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1. Introduction

Untethered micromachines capable of navigating through bio-
logical spaces are promising candidates for minimally invasive 
surgery,[1] imaging-guided delivery,[2] sensing,[3] and targeted 
therapy applications.[4] Despite tremendous progress in the 

Micromachines with high environmental adaptability have the potential to 
deliver targeted drugs in complex biological networks, such as digestive, 
neural, and vascular networks. However, the low processing efficiency and 
single processing material of current 4D printing methods often limit the 
development and application of shape-morphing micromachines (SMMs). 
Here, two 4D printing strategies are proposed to fabricate SMMs with pH-
responsive hydrogels for complex micro-networks traversing. On the one hand, 
the 3D vortex light single exposure technique can rapidly fabricate a tubular 
SMM with controllable size and geometry within 0.1 s. On the other hand, the 
asymmetric multimaterial direct laser writing (DLW) method is used to fabri-
cate SMMs with designable 3D structures composed of hydrogel and platinum 
nanoparticles (Pt NPs). Based on the presence of ferroferric oxide (Fe3O4) and 
Pt NPs in the SMMs, efficient magnetic, bubble, and hybrid propulsion modes 
are achieved. Finally, it is demonstrated that the spatial shape conversion capa-
bilities of these SMMs can be used for narrow micronetworks traversing, which 
will find potential applications in targeted cargo delivery in microcapillaries.

ReseaRch aRticle

fabrication, actuation, and functionaliza-
tion of micromachines, realizing the appli-
cations of micromachines in a living body 
remains challenging.[5] Due to the existence 
of a large number of intricate networks in 
living organisms, such as blood vessels, 
neural networks, and digestive networks 
(especially for capillaries and venules 
of ≈5–10[6] and ≈10–30 µm[7]), microma-
chines with shape-morphing capability 
possess the promising potential to adapt 
to these complex micronetworks for a spe-
cific application. Based on the small size 
and controllable shape transformation, 
shape-morphing micromachines (SMMs) 
are expected to noninvasively access con-
fined and sensitive regions inside creature 
bodies, thus revolutionizing diverse bio-
medical fields.

Recently, a variety of intelligent SMMs 
that can morph into multiple conforma-
tions under various forms of stimuli, 

including chemical molecules,[8] magnetic fields,[9] and light[10] 
have been developed. The unique deformability has promoted 
the widespread applications of SMMs in dynamically tun-
able micro-optics,[11] targeted delivery,[12] and cargo microma-
nipulation.[13] Although various micromachines have been 
integrated with stimulus-responsive characteristics to obtain 
impressive environmental adaptability, most of them need a 
multistep 2D manufacturing process to realize the patterning 
of heterogeneous stimulus-responsive materials.[14] As a high-
precision and true 3D processing method, direct laser writing 
(DLW) and its holographic extension exposure have become 
a promising candidate for programing various materials[15] 
and realizing various microstructures,[16–17] such as microscale 
grippers,[13b] cage-like,[16] tubular,[17] and chiral structures.[18] 
4D printed microfish and microgripper have been proposed 
for precise drug release[5b] and microparticle capture.[13b] 
However, current DLW-based 4D printing remains problem-
atic. For example, the widely-adopted point-to-point scanning 
strategy often possesses low efficiency, making it challenging 
to manufacture SMMs in large quantities rapidly. While for 
the fabricated SMMs, only single stimulus-responsive mate-
rial is mainly processed, which may limit the resultant func-
tions of micromachines. Moreover, the controllable navigation 
of SMMs in narrow and complex micronetworks remains 
unexplored, which may be an essential step before applying 
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SMMs in dynamic physiological environments in vivo. 
Thus, combining stimulus-responsive hydrogels with the 
4D  printing technique to develop SMMs is expected to be a 
practical approach for further biomedical studies, especially in 
traversing biomimetic microscale networks by active deforma-
tion for cargo delivery.

Here, we propose two selectable strategies to process SMMs 
for traversing micronetworks smaller than themselves. First, to 
solve the limitation of low processing efficiency, one-step vortex 
exposure is capable of fabricating trumpet-shaped microma-
chines (TSMMs) with a large quantity (>5000) in only 10 min. 
Based on spatial light modulation technology, a focused laser 
beam with a gaussian intensity distribution is modulated into 
a gradient 3D beam with a trumpet-like distribution for rapid 
construction of TSMMs in one-step exposure (Movie S1, Sup-
porting Information). In addition, to extend the types of 
printing materials and then realize more functions, asymmetric 
multimaterial DLW is used to directly print complex 3D micro-
fish with stimulus-responsive hydrogel and catalyst platinum 

nanoparticles (Pt NPs), which integrates designable shape 
morphing and bubble-propelling capabilities. Eventually, both 
SMMs can achieve controllable traverse through the networks 
narrower than themselves via shape conversion. We believe 
that SMMs prepared by these two methods will find promising 
applications in targeted cargo delivery in complex biological 
micronetworks.

2. Results and Discussion

The experimental setup is implemented for shape-morphing 
TSMM fabrication, as illustrated in Figure 1a. The vortex struc-
tural beam is modulated by loading vortex holography (VH) on 
a spatial light modulator (SLM). By controlling the size of the 
optical vortex entering the pupil, the trumpet-shaped 3D vortex 
beam is generated by optical focusing through a high numer-
ical aperture objective lens. Thus, a TSMM can be fabricated 
through a single exposure instead of point-to-point scanning. 
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Figure 1. Shape-morphing TSMMs fabricated by one-step gradient optical vortices exposure. a) SLM-based optical setup for TSMM manufacturing. 
An SLM displays a designed vortex beam hologram to modulate femtosecond laser into a trumpet-shaped structured beam. The manufacturing time 
of each TSMM is 100 ms. b) The simulated light intensity distribution of the 3D optical vortex in different z-planes under the oil immersion objective 
lens. As the distance from the focus center is farther, the diameter of the light field is larger, and the intensity is weaker. The shrinkage c) and expansion  
d) of the TSMMs array in solutions of different pH values have a good consistency. e) The green fluorescence microscope image of TSMMs clearly 
shows the hollow body of the structure. f) Based on high-efficiency 3D optical vortex exposure processing, 5000 TSMMs can be fabricated within 
10 min. Scale bar: c–e) 25 µm, f) 200 µm.
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The phase of the vortex beam loaded on the SLM can be pre-
sented as

Phase( , ) mod(
2

,2 )x y l
xϕ π π= +

∆
 (1)

Where Phase(x,y) represents the phase distribution in Car-
tesian coordinate, ϕ  = arctan(y/x), topological charge l deter-
mines the local radius of maximum intensity at angle ϕ and 
blazed grating period Δ  = 15  µm. Furthermore, to provide 
deeper insights into the geometry of TSMMs, the Debye vecto-
rial diffraction theory is adopted to simulate the focused vortex 
beams. The intensity distribution in the focal region can be 
rewritten as
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Where C is a constant, Eobj(θ,ϕ) is the electric field at the 
entrance pupil of the objective, k  = 2π/λ is the wave number, 
and the wavelength of incident light is 800 nm. n is the refrac-
tive index of the immersion medium, θ represents the focusing 
angle of the objective lens, and ϕ is the azimuthal angle of the 
object plane. α is the maximum focusing angle of the objective 
lens and can be expressed by the formula α = arc cos (NA/n). 
P(θ, ϕ) indicates the polarization state of the EM field in the 
focal region, which can be rewritten as
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for incidence with linear polarization at X direction, as used in 
our experiment.

According to the simulation, all trumpet-shaped vortex 
beams have different beam intensities in different planes of the 
propagation direction. As the distance between the beam plane 
and the focus center increases, the electric density of the beam 
gradually decreases (Figure  1b). In this way, under a single 
exposure, the ring structure of the TSMM has different thick-
nesses at different heights, resulting in different degrees of 
morphing. In our study, the TSMMs are printed in a hydrogel 
mainly contained with acrylic acid (Figure S1, Supporting Infor-
mation). The corresponding morphing mechanism is that the 
carboxyl groups are protonated at a low pH value (pH < 9), and 
the network collapses, causing the shrinkage of the hydrogel.[19] 
As illustrated in Figure  1c, the TSMMs shrink in a solution 
environment with a pH < 9 (Movie S2, Supporting Informa-
tion). On the contrary, TSMMs swell in a solution environment 
with a pH > 9 (Figure  1d), in which the carboxyl groups are 
deprotonated and negatively charged, generating electrostatic 
repulsion forces between the molecular chains, resulting in a 
significant expansion of the hydrogel network. Furthermore, 
the reversible morphing test of the TSMM array proves that 
their morphing has a good consistency. Figure  1e shows that 
the TSMM is separated from the substrate and dispersed in 
NaOH, with a typical height of 60 µm and a minimum center 
diameter of 10  µm. Since our method can develop a TSMM 

within 100 ms exposure, thousands of TSMMs (>5000) can be 
manufactured within a few minutes. Figure  1f is a 45° tilted 
SEM image of the polymerized TSMMs on a glass substrate, 
and the image inserted in the upper left corner is a top view 
SEM image. Therefore, this processing method can reliably and 
efficiently manufacture shape-morphing TSMM arrays with 
controllable shapes, which opens up potential application pros-
pects for dynamic optical switches and microcargo traps.

An important advantage of the one-step optical vortices 
exposure manufacturing is the flexibility to control the geom-
etry of the 3D TSMM. First, the topological charges of VHs 
could significantly affect the diameter and length of TSMM 
(Figure 2a). By optical simulation and experimental measure-
ment (Figure  2b), it is found that the shapes of vortex beams 
with different topological charges are all trumpet-shaped in 
3D space. Subsequently, deformation tests are performed on 
TSMMs with different parameters, which shows that TSMMs 
of different sizes swell in a solution with pH > 9 (Figure  2c), 
and contract in a solution with pH < 9 (Figure 2d). In Figure 2e, 
when the topological charge increases from 2 to 30, the focal 
plane diameter of the optical vortex increases from 4 to 22 µm, 
where the experimental values have strong consistency with the 
simulation (Figures S2 and S3, Supporting Information). We 
extract the cross-sectional beam intensity at different positions 
along the optical axis. It is found that the farther from the center 
of the focal plane, the weaker the beam intensity. Among them, 
when the topological charge is 10, the beam intensity at 30 µm 
away from the center of the focal plane is only a quarter of the 
center of the focal plane (Figure  2f). The head of the TSMM 
corresponds to the center of the vortex beam with a higher 
energy density, and the tail corresponds to the far end of the 
vortex beam with a lower energy density than the head. TSMM 
has a low degree of cross-linking and a high degree of cross-
linking in the tail and head, leading to a much larger shrinkage 
ratio of the tail than the head. Thereby, in the shrinking state, 
the diameter of the TSMM tail is smaller than that of the head 
(Figure  2g). For a TSMM exposed to an optical vortex with a 
topological charge of 10, when it shrinks, the diameter of the 
tail shrinks from 20 to 2 µm, which is smaller than the diam-
eter of the head ≈5 µm (Figure 2g). In addition to the param-
eters of the optical vortices, the single exposure time and power 
also affect the geometry of the TSMM. By adjusting the expo-
sure time (≈100–500 ms) and power (≈40–80 mW), shape-mor-
phing TSMMs with a height ranging from 10 to 50 µm can be 
easily manufactured in a contracted state. Correspondingly, as 
the height increases, the center diameter of TSMMs increases 
from about 4 to 10 µm. It is worth noting that when the expo-
sure time is too long, multiple soft flagella will grow on the tail 
of TSMM due to the stray light spots involved in the exposure 
(Figure S4, Supporting Information). TSMMs with flagella on 
the tail shrinks tighter, causing the flagella to become entangled 
together. On the contrary, when the pH of the solution is >9, 
both the diameter and length of TSMMs increase, reaching the 
maximum of 40 and 90 µm, respectively (Figure S4, Supporting 
Information). Briefly, benefiting from the flexible adjustment of 
the optical vortices and exposure processing parameters, smart 
micromachines of various sizes can be rapidly processed.

To make our TSMMs have magnetic drive performance, they 
are incubated with the magnetic nanoparticle suspension for 
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12 h to make the surface uniformly adhere to a layer of ferro-
ferri oxide (Fe3O4) NPs (Figure S5a, Supporting Information). 
After being covered by a layer of Fe3O4 NPs, the TSMM turned 
from transparent to brown-black under the optical microscope. 
According to scanning electron microscope (SEM) measure-
ment, the diameter of magnetic nanoparticles is ≈200  nm 
(Figure S6, Supporting Information). Figure S7 (Supporting 
Information) shows that the adhesion of Fe3O4 NPs has no 

negative effect on the morphing characteristics of TSMM. 
Subsequently, the TSMMs is peeled from the substrate by a 
microneedle system.[4c] In this way, they can be flexibly oper-
ated by the external magnetic field (electromagnetic coils, 
15 Hz 2 mT, or a permanent magnet, ≈10 mT, Figures S8 and 
S9, Movie S3, Supporting Information). Here, a permanent 
magnet is chosen to propel the TSMM because of its simplicity, 
convenience, and strong magnetic field, which showed great 
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Figure 2. Flexible control of shape-morphing TSMM with various topological charges of optical vortices. a) A series of VHs with different topological 
charges (L = 6, 8, 10, 12, 15). b) The experimental optical field of the different VHs under high NA objective lens in x–z plane. The TSMMs produced 
by these modulated vortex beams are expanded c) at pH > 9 and in a contracted state d) at pH < 9. e) Measured and calculated focal diameter of the 
optical vortex as a function of topological charge. f) The vertical intensity distribution of the simulated light field at different positions (0–30 µm) far 
away from the focus center. g) During expansion and contraction, the diameter of TSMM at different positions from the focal center. Scale bars: b–d) 
20 µm. All the error bars represent the standard deviation (n = 3).
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potential in clinical trials.[20] Therefore, by combining wireless 
magnetic motion control and shape conversion capabilities, 
TSMM can carry out dynamic transportation of various micro-
cargos. Here, TSMM is used to manipulate silica microspheres 
via shape transformation, including selection, active grasping, 
transport, and release (Figure S5c, Supporting Information). It 
can be observed that the TSMM loaded with microspheres can 
be flexibly guided in the microliquid environment to complete 
the tracking of the patterned trajectory of the “MNE.” Finally, 
the release of the microspheres is achieved under an ultrasonic 
field. Figure S5d (Supporting Information) shows that the 
TSMMs gradually crack with time under the ultrasonic field 
(500 W, 50 s).

In addition to open spaces, microrobots often need to per-
form tasks in complex networks. However, most of the pre-
vious micromachines cannot pass through some capillaries 
(≈8–10  µm)[6] and venules (≈10–30  µm)[7] smaller than their 
size due to their inability to change their shape. Here, as a 
representative, a larger size TSMM is selected to traverse a 
micronetwork (30  µm) comparable to the venule size. In this 
work, we prepared various microfluidic channels whose width 
is smaller than the initial body width of TSMM (30 µm channel 
diameter) so that TSMM cannot pass through the channel in 
the expanded state. Figure 3a is a conceptual diagram showing 
TSMM passing through narrow microchannels. Specifically, 
when the solution pH is >9, the tail end of the TSMM is stuck 
in the middle of the hourglass-shaped microchannel. At this 
time, by adjusting the pH of the solution to <9, the TSMM can 
pass through the narrow channel after shrinking (Figure  3b; 
and Movie S4, Supporting Information). Similarly, the TSMM 
can traverse microfences, straight, and curved channels 
through shape switching (Figure 3c–e; and Movies S5 and S6, 
Supporting Information). Furthermore, through flexible adjust-
ment of the direction of the magnetic field, there is no difficulty 
for TSMM to traverse more complicated microchannels in the 
shape of Arabic numerals, such as ′0, 2, 9″ (Figure  3f). Com-
pared with the past tubular micromotors, TSMM can adjust 
the size to pass through narrow microchannels, which further 
increases the environmental adaptability of the micromachines.

In addition to efficiently fabricating micromachines, 
expanding the types of functional materials manufactured by 
4D printing is also meaningful for developing multifunctional 
micromachines. Therefore, we propose the use of asymmetric 
multimaterial direct laser writing technology to process SMMs 
composed of hydrogel and metal nanoparticles. For example, we 
designed a shape-morphing microfish (SMMF), whose fins and 
tails are fabricated by asymmetric laser direct writing density 
scanning, resulting in anisotropic expansion rates for control-
lable deformation. Asymmetric DLW is achieved by asymmetric 
scanning point spacing, as shown in the schematic diagram in 
Figure 4a. Both the fin and tail of fish contain asymmetric scan-
ning point spacing distributions of 500 nm (pink) and 200 nm 
(red), respectively. Compared with a scanning point spacing of 
500 nm, a scanning point spacing of 200 nm corresponds to a 
higher hydrogel crosslink density. The low crosslink part of the 
hydrogel will have a larger shrinkage than the high crosslink 
part, so the integration of two crosslink degrees in the hydrogel 
structure can produce asymmetric shape morphing. Generally, 
it takes 8 min to fabricate an SMMF with a size of 41 × 58 µm 

and a surface roughness of 18.92 nm (Figure S10, Supporting 
Information). At different pH values, SMMF exhibits different 
shape-morphing times, ranging from 0.5 s at pH = 1 to 10 s 
at pH = 5 (Figure S11, Supporting Information). Experiments 
show these SMMFs have stable deformation under 50 cycles of 
contraction and expansion. (Figure S12, Supporting Informa-
tion). In addition to hydrogel with designable morphing, metal 
nanoparticles can be integrated into hydrogel by the same laser 
microfabrication system, as shown in Figure 4a,b; and Movie S7 
(Supporting Information). Here, Pt is chosen as a representa-
tive because it is the common source material for bubble-pro-
pelled micromachines, achieved by Pt-catalyzed hydrogen per-
oxide splitting jet bubbles. Compared with the aforementioned 
magnetic driving, the bubbles actuation mode has been widely 
investigated due to its low power consumption, convenient 
operation, and no need for external driving equipment.[21] Ele-
mental analysis shows that SMMF contains carbon (C), oxygen 
(O), and platinum (Pt), which only exists in the middle of the 
fishtail and are responsible for bubbles generation (Figure 4c). 
When the SMMF is immersed in 10 wt% hydrogen peroxide 
solution, it can be powered by the bubbles produced from the 
tail. As shown in Figure 4d–g, SMMFs show diverse swimming 
characteristics in different pH value environments, where the 
orange and blue images represent sodium hydroxide (pH > 9) 
and deionized water (pH <9) with hydrogen peroxide solution, 
respectively. It is worth mentioning that the diameters of the 
bubbles excluding from fishtail in high pH values are bigger 
than that in low pH values due to fishtail morphing, which 
explains the SMMFs showing different swimming speeds (pH 
>9, ≈48  µm s−1 and pH < 9, ≈18.9  µm s−1) and trajectories in 
different solvents (Movie S8, Supporting Information). Another 
reason is that the swelling SMMFs have different adhesion to 
glass substrate compared with the contractive SMMFs. The 
bubble’s diameters are quantitatively investigated in Figure 4h, 
where the bubble’s diameters are about 3.62  µm in deion-
ized water and 5.79  µm in a sodium hydroxide (Movie  S9, 
Supporting Information). In addition, the tail increases from 
18.7 to 29.1  µm, and the fin’s width increases from 28.1 to 
40.7  µm as well (Figure  4i). All in all, a multimaterial SMMF 
with shape switching and bubble-propelling capabilities has 
been fabricated. In particular, SMMF can also change shape 
from pH  ≈  7.4 (PBS) to pH <7 due to partial hydrogen bond 
disruption in phosphate sustained-release solution, which pro-
vides feasibility for in vivo applications (Figure S13, Supporting 
Information). Besides, the processed Pt is still unfriendly to 
the biological environment, and bio-friendly materials will be 
expanded in the future.

Natural creatures often need some distinct strategies to deal 
with changeable living environments, where the most common 
method is shape morphing. Thus, a hybrid bubble-magnetic 
actuated SMMF is demonstrated to adapt to the surrounding 
environment and successfully pass through a complex maze by 
fins morphing (Figure 5a). Here, the bubbles are used for rap-
idly driving the SMMF, while the weak magnetic field is used 
for remotely controlling the movement direction. In this way, 
we can combine the advantages of both driving methods and 
avoid their disadvantages. Precise direction control of SMMF 
is impossible for bubbles actuation, while it is also too difficult 
to set up a strong magnetic field for actuating the SMMF from 
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a remote distance. At first, we utilize ultraviolet (UV) lithog-
raphy to fabricate a complex maze pattern for SMMF cruising 
(Figure 5b). In particular, to highlight the environmental adapt-
ability of SMMF, we fabricate a 35 µm width microgap in the 
center of the maze according to the analysis of SMMF mor-
phing capability in early study. By combining shape morphing 
with hybrid bubble-magnetic propelling, the SMMF can pass 
through the complex maze with a 35  µm microgap by fins 
shrinking (Figure 5e), which is narrower than SMMF with fully 
extended fins (Figure  5c). As shown in Figure  5d, the width 
of the SMMF (41 µm) with opened fins is bigger than 35 µm, 
so it is stuck in the gap. Inversely, the fins of SMMF suddenly 

shrink less than 35 µm when we adjust the pH value to lower 
than 9 (Figure 5f). At last, the full trajectory of SMMF cruising 
the micromaze is finished in 90 s (Figure  5i), where the start 
and finish points are marked by blue and red pentagrams 
(Movie S10, Supporting Information). It is also observed that 
the SMMF is in swelling and shrinking state at the start and 
finish point in the enlarged image, respectively (Figure  5g,h). 
Although in vitro micronetworks traversal of SMMF has been 
achieved, the current solution is indeed challenging in practical 
applications, and future efforts will be made to develop some 
responsive (magnetic, optical) deformable devices that are more 
suitable for in vivo applications.

Small 2022, 2202272

Figure 3. Magnetic TSMM passes through narrow channels by shape switching. a) A schematic diagram of TSMM traversing a microchannel smaller 
than its size. b) Time-lapse images of magnetic TSMM passing through an hourglass-shaped microchannel. c) Magnetic TSMM passes through a 
gate, straight channel d), and curved channel e) by shape transformation. f) Magnetic TSMM traverses designable microchannels, including several 
channels in the shape of Arabic numbers “0, 2, 9”. Scale bar: b–e) 50 µ.
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3. Conclusion

In summary, we propose two processing methods for fabri-
cating SMMs to traverse narrow micronetworks. One approach 
uses 3D optical vortices to process TSMMs in one-step within 
100  ms. This method is simple and efficient and can manu-
facture SMMs in large quantities. Another method uses 
asymmetric multimaterials laser direct writing processing tech-
nology to fabricate SMMF with shape-morphing and bubble-
propulsion capabilities. This method is suitable for processing 
multi-materials, complex, and specific three-dimensional struc-
tures. Both TSMM and SMMF can be driven at high speed by 
magnetic fields and bubbles. Finally, traverse narrow channels 
smaller than their size through shape switching. It is worth 

noting that the two processing strategies and the three propul-
sion modes each have their advantages, and we provide these 
alternatives to match the most suitable application scenarios. In 
the future, we believe these SMMs can be modified to handle 
a variety of cargoes, including therapeutic agents and diag-
nostic sensors, which will become widely used tools in complex 
micronetworks in biomedicine.

4. Experimental Section
Preparation of pH-Responsive Hydrogel: First, 1.6  g 

N-isopropylacrylamide (NIPAAm, 98%), 0.8  mL Acrylic acid (AAc, 
99%), and 0.15  g polyvinylpyrrolidone (PVP, average Mw  ≈1, 300 000) 
are added to 1  mL ethyl lactate (EL, 98%) and then stirred vigorously. 
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Figure 4. Bubble-propelled SMMF adjusting swimming speed by tail morphing. a,b) Schematic illustration of the processing method and the 
optical images of the SMMF deposited with platinum (Pt) in its tail, respectively (Movie S7, Supporting Information). c) The elemental analysis 
of the SMMF by EDS, which verifies the existence of the Pt. d,f) The swelling SMMF steered along the arc and circle track in solution (pH > 9), 
respectively. e,g) The contractive SMMF steered along the arc and circle track in solution (pH < 9), respectively (Movie S8, Supporting Information). 
h) The repetition test of bubbles diameters with the change of pH value. i) The produced bubbles diameters, tail, and fins widths of the SMMF 
in solution with high and low pH values, respectively. All standard deviations are obtained from three parallel tests (n = 3). Scale bars, b) 20 µm,  
c) 10 µm, d–g) 100 µm.
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Then, 2.5  mL of the above solution, 0.5  mL dipentaerythritol 
hexaacrylate (DPEHA,98%), 0.5  mL triethanolamine (TEA, 99%), 
and 100  µL 4,4-bis(diethylamino) benzophenone (EMK, 97%)/N, 
N-dimethylformamide (DMF, 99.5%) solution (20  wt%) are mixed, 
followed by stirring 12  h, to mix each component completely. Finally, 
the precursor is kept in yellow light condition to avoid unnecessary 
light exposure. In our  hydrogel, the TEA and EMK is photosensitizer 
and photoinitiator, respectively. Both AAc and NIPAAm are monomers 
to form a hydrogel network. Meanwhile, the crosslinker DPEPA is used 
to support the poly (AAc-co-NIPAAm) hydrogel framework. PVP is an 
additive to enhance the support by increasing the solution viscosity, 
facilitating the construction of freestanding 3D architectures.

Design and Fabrication of Magnetic TSMMs: A typical femtosecond 
laser writing system source is a mode-locked Ti: sapphire laser oscillator 
(Chameleon Vision-S, Coherent Corp, central wavelength: 800  nm, 
repetition rate: 80  MHz, pulse width: 75 fs). First, the processing is 
performed using femtosecond laser direct writing technology. The 
polymer molecular chains at the laser focus are polymerized. The 

processed sample is immersed in a developing solution (ethanol or 
isopropyl alcohol) for 15 min to remove the uncured hydrogel. The 
developed sample is then taken out and placed under an inverted 
microscope for in situ observation. To avoid the fast evaporation of 
ethanol, pure water is dripped around the sample. When the NaOH 
solution is dropped, the sample swells, and then dilute hydrochloric 
acid is added dropwise to make the sample shrink. To maintain the pH 
of the solution, all shape morphing of the SMMs are tested at room 
temperature (25 °C).

Design and Fabrication of Magnetic SMMF: At first, the SMMF is 
fabricated by direct laser writing with 20 mW exposure power. To prevent 
the micromachine from making large-area contact with the substrate, 
several micropillar structures with a diameter of 2  µm at the bottom 
of the micromachine were added. A 1:1 volume precursor solution 
was mixed comprised of 0.7  m of the (NH4)2[PtCl4]] and 1.0  m of the 
iron (III) oxalate, and Pt was reduced using the above mode-locked 
titanium: sapphire laser centered at 800  nm. The movement of the 
sample is completed by a nano-positioning stage (E545, from Physik 
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Figure 5. Hybrid bubble-magnetic actuated SMMF passing through the complex maze by fins morphing. a) The schematic illustration of the SMMF 
swimming across the maze. b) The optical image of the micromaze is fabricated by UV lithography. c,d) The schematic illustration and optical images 
of SMMF with opened fins (41 µm width) cannot pass through the microgap with 35 µm width. e,f) The schematic illustration and optical images of 
SMMF with closed fins (29 µm width) can pass through the microgap to arrive at the finish point of the maze. The swelling g) and shrinking h) SMMF 
at the start and finish point of micromaze, respectively. i) The time-lapse images of SMMF swimming across the micromaze actuated by bubbles and 
magnetic field (Movie S10, Supporting Information). Scale bars, e,f) 20 µm, g,h) 50 µm, d,i) 200 µm.
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Instrumente GmbH & Co. KG, Germany) with nanometer resolution and 
a 200 × 200× 200 µm3 moving range to precisely locate microstructures. 
Thus, the platinum (Pt) is accurately deposited in the fishtail to generate 
bubbles for effective actuation, where the error of reduction position is 
less than 0.5 µm. To get the bubble-propelled SMMF, an aqueous H2O2 
solution with a 10 wt% concentration is used as chemical fuel.

Remote Magnetic Motion Control of SMMs: The samples are immersed 
in the magnetic particles (Fe3O4 NPs) suspension cultured for 12  h to 
absorb nanoparticles. Here, the surface of Fe3O4 NPs (≈200  nm) has 
been wrapped in a layer of silica (SiO2) to prevent them from reacting 
with acids (pH = 1 and 4) (Figures S8 S14, Supporting Information). 
Subsequently, a homemade 3D mobile platform and capillary 
microneedle was used to peel off the SMM and it was transferred with 
a microliter pipette. At last, the magnetic actuation of SMMs is realized  
by a permanent magnet (diameter and height 5  mm, N52, NdFeB) 
(Figure S9). We use a microliter pipette to add hydrochloric acid (pH ≈1) 
and NaOH (pH ≈12) to the edge of the sample, which changes the pH 
of the entire sample through the diffusion of the liquid.

Characterization: Optical micrographs are taken with an inverted 
fluorescence microscope (Leica DMI3000b). The SEM images are 
collected with a secondary electron SEM (ZEISS EVO18) operated at an 
accelerating voltage of 10 keV after depositing ≈10 nm gold.

Statistical Analysis: All data were expressed as mean ± standard 
deviation (SD), with n = 3 per group.

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