#50% & 24H/2023 F 12 B/FEEN

HEXE-HRILEX

KTl A5 2 48 OBUIE 158 45 B0 s R e &5 44 1 75

wR, R, R

ik, #H5

KER PG H A 500 T TR BB IO 7L % & OtHE R EARAF M E A L%, KH 300072

E ORI M TERLA A T YRR AR AT W, AN [ B R S SRR A A AT R AR — AR EOR o T RN
JEAOE T RAHARTT LU HE AL =4 il s M, IR T, B2 02 ml B R RCRER . 2 T2 ML 52 6 U7 % g
5 52 B e 2 L AEL LT 52 BR T SR 2R T e ol B9 D6 3 DR P B (SCRE T 78 A BR A TR B 25 40 o 1 X (RN JBE 22 R e 245
A SCHR T — Pk T 3 25 20 R S B 4 O 58 o %07 SR 6 BRE A MR 12 2l 38 it DAy e 8 2 4 R TR 4 A 1 1
B S 2 A ALRS 5 AL TR R 2O T B AR MR R IR BE 5 T SR R AR 53 A Y £ o OB e 45
oy o T AR AR T 4 A T 95 5 5 ML 2 U P e R R B AR, o T LA N T A R A Ay R A A Y A G

MR RS E Hir .

EEE WOLHER: BUBIE SUCTERA: SR

HESES 0436 NEIREE A

1 5l =

OO RO 2R S BOR AT LS BUARRAE R 78
ORI L =2 T AR RS A s A Z AR
SR = HE RS o A I IR AR 1l 4 B TR e LA A
AT LLAE B 5 K B0 T e e e s, AT xR ) A kA
B B RURE R VE s R 3 T A T 4 14 o MR
R TR AR B RO R E P R
P B R X SRR S5 4 B RT RS B R
T A5 R G 445 0 ) e 28 R % #h  Th 1i — 7 PR A

BT e RO AR T M B 2 R S R TR I
JEROE T RA B EEAN T 0, R TR AEGHS
2 = HERLAS K LU BCRE I, TT L5 2 &) Bt K Y1z 3
P 2 GEC A, BRIV f 41 40 SR s A X LA K i 42 o
AR IR LE R K PR T IX TR A S . ARk,
Je A EOR PR K R RS T oL TR B —
7 T, F e 3 e A 2 g T T R
W ZEIROETR A S5 K TN T, . TR DB
73 —J7 W0, 3 25 A 4z B IR AL LR A HOBURS % 18 345
TR G A F T S B A BTN BE
Z R IETE 't 7 247 RO R il o OB BE 45 4
2017 4F , X Iy 3% 55 SR Y 28 I 4 0 55 2K -2 07 ' R
T OBURRE 2 H 5 2021 45, 45 2 i A5 2R 2 4 s
TG TR 4 T XUIRE G 45 4 5 2022 4F , Cheng %52k H
S A T i 2 o g I DL 2 IR D SR A T R AT I Y
FRRRE R AE F o X I T AT LA — YO AR e A5 4

(1] ' 98 i 4%

DOI: 10.3788/CJL230772

L ) 5 8 (LI BE T T A M E O 3 B T s AT BR
AT A 5 1 B 2 R T S R — DR AT R AT T
2020 4F 15 F B 41 10K S0 [ 5 bl 20 2% Sl 2 9 N2 ie
TS A8 E 3% 7 %8 FORE 52 BN ] BA A3 ST 45 KA 10 1 21 2%
R Ty M DL SR s AR I 4 A Y BLAR IR A
TR S

EHEREE T MR T S BB 4 (SLM) g &
gk 2 A B R S IR RS R . Hp L £
£ SN TOCEEAE -y 1 P9 Y (5 JE 32 sl 2ok 30 25 n 2%
S BB AR 2 Bl ) A 2k as s ) A2 A A i .
BT I 7 52 00 i A R BE A% T 45 T fal MR e PRLAA 25 A
RO B4R MREE MRZR A TR S S SR, I HAEE s
it -y TN Y T RS B sl P ] A B B 5
TR e AR T X A B s sh i R G WK . b, B
T M T A ak R v MR i 4 AL £ K A IR i B I O 4R
W TS S RRCE R . T Ak S S
BOR Tl 28 1S54 3 A O A R E A 4, 1
F S} A] 15 f ML e 235 #g A MR R B L BLAR TG O AN IE e T
R B RN

2 AR

21 EHREE

1R R OEROE TR AN T R Gn B E R
WE IR SR ) . JEIR D AT B RO
KRMEOE R G, H L1 MHz 8y 5 200 R o %
KA F 1046 nm bk 5 S~ 150 fs (9 BOE Kb . 20Ot 2

Wi BHEE: 2023-03-08; EEHH: 2023-04-12; RA B 2023-05-22; MEBHEZBH: 2023-05-30
HETH: FEARP¥E4 (62275191, 61605142, 61827821) R HATZN I H4E £ 42 (17JCIQIC43500)

BE1EE . xie_chen@tju.edu.cn

2402402-1


https://dx.doi.org/10.3788/CJL230772
mailto:E-mail:xie_chen@tju.edu.cn
mailto:E-mail:xie_chen@tju.edu.cn

% 50% £ 24 #1/2023 £ 12 B/ E#

HEXE-MRIEX

translation stage

sample
‘ 60 %, 1.42
| s jpig lens
shutter
K1 REEOEXOE T RSN T R GR ZIE
Fig.1 Schematic = of  femtosecond  laser  two-photon

polymerization fabrication system

id BBO i R 6 A8 S oo K A7 F 523 nm 9 UK
W, PR H Y S B B R 5t SLM I OB BE Y 2
W 458 R 8 mm) . ALK AEEE (1A 1 m) AL Y
B (6015, B H LA N 1AM L 4F R G5, 1T 45 R AN
R R EBEN G 0 BB, LLIERR A
SUWEE BROEY . ooy R A M 2 Rl
L P B 0 A B ALl = de i B &, v M B B O A R
Tl RE &, ISR LEE ] SLM W AH A 2k 7 8% &
138 B A B P TR . EROE T B A0 T A 4 Y 2

TR G i SU-8,
22 EFGSEEFESES

gE B AL G G-S SRR B9 0 T & 400 ot
Fref it niE 2(a) s o a5 A S AL % R EGE AT
EARTEE X R A IE /306 1 1 A% 38 pR B4 0 K

), (1)
>, (2)

Ko f, A5 A 3R B 2 O Al ) A R S 5 A R
Ko FEE 2() iR BRI E T E Rom ASTE
Y Ao B AR IR (RS, 00 2R
WL AL CHBENLAGL ) L Ey AL e, 3 3368 A G T
5 n RAE R 65 B LRI RAR AL, AL o o = AL B ALY
SR/ 1 T NN W s o5 1| B3 NP VA= L R TR /8
AR 63 B PR R AR A7 o R A G-S Bk T LLAE
SIM JGAE = AL B =4 4 Hbre . Kl 2(b) (c) LA
MU s R B AR R B 25 T ==2 mm B, 635 4 4f
REAHARG I B S L e R . mT W, 3 mE—3,
WI2E B UE T AT AT .

_frZ _f\z

H(f,,.,fy, z)z exp(ian J e

Hil(fufw 5>: eXpl(iZth

a "
@ B, 0= 4, explip,o)
P L P
H(f,, £y 2
L B exptipg) Je D L Ty 4 expp. |
1
: | A=A, i
1 : 1 2 v :
i A=A, ! ; n=n+1
i | : i
; v i Bt 5 : |
! . i x) t) z ! . L
‘ Ei;n = Ai?o exp(l(pi? ”) ll L I\ > Ez n= Az;n exp(l(pz;n) ,I
\ f 8 7
®) simulated © captured Intensity / alr g units
-10 10 0.8
= = 0.6
E o E o
& = 0.4
10 14 0.2
0
-10 0 10 -10 0 10
2 /mm x /mm

K2 WA FOCBERYAE . (a) Bk G-S FEE MR I 5 (b) BUAE nOGTE 7 B 25 2 5 (o) WA ROGTERY 52 3 4 2R
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(¢) experimental double-focus beam
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Fig. 3 Design and SEM results of micro-helices. (a) Model of the double-helix; (b) double-focus holograms dynamically loaded on

SLM; (c) right-hand single-helices and double-helices; (d) left-hand octuple-helices; (e) right-hand octuple-helices with ribs
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Fig. 4 Voxels under various exposure conditions. (a) Voxel sizes under various exposure powers for 5 ms exposure time; (b) voxel sizes
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Table 1 Processing parameters of SU-8 2002 and SU-8 2035

Photoresist Spin speed /(r+min ")

Soft bake time@?95 ‘C /min

Exposure method Post bake time@95 ‘C /min

SU-8 2002 1000 3
SU-8 2035 2000 20

UV lamp 3

Femtosecond laser 5
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Abstract

Objective Micro-helices are applied in microrobots and chiral metamaterials and require various features for structure fabrication in
diverse applications. The femtosecond laser direct writing (FsLDW) technology can fabricate three dimensional (3D) microstructures
based on two-photon polymerization (2PP) with sub-diffraction-limited resolution. This technology is used to fabricate micro-helix
structures using the widely used point-by-point writing scheme with a single focus. However, this is relatively inefficient because of
the repetitive scans along many helical trajectories in the fabrication process. Recently, one-step exposure with structured light has
allowed the rapid fabrication of micro-helices, wherein helical beams are specially designed with vortex phases. However, state-of-the-
art schemes can only produce microstructures with limited patterns owing to the complex and professional light manipulation
techniques. To efficiently fabricate micro-helix structures with flexible features such as diameter, thread number, pitch, and chirality,

we propose a scheme based on dynamic multi-focus patterns to fabricate multiple helical microstructures.

Methods Micro-helix structures were fabricated by piling up the multi-focal voxels along helical trajectories. The helical motion of
the voxels was divided into two components: a circular motion manipulated by dynamic holograms loaded on the spatial light
modulator (SLM), and a linear motion controlled by a z-axis translation stage (Fig. 3). Based on our in-house fabrication system, we
adapted the Gerchberg-Saxton (G-S) algorithm to compute dynamic multi-focus holograms on the SLM iteratively. Subsequently, the
tightly focused femtosecond multi-focal beam patterns induced polymerization of the photoresist (SU-8). In this method, the diameter
and thread number of the micro-helices were determined by the parameters of the hologram alone under fixed exposure conditions. The

dynamic holograms with the z-axis translation stage allowed flexible control of the pitch and chirality.

Results and Discussions The improved G-S algorithm adapted in our setup generates a well-defined multi-focus in the
experiments, showing good consistency with the simulation (Fig. 2). These multi-focused beam patterns allow the flexible fabrication
of various micro-helices by piling up the multi-focus voxels in a single helical motion (Fig. 3). Using a four-focus beam as an example,
the geometric features of the corresponding voxels in 2PP are experimentally characterized in terms of their diameters and axial sizes
(Fig. 4). In this experiment, the threshold power is determined as 0.01 mW for every single focus under 5 ms exposure time. Micro-
helices are fabricated under the aforementioned exposure conditions. However, insufficient adhesion leads to the detachment of these
microstructures with high aspect ratios from the silicon substrates (Fig. 5). To address this issue, another polymerized thin film is
deposited on the substrate, which is cured using a UV lamp before proceeding with 2PP. This process significantly enhances the
adhesion between the microstructures and substrate. Additionally, the capillary forces occurring during the developing step of post-
processing distort the microstructures by pulling down the helical threads (Fig. 5). This issue is resolved by drying the micro-helices in
supercritical carbon dioxide. Finally, five sets of dynamic multi-focus holograms are used to fabricate the micro-helices with different
features (Fig. 6). The spiral diameter of these microhelices ranges from 2.4 to 19.2 um as the number of threads increases from one to
eight, with adjustable chirality and pitch. Introducing supporting micro-ribs also significantly enhances the stiffness of the micro-
helices, which enables the height of the micro-helices to be up to 30 pm (Fig. 7). A possible reason for the different thread widths
under different pitches in the voxel-stacking model is analyzed (Fig. 8).

Conclusions In this paper, we propose a dynamic hologram scheme to fabricate micro-helices using 2PP. In our scheme, the
helical motion of the focus in conventional direct laser writing can be divided into linear and circular motions. Linear axial motion is
controlled by a mechanical translation stage, and circular motion is manipulated by a set of dynamically programmable holograms. We
also prove that the improved G-S algorithm is effective in generating multi-focus femtosecond laser patterns with flexibly controlled
parameters to achieve circular motion. Therefore, well-defined dynamic multi-focus patterns in combination with axial mechanical
motion can allow the fabrication of micro-helices with flexible control over diameters, thread numbers, pitches, and chiralities.
Compared with the FsLDW method based on the single focus, the multi-focus parallel writing scheme can increase the fabrication
efficiency by N times for micro-helices with N threads. Additionally, this hologram-based scheme offers advantages in terms of system
cost, as it eliminates the need for an expensive motion controller for sophisticated spiral mechanical movements. The proposed flexible
and economical method of micro-helix fabrication holds great potential for various applications, such as microrobots, chiral

metamaterials, and bioengineering.
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