematic flowchart begins with facile preparation of homogeneous responsive precursors (mixed PEG-DA, NIPAM, MB, and TAIC in 
polyethylene glycol), followed by a biomimetic femtosecond laser direct writing method scanning at a pre-designed path to generate high-fidelity function-
controllable monolayer nanostructured interactive hydrogels (MNIHs), subsequently, the residual precursor solution was rinsed off, and MNIHs were 
loaded stimuli for high-kinematic shape reconfiguration
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Princeton) was used to detect the transmission/reflection 
spectra of each PC sequentially for coloration at a resolution 
of 0.2  nm. All optical observation or CCD profiling was 
done by the digital microscope terminal of the laser system 
(X81, Olympus).

2.7. Micromechanics test

In this case, a micromechanics tester (FT-MTA02) from 
FemtoTools measured MNIH samples at the vertical and 
horizontal axes to detect stiffness/Young’s modulus, cohesive 
behavior, and output force amplitude. The equipped 
Tungsten probe, which records the generated compressive 
and tensile force, was waterproof for contacting with 
solvents at a micrometer tip radius (a fraction of 2 µm).

3. Results and discussion
The self-driven high-freedom MNIHs combined with 
edgy femtosecond laser fabrication technique and 
advanced material sciences were studied via necessary 
characterization methods here. Surficial functional 
groups of MNIH matrix spontaneously perceived stimuli, 
interacted with organic matters or ions for diffusion, or 
were remotely activated by light/heat radiation to transfer 
heat. First, we freeze-dried a cantilever beam to observe 
molecular-chain conformation. The linked network 
exhibited an interlaced, bumpy, nanofibrous tangled 
conformation (Figure 2) instead of a stereotypical porous 
network of hydrothermal synthesized PNIPAM, offering 
a sizeable contact area to load stimuli. Subsequently, we 
conducted FTIR spectroscopic observation (Figure 2B, laser 
wavelength 532 nm, optical power 1 mW, and wavenumber 
range from 500 to 4000 cm-1) to deduct molecular 
structural transferring. MNIH spectrum contained the 
absorption peaks of amide bond (C=O at 1654.2 cm-1, 
N-H at 1560.1 cm-1) from NIPAM, accompanied by ester 
structure of PEG-DA (C-O at 1160.2 cm-1). It could be 
understood that MNIH was crosslinked by NIPAM and 
PEG-DA in pre-polymerization and TPP.

In situ micromechanics measurements (using 
FT-MTA02, FemtoTools, with 2-µm radius tungsten 
probes and capacitive force sensor were used in the loading/
unloading process at 5 nN resolution, Figure 2C) elucidated 
the MNIHs’ elasticity, guaranteeing structural integrity 
during violent mutation, which was pivotal to addressing 
challenges in bio-interconnects and soft machines/robots. 
We further identified the generated internal stress, stiffness, 
and adhesion by circles of penetrating-in (compressive) 
and pulling-out (tensile) operations. Stiffness of swelled 
MNIHs (<300 N/m) increased to >4,000 N/m after drying, 
implying tunable Young’s modulus range[38,39] (from <10 
MPa immersed in ethanol to >55 MPa after dehydration, 
Figure S3) well-suited for device-level applications. The 

force-to-weight ratio exceeded 1000  N/mg tested on 
MNIHs. The relation of stress (load force) and displacement 
exclusively presented variable hysteresis loops, validating 
that MNIHs had at least two metastable phases while 
interacting with stimuli.

Hydrophilicity/hydrophobicity switch of pure NIPAM 
happened at its lower at the lower critical solution 
temperature (LCSTNIPAM=32.4°C, Figures S4 and S5)[21], 
however, the hydrophilicity/hydrophobicity switch of MNIH 
extended to more broad 30 – 42°C zone[21]. In addition, 
amphiphilicity of PEG-DA[24] offered another privilege 
to interact with oils, acrylates, and organic polar 
solvents (such as DMSO, and IPA.), far beyond the 
single water/humidity for shape mutation (Figure  2D). 
Subsequently, based on the experiment, we concluded 
that the material ratio affected the water-contact angle 
(Figure  2E) noticeably, and the contact angle declined 
in the order of 63.35°→56.49°→46.25°→37.87°, which 
was ascribed to the increased NIPAM: PEG-DA ratio in 
the order of 0.5:1→1:1→2:1→3:1. In the respect to shape 
reconfiguration, we numerically investigated a model on 
cantilever beam shape through finite element framework 
(Figures 2F and S6), 3D stress distribution confirmed that 
the interconnecting arm released the mechanical energy 
accumulated from the intermolecular force, and the 
fixation pads bore the maximum residual stress, matching 
with the beam’s upward humping as described in SEM 
images (Figure 2F).

To meticulously regulate the spontaneous interaction 
between MNIHs and stimuli, we introduced a monolayer 
heterojunction nanostructure (Figure  3) based on 
nanowires (NWs) by our high-precision laser scanning 
method[40], modulating NWs’ interspacing and line 
width. After polymerization, the solidified NWs worked 
as a skeleton, and the loosely-linked interspacing 
provided unfolding space and a large quantity of 
survived functional groups. NWs connected each other 
through interspacing, forming a high-quality monolayer 
hierarchical heterojunction at tight topological control. 
After simplifying the scanning path, we succeeded 
in manipulating the μ/n-scale mutation behaviors to 
break the freedom constraints of conventional methods 
(Videoclips S2 and S3). The first evidence, a transparent 
“bracelet” (Figure 3A) with a horizontal expansion >120%, 
lateral growth <8%, a longitudinal expansion >110%, and 
a curvature radius of 32 μm, was reversely constructed 
from a simple monolayer planar MNIH (dimensions of 
30 × 150 × 4 μm3).

Beyond this common conformal bending/extension, 
the unique chiral torsional spirochete, which received ever-
increasing attention recently, was facilely reconstructed. 
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We intentionally tilted the scanning direction (Figure 3B) 
in forming the same planar, which transformed into a 
spirochete, rotated at three turns, otherwise, opened, 
and restored to its original shape as a chiral torsion 
(Videoclip S2) in an oblique view and optical microscope 
images. Mechanics tests found the lateral swelling force 
exceeding 10 N at a small footprint area of 50 × 500 μm2, 
repeated deformation manifested a slight deviation of 
smaller than 5% in bending angle of 1080°, and the rotation 
torsional moment by mechanics test reached 5 N·μm. 
Consequently, monolayer design realized complex chiral 
torsion much easier than those tedious reciprocating 
scanning strategies, showcasing no mechanical mismatch 
or breaking.

To spatiotemporally program reconfiguration at 
specific sites, we accurately manipulated a buckling 
action by varying NWs’ density at segmented regions. 
Low-density regions preferentially buckled upward 

due to unfoldable space (Figure S7, the buckled area 
elevated over 7 μm at altitude). The compact area was 
anchored on the substrate and coordinated with the 
smoothly crosslinked area to regulate the buckling duty 
cycle, forming a freestanding arch bridge landscape 
(Figure  3F1 and F2). In 3D micrographs, the loose 
interspacing region buckled out-plane and was evidenced 
by laser scanning confocal microscopy (LSCM, LEXT 
OLS5000™, Olympus) cross-sectional view to evaluate 
profile at sub wavelength accuracy. The as-demonstrated 
reversible 2D-to-3D transforming geometries at different 
freedom or positions all started from the same planar 
shape.

Holding or gripping motion meant an indispensable 
function in microfluidics applications or intravascular 
surgery[12,46]. For creating monolayer biomimetic hands or 
grippers, we divided MNIH structural design accordingly, 
scanning at different directions and densities. As seen in 

Figure 2. (A) Inset figures display the laser-scanned cantilevers equilibrium, swelled and dried respectively. The zoomed-in SEM image exhibited an 
intertwined 3D matrix. (B) Normalized FTIR spectra of precursor compositions and MNIHs, where PEG-DA spectrum displayed =C-H stretching 
vibration (2970.1 cm-1), a strong absorbing spectrum of ester bond C=O (1728.9 cm-1). NIPAM spectrum manifested the stretching vibration of N-H 
in acylamino (3283.2 cm-1), C-H deformation vibration, and a stretching vibrational peak of C-O in ester (1367.5 cm-1). (C) Inset illustration shows 
mechanical tests on the nano-indentation principle, and the representative hysteresis loops imply the elasticity of hydrogel nature, which changes the loop 
shape at different states. (D) The swelling ratios of MNIH absorbed different chemicals. (E) Dynamic water contact angles on the surfaces at varied material 
ratios. (F) Inset SEM images show a hydrogel cantilever standing out from the substrate. 3D illustrations are finite element calculations to verify the shape-
morphing trends and stress, matching the practical results

A B

C D

E F
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SEM images of dexterous five-finger palms (Figure  3D), 
the thumb spontaneously bent at the horizontal axis, and 
the other fingers bent following until finally clenched 
into a fist by gradient heating. Then, we programmed a 
dynamic apricot flower-mimic MNIH (Figure 3E), where 
six petals were scanned in a tangent direction accordingly. 
Therefore, all petals bent out-plane orientating to the same 
center under stimuli without compound layers, and the 
closure action represented an out-plane gripper readily for 

capturing tiny particles or cells. With more rational designs, 
fsLDW certainly promised more highly-directional out-
plane mutation for gripping function.

To optimize local shape-programmability, we proposed 
a gear teeth-like geometry to the design, which generated 
asymmetric distribution of intermolecular force along the 
gripper’s arm for higher-degree controllability in bending 
degree. The fsLDW’s flexibility allowed to change the 

Figure 3. The accumulated intermolecular force realized higher freedom responsiveness. (A1 and A2) Here, a series of CCD photographs show that MNIH 
transformed into a “bracelet” shape that brook the constraint at the x-y plane. The scale bar is 50 μm. (B1 and B2) Titling-nanowires made MNIH crimp 
into a dynamic chiral torsion at three turns reversely. (C1 and C2) A specific-sited landscape like an arch bridge self-buckled up from the same planar shape 
with (A) and (B) (but with different densities) due to uneven swelling degrees in an ethanol/water solution. (D) SEM images of as-prepared four hand-
mimic MNIHs curling into a clenched fist by heating without water or liquid. (E) A heat-depended flower-mimic MNIHs, acting like a sensitive mimosa. 
The scale bar in (D) and (E) is 50 μm. (F1, and F2) Models and SEM images of an in-plane griper-mimic MNIH bent at a C shape. The scale bar is 50 μm. 
(G1-G3) Another soft-interactive gripper with a pair of S-shaped arms. The scale bar of CCD micrographs is 50 μm

A1 A2

B2

C2

B1

C1

F1 F2

G1 G2 G3

ED
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number and location of the gear teeth structures, promising 
a novel ability to choose the stimuli interaction type beyond 
4D programmability. The as-fabricated gripper MNIH 
bent its arms with asymmetric gear teeth from a typical 
C-arm (Figure 3F2 and Video clip S3) to a higher-freedom 
S-arm (Figure 3G1-G3, the arm bent in shifting directions 
to form S-shape closure/opening actions). Noticeably, we 
not only modified the arm bending configuration, but 
also selected the actuation conditions simultaneously 
as observed. C-armed gripper (Figure  3F2) was closed 
by absorbing solvent, and in contrast, the S-arm gripper 
(Figure  3G2 and G3) opened under the same condition, 
and was closed by evaporating solvent. Therefore, the gear 
teeth arrangement allowed MNIHs to select actuation 
stimuli, bringing the simple shape-reconfiguration to a 
higher level.

After investigations were done considering MNIHs as 
mechanically-interconnect devices, we identified the shape 
reconfiguration of the nanometric unit, NWs, which was 
the cornerstone for reprogrammed behavior (Figure 4). As 
described, TPP provided sub-200 nm line width and sub-
10 nm surficial roughness (Figure S8) of NWs to exceed 
the optical diffraction limits[8,41], therefore promising 
novel hydrogel-nature photonic crystal applications based 
on nanowire structure. We separated NWs (without 
interconnection) for interactive PCs with gradient 
structure coloration. A  riot of tunable coloration was 
realized for micro-scale anti-counterfeiting marks, optical 
information storage, or display (Figures 1, 4A and B). Their 
periodic structure became dynamic because hydrogel 
NWs slightly swelled or shrunk to modulate its dielectric 
constant difference by the changeable solvent retention, 
tuning the photonic band gap[40,47] as multi-stage photon 
filters.

We further found a light-deformable ability of the PEG/
NIPAM/TAIC network inside MNIHs, which modulated 
the local internal stress like photon-active muscles” for 
clarity. The remote laser-irradiated local region thermally 
expanded according to the applied light. As evidence, 
a fabricated free-standing frog-mimicking MNIH 
(dimension <100 × 100 × 40 μm3) became photoactive[48] 
but without liquid crystal elastomer (Figure S9), showing 
the hybrid PEG/NIPAM/TAIC network as alternative 
photon-active materials. Photon-thermal conversion 
redistributed the swelling-induced stress of the frog head, 
making the frog nod continuously (Videoclip S4) at a 
frequency and amplitude relying on the laser radiation 
without fatigue over 104 actuation cycles.

In potential bio-chip applications[49] such as 
medical theranostics, or regenerative engineering, the 
biocompatibility and human-friendliness of using MNIHs 

are matters of concern[50,51]. To verify cytotoxicity, the 
as-prepared MNIH samples were rinsed, disinfected, 
and loaded with fibroblasts for viability evaluations 
with the live-dead assay kit. Fluorescence microscopy 
images reflected the cell-culturing activities on MNIHs. 
Fibroblasts[51] spread (stained in green, Figure  4C) 
throughout the surfaces of the MNIHs with desirable 
adhesion. The constantly-high cell viability values across 
the entire culture period (Figure 4B, >97.55%) suggested 
the availability of MNIHs as implantable bio-robotics or 
medical care.

For actual usage, we need to investigate the self-
repairing[52-58] ability under extreme conditions. As known, 
hydrogel nature bestowed MNIHs with an impact/shock-
absorbing ability superior to those non-deformable 
constructs, as plastic or metal structures were usually 
decomposed into pieces if being deformed. To check this 
ability in room conditions, we implemented a series of 
damage experiments on MNIHs. After being intentionally 
poked or squeezed by externally-applied forces, MNIHs 
would not disintegrate, instead, these damaged MNIHs 
spontaneously recovered (Figure  4F and G, the small 
organic molecules PEG-400 penetrated MNIH as a mobile 
nano binder to automatically stitch up wounds), displaying 
self-repairing function under harsh environments such as 
accidental shock or destruction. For instance, a micro-
structured “broken heart” MNIH (Figure  4F) self-fixed 
itself after an intentional distortion caused by squeezing 
with the use of a hard tweezer. The “broken heart” MNIH 
self-repaired and returned to the pre-designed symmetrical 
shape simply by absorbing PEG-400 molecules (structural 
similarity over 90%, Video clip S5), and avoided turning 
into waste after accidental damage. The reconstructed 
stiffness/Young’s modulus reached over 70% of the initial 
state. Beneficially, no tedious surgical operation/diagnosis, 
fixation, or tools were necessary through the self-repairing 
process.

To in-depth verify the recovering ability, we forcibly 
poked an MNIH woodpile using a sharp needle, leaving 
behind two through holes. Strikingly, the physically-
damaged hole absorbed PEG-400 molecules, and 
regenerated the pre-designed woodpile structure 
without guidance, showcasing a typical shape-memory 
characteristic. As shown, the damaged area exposed more 
functional groups to capture organic (PEG-400) molecules 
than the other areas. The strength of the intermolecular 
interaction between binder and MNIHs determined the 
recovered strength. As confirmed, MNIHs possessed 
shape-memory characteristics, enabling the recovery 
process to happen toward the initial design, not to an 
amorphous form.
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4. Conclusions
Based on the investigation described in the above, we first 
confirmed that the monolayer heterojunction scanning 
strategy promised an unimaginable capacity of μ/n 
scale, high-controllable shape reconfiguration for actual 
requirements. Then, this method exhibited superior 
advantages over the orthodox 3D printing in a few aspects:

(i)	 Basically, the flexible fsLDW incorporating 
interactives hydrogels inherited the materials’ potential 
(amphipathic, soft mechanics, self-adaptiveness to 

small loads of stimuli), and maximized it substantially 
at nanometer precision. As exhibited, the reverse 
molecular interaction and the resultant stretching 
and contracting all become tunable at the basic unit 
of single nanowires (the most precise programming 
unit at least three-order smaller than the reported 
3D-printed robotics) for the first time.

(ii)	 Subsequently, multiple reconfigurations in one 
starting shape now became accessible by proper 
design, which promised more mechanical mutations 
to μ/n robotics for complex functions. Many other 

Figure 4. (A) Tunable photon filtering from a white light source using the MNIH PCs, color shifted as the CCD images. (B) The visibly-highlighted 
structural coloration and transmission spectra of PCs, and spectral characters matched well with the microscale footprint coloration. (C) Phase image, 
fluorescence image, and merged image of the tested MNIHs in cell cytotoxicity test. Sample 1 was a single-layer PC, and sample 2 was an array of 
hollow hexahedrons, where the pencil-shape fibroblast cells were crawling on hydrogel block. (D) Cell viability summary of Figure 3C across 1 week on 
MNIHs. Both samples maintained cell viability ratio of over 95%. (E) The mechanism of self-assembling PEG molecules for repairing damaged fissures. 
(F) An impaired heart-shaped MNIH self-recovered to its initial symmetric shape. (G) A poked hole in planar MNIHs absorbed PEG-400 molecules to 
reconstruct the damaged areas, confirming the highly-valuable autonomic repairing process. (H) A similar self-healing process could be found in other 
mechanically-damaged flower-shaped MNIHs with the aid of PEG-400
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biomimetic features were realized or systematically 
integrated on-chip through our method with better 
chiral torsion, gripping, or smart photonics as 
demonstrated.

(iii)	Furthermore, the satisfactory cytocompatibility and 
cell-adhesive properties are ascribed to the hydrogel 
nature of the PEG and NIPAM in the composite 
network. The measured cell viability and desirable 
adhesion behavior proved MNIHs’ readiness 
for the increasing market of bio-environmental 
applications.

(iv)	 Experiments confirmed the molecule-level interaction 
is self-driven without any batteries, electric motors, 
or pneumatic systems. The non-covalent effect 
underneath interaction leads to a revolutionary μ/n 
scale transformation between mechanical energy and 
chemical energy.

(v)	 Moreover, we unexpectedly found that the impaired 
MNIHs automatically recovered to initial shape 
like having self-consciousness without an in-built 
diagnosis or sensing parts, implying desirable device 
longevity in exposure to the outside-applied impact, 
which outperformed the existing robots or 3D-printed 
products which could turn into waste if deformed or 
broken.

In a nutshell, we proposed a novel, ultrafast laser 
4D bioprinting method. For verification, we designed, 
fabricated, and identified the versatility of the programmed 
interactive μ/n scale hydrogels. The release principle and 
biomimetic ability lay a solid foundation for innovative 
development of hydrogels. The as-exhibited self-driven 
grippers/artificial hands, photon filters, and transformers 
exclusively exhibited high shape programmability, high 
biocompatibility, and high fatigue resistance in the absence 
of troublesome mechanical mismatching issues of the 
previous dual/tri-layer design.
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