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Fig. 1 Direct writing of micro-nano structure of smart materials. (a) Chemical molecular structure of the composition of the

photoresist and a photo of an actual sample; (b) schematic diagram of femtosecond two-photon polymerization

system used to 3D processing; (c) schematic of double-layer mesh structure with different line spacing and its shape

transformation; (d) SEM image of the double-layer six-petal structure; (e) shape transformation diagram of the self-

bending six-petal structure in water
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Fig. 2 Dependence of the width and height of suspension beam model on laser power and scanning speed. (a) Diagram of line

width with respective to the laser power and scanning speed, in which the inset shows the SEM image of the

suspended cantilever fabricated under the laser power of 20 mW and scanning speed of 1000 pm-s '; (b) diagram of

line height with respective to the laser power and scanning speed, in which the inset shows the 45° titled SEM image

of the suspended cantilever
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Fig. 3 Swelling degree test of hydrogel materials under different direct writing parameters. (a) Three-dimensional network

diagram of the monomer material formed by chain polymerization and the chemical structural formula of the stimulus

responsive group existing in the monomer material;

(b) schematic diagram of football swelling; (c¢) optical

microscope image of football model during swelling and de-swelling process under laser power of 15 mW and scanning

1

speed of 500 pm - s

; (d) swelling degree of hydrogel football model under different laser direct writing process

parameters
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Fig. 4 Variation of mechanical modulus of hydrogel materials under different laser direct-writing parameters. (a) Stress-
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curve), and a scanning electron microscope image of the test block; (b) test results of mechanical modulus of

hydrogel materials under different laser direct-writing parameters
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Table 1 Femtosecond laser direct writing parameters for self-bending transformation
I Laser power Scanning speed Scanning angle Li ing /
_ayer - . _ine spacin m
Y /mW /(mm s ") /() b g/r
Layer 1 15 0 4
Layer 2 20 90 3
#2 HABMEHRBEOLEHS S
Table 2 Femtosecond laser direct writing parameters for self-curling transformation
Laser power Scanning speed Scanning angle ) )
Layer . . Line spacing /pm
/mW /(mm s ) /()
Layer 1 10 60 1
Layer 2 25 90 3
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Design, manufacturing and testing of the double-layer actuation microstructure. (a)(b) Self-bending and self-curling

topography of the

Fig. 5

double-layer ribbon microstructure based on finite element simulation calculations and
corresponding experimental results; (c) different self-bending effects obtained using different laser direct writing
parameters; (d) microstructure design of bionic mimosa and the effect of laser direct writing manufacturing, and the
upper left corner is the undeveloped and developed microscopic optical pictures of the structure after femtosecond

laser direct writing

4 w o ARWPFETIF AT — PO K BR 5T SO TR A

HOEXUE T RGBS W E KB R, RGEHIE
A AD AT EN AT ] T 0T R B A -0 S 5 TRRIEOL IR B S 3 T 20X bR R A i Tk

TIRER)— AL T 8 BE B 1F ZE AR BT AL BN TR RO SE i A K EE DL SORE R IR & 1 22 1 L

[

UM B A DL AR NS U B B OB ET . RO ES BUE RS S BT LA TSR

0202016-7



FRIEX

#4485 £ 2 H/2021 £ 1 B/ EEH,

2R 55 h 400 nm, Fz /M E5 R 400 nm, DL B i K BE
R 845 WK BE B AN 45 . Sl R RO T R L
R DL S A L BT B RUZ AR R 45 R e
PR I 37 7K R 5 8 L S B S R S A el
AR, i E A U S5 R i B R 3 1N A BR T
A0 E NS5 R 560 E T M RS A T B H A

Jihe

SRR ETT i ST N AR R N 2

LR TCRPEOC AT ED L AR5 T AT 4 2 425 1 ) AT
3D JEARFLHIIRE - 9 R R F AL A8 N I A% S A
il S D REAR O B TF K BT R AL T 2%

[1]

(2]

[3]

(4]

(5]

(6]

(7]

(8]

£9]

Z £ X #

Hippler M, Blasco E, Qu J, et al. Controlling the
shape of 3D microstructures by temperature and light
[J]. Nature Communications, 2019, 10(1): 232.
Zolfagharian A, Kaynak A, Khoo S Y,
Pattern-driven 4D printing[J]. Sensors and Actuators
A: Physical, 2018, 274: 231-243.

Baldi A, DAniello P, Giuliano G, et al. Behavior of
lipoprotein X (LP-X) in viral hepatitis[J]. Quaderni

et al.

Sclavo di Diagnostica Clinica e di Laboratorio, 1975,
11¢1): 122-130.

Davidson E C, Kotikian A, Li S C, et al. 3D printable
and reconfigurable liquid crystal elastomers with light-
induced shape memory via dynamic bond exchange []J].
Advanced Materials, 2020, 32(1): 1905682.

Han D, Farino C, Yang C,

locomotion with a 3D printed

et al. Soft robotic
manipulation and
electroactive hydrogel[J]. ACS Applied Materials &
Interfaces, 2018, 10(21): 17512-17518.

Behl M, Razzaq M Y, Lendlein A. Multifunctional
shape-memory polymers [ J]. Advanced Materials,
2010, 22(31): 3388-3410.
Peters C, Hoop M, Pané S, Degradable

invasive

et al.

magnetic  composites for  minimally

interventions: device targeted drug
tests [ J]. Advanced
Materials, 2016, 28(3): 533-538.

Li M H, Silberzan P,

actuators: when artificial muscles made of nematic

fabrication,
delivery, and cytotoxicity

Buguin A, et al. Micro-
liquid crystal elastomers meet soft lithography [J].
Journal of the American Chemical Society, 2006, 128
(4): 1088-1089.
Shi Y S, Wu

dimensionalprinting:  the

et al. Four-

H Z, Yan C Z,
additive manufacturing
technology of intelligent components[]J]. Journal of
Mechanical Engineering, 2020, 56(15): 1-25.
WES, MEEE, FAEE, 5. ADATE: B Re M 1
ROSE AT AR LT] . P TR A4, 2020, 56(15):
1-25.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

0202016-8

Zhao Z A, Kuang X, Yuan C, et al. Hydrophilic/
hydrophobic composite shape-shifting structures[J].
ACS Applied Materials & Interfaces, 2018, 10(23):
19932-19939.

JiZ Y, Yan C Y, Yu B,
hydrogel architectures with complex and controllable
LJJ.
Technologies, 2019, 4(4): 1800713.

Montero de Espinosa L., Meesorn W, Moatsou D, et

et al. 3D printing of

shape deformation Advanced Materials

stimuli-

Chemical

al. Bioinspiredpolymer systems with
properties [ J .
Reviews, 2017, 117(20): 12851-12892.

LiCS, Lo C W, Zhu D F, et al. Synthesis of a

photoresponsive liquid-crystalline polymer containing

responsive mechanical

azobenzene[J|. Macromolecular Rapid Communications,
2009, 30(22): 1928-1935.

LiuJ, Wang M L, Wu X H, et al. Barrier property of
polarized light oriented azobenzene containing side-
chain liquid crystalline polymer[J]. Acta Polymerica
Sinica, 2011(7): 729-734.

XN, EWSR, R, 5. BB m R 5 A M
HWRmEREWMHEREERR L. &80 F%ik,
2011(7): 729-734.

Qin H L, Zhang T, Li N, et al. Anisotropic and self-
healing hydrogels
capability[J]. Nature Communications, 2019, 10: 2202.
Rao S L, Wu P C, Zhang C C,
controllable femtosecond laser fabrication based on
spatial light modulator [J].

Lasers, 2017, 44(1): 0102008.
Pare e, R, KRR, 5. KT A B IE H A
REHTT 4 WP EOL I T 0], T EEOL, 2017, 44
(1): 0102008.

del Barrio J, Sdnchez-Somolinos C. Light to shape

with multi-responsive actuating

et al. Energy-

Chinese Journal of

the future: from photolithography to 4D printing[J] .
Advanced Optical Materials, 2019, 7(16): 1900598.
Shi Y, Xu B, Wu D, et al. Research progress on
fabrication of functional microfluidic chips using
femtosecond laser direct writing technology [J].
Chinese Journal of Lasers, 2019, 46(10): 1000001.
B4, R, RAR, & RBPEOLES HE ARG &6
o #5208 DF e ke (0. b @30, 2019, 46
(10): 1000001.
Stroganov V, Pant ], Stoychev G, et al. 4D

biofabrication: 3D cell patterning using shape-
changing films [J]. Advanced Functional Materials,
2018, 28(11): 1706248.

Huang L. M, Jiang R Q, Wu J J, et al. Ultrafast
digital printing toward 4D shape changing materials
[J]. Advanced Materials, 2017, 29(7): 1605390.

Liu Y, Xiong W, Li D W, et al. Precise assembly



RIS S48 % £ 2 H1/2021 £ 1 B/hE#E

and joining of silver nanowires in three dimensions for [25] Wei S, Liu J, Zhao Y, et al. Protein-based 3D
highly = conductive composite structures [ J ]. microstructures with controllable morphology and
International Journal of Extreme Manufacturing, pH-responsive properties[J]. ACS Applied Materials &-
2019, 1(2): 025001. Interfaces, 2017, 9(48): 42247-42257.

[22] LiJJ, LiuY, Qu S L. Research progress on optical [26] Zhang Y L, Tian Y, Wang H, et al. Dual-3D
fiber functional devices fabricated by femtosecond femtosecond laser nanofabrication enables dynamic
laser micro-nano processing [ J ]. Laser & actuation[J]. ACS Nano, 2019, 13(4): 4041-4048.
Optoelectronics Progress, 2020, 57(11): 111402. [27] Jin D D, Chen Q Y, Huang T Y, et al. Four-
e, X —, R, KEEOLA I TR 2 RE dimensional direct laser writing of reconfigurable
mUE R ], Mot 5 cHm Faridt R, 2020, 57 compound micromachines [ J]. Materials Today,
(11): 111402. 2020, 32: 19-25.

[23] Cao X W, Zhang L, Yu Y S, et al. Application of [28] LuC, Sun X C, Xia H, et al. Humidity-responsive
micro-optical components fabricated with actuation of programmable hydrogel microstructures
femtosecond laser [J]. Chinese Journal of Lasers, based on 3D printing[J]. Sensors and Actuators B:
2017, 44(1): 0102004. Chemical, 2018, 259: 736-744.

BN, SkE, FaKEE, &L REMEOE & MOk T [29] Arazoe H, Miyajima D, Akaike K, et al. An
B R N L] . PEBOE, 2017, 44(1): 0102004. autonomous actuator driven by fluctuations in

[24] LiuMN, Li M T, Sun H B. 3D femtosecond laser ambient humidity [J]. Nature Materials, 2016, 15
nanoprinting[J]. Laser & Optoelectronics Progress, (10): 1084-1089.

2018, 55(1): 011410. [30] Dong Y, Wang J, Guo X, et al. Multi-stimuli-
XNBE, ZARK, Ahatidl. 3D KR OB Kk 4T ED responsive programmable biomimetic actuator []J].
[J]. EotSem 3, 2018, 55¢(1): 011410. Nature Communications, 2019, 10(1): 4087.

Femtosecond Laser Four-Dimensional Printing Based on Humidity
Responsive Hydrogels

Deng Chunsan', Fan Xuhao', Tao Yufeng', Jiao Binzhang', Liu Yuncheng', Qu Liangti®,
Zhao Yang’, Li Xin', Xiong Wei"

' School of Optical and Electronic Information, Wuhan National Laboratory for Optoelectronics,
Huazhong University of Science and Technology, Wuhan, Hubei 430074, China;
* Department of Mechanical Engineering, State Key Laboratory of Tribology, Key Laboratory for
Advanced Materials Processing Technology, Tsinghua University, Beijing 100084, China;

* School of Chemistry and Chemical Engineering, Key Laboratory of Cluster Science, Ministry of Education,
Beijing Key Laboratory of Photoelectronic/ Electrophotonic Conversion Materials, Beijing Institute of Technology,
Beijing 100081, China;

' School of Mechanical Engineering, Laser Micro/Nano Fabrication Laboratory, Beijing Institute of Technology,
Beijing 100081, China

Abstract

Objective Intelligent hydrogels usually exhibit environmental stimulus responsiveness when the external
environment changes based on a unique three-dimensional network formed by cross-linking with chemical bonds or
physical interactions, which makes it play an essential role in biomedicine, tissue engineering, soft robotics, and
other fields. The femtosecond laser direct-writing ( FLDW ) technology based on the principle of two-photon
nonlinear absorption has the advantages of nanoscale resolution. It also has three-dimensional modeling capabilities
which are difficult to realize by UV lithography, electron beam etching, or nanoimprint. However, FLDW
technology is still facing challenges in manufacturing smart micro-nanostructure devices, such as a single smart
material system that meets the femtosecond laser manufacturing requirements. These include the lack of systematic
research on the influence of FLDW process parameters on the manufacturing accuracy of intelligent materials and
properties of manufactured materials, and lack of theoretical guidance in smart microstructures’ design. In this
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study, we developed a composite intelligent hydrogel and applied the two-photon polymerization (TPP) technique to
achieve four-dimensional microscale printing. We investigated the effects of femtosecond laser power and scanning
speed on the line width, line height, swelling ratio, and hydrogels’ mechanical modulus. We realized the
controllable transformation of the three-dimensional micro-nanostructure under external environmental stimuli using
the finite element simulation. Theoretical calculation and experimental results show that the controllable modulation
of the three-dimensional shaping and structural performance of the smart hydrogel material can be realized using the
laser parameters. However, the double-layer hydrogel microstructure can achieve the autonomous programmable
transformation. This work laid a foundation for the development of soft-robots and tissue engineering.

Methods First, we manufacture smart photoresist materials composed of smart monomers, crosslinkers, and
photoinitiators using the FLDW platform based on the principle of two-photon nonlinear absorption that can achieve
three-dimensional manufacture with nanoresolution. A single suspension wire with a pitch of 10 pm is manufactured
to measure the line width and height using a scanning electron microscope. The volume swelling degree is tested
under an optical microscope using a football model with a diameter of 40 pum. The law between the volume swelling
degree and the laser manufacturing parameters is studied. In the next step, we use the micromechanics testing
system (Femto Tools AG, FT-MTA 02) to test the stress and strain of the 100-pm X 100-pm X 30-pm cuboid and
obtain the law of stiffness with the FLDW parameters. Combined with the finite element simulation calculations and
experiments, the designed double-layer network structure has excellent self-driving performance in the presence or
absence of a water environment. The reversible deformation is repeatedly measured 50 times under an optical
microscope, and the average error is counted to ensure the universality of the results.

Results and Discussions The configured intelligent photoresist material with a certain proportion of intelligent
monomers, cross-linkers, and initiators could meet the femtosecond laser TPP manufacturing requirements. Both
the minimum line width and minimum line-height can reach 400 nm within the forming range. In general, with the
increase of laser power and decrease of direct-writing speed, line width and line-height increase accordingly (Fig. 2).
The unit model’s swelling degree study shows that the swelling degree changes obviously under the premise of satisfying the
laser power forming and direct writing speed. In this study, the maximum volume swelling degree can achieve 84 %, and
minimum swelling degree is only one-tenth of the maximum, which makes it possible for the structure to be self-driving
(Fig. 3). Since different laser powers and direct writing speeds will make the degree of crosslinking of organic materials in
the polymerization process different, the structure’s mechanical modulus after manufacturing will also be different. In the
mechanical modulus test, it can be seen that with the change of laser power and direct writing speed, stiffness has the same
trend as line width, line height, and swelling degree. The stiffness can reach a minimum of 676 N/m when the laser power
is 15 mW, and the direct writing speed is 1000 pum/s. When the laser power is increased to 35 mW and scanning speed
is reduced to 250 pm/s, the modulus of 1923 N/m can be achieved (Fig. 4). Since the laser direct writing
parameters have such significant influence on material manufacturing, the mesh structure manufactured by tuning the
parameters has an excellent self-driving function (Fig. 5).

Conclusions In this study, we developed a composite hydrogel material sensitive to the water environment and
suitable for femtosecond laser direct-writing. The study obtained the change law of the line width, wall height,
swelling degree, and material mechanical modulus at different laser powers and direct writing speeds. Within the
manufacturing parameters of laser direct-writing, the material could be shaped to achieve the minimum line width of
400 nm, 400-nm minimum high wall, and micro-nano structure with a maximum swelling degree of 84%. The
double-layer mesh microstructure with different laser powers, direct writing speeds, and scanning paths could
quickly respond to water environment stimuli, proving that the reversible deformation of self-bending and self-curling
is feasible. Furthermore, we established the double-layer structure’s mathematical model and applied the finite
element calculation simulation to verify the scientific method from topology design to target function realization. We
realized the reversible 3D shape conversion function of programmable control of the six-leaf petal structure and
mimosa structure. These studies have laid the foundation for developing and applying micro-nano soft robots, micro-
nanosensing, and functional braking devices in the future.

Key words laser optics; femtosecond laser; two-photon polymerization; programmable transformation; intelligent
materials
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