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Abstract Femtosecond laser direct writing technology has been extensively used for the preparation of functional
microfluidic chips because of ultrashort pulse duration and extremely high peak intensity of femtosecond lasers. This
study summarizes the following three research directions based on the direct writing technology of femtosecond
lasers for microfluidic chips: the integration technology of functional devices fabricated by femtosecond lasers in
microfluidic chips with different materials, the multi-functional applications of microfluidic chips integrated by
femtosecond lasers, and the rapid processing of microfluidic chips using femtosecond lasers. Furthermore,
according to the summaries on the research results of femtosecond laser direct writing technology in the field of
microfluidics, this study provides a reference for the research, application, and future development of the
microfluidic chips prepared using femtosecond laser direct writing technology.
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Schematicsof TPP processing. (a) TPA processing;

(b) scheme of TPP fabrication; (c¢) illustration of achievement

in which absorption probabilities for single photon absorption

(SPA) and TPA are denoted by dashed and solid lines, respectively, and inset is diffraction pattern
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Fig. 3 Different micro-sieves in glass-based microfluidic channel. (a) SEM images of micro-sieves with different pore sizes
and shapes; (b) optical microscopic images of sphere with diameter smaller than pore size passing through sieve;
(¢) optical microscopic images of sphere with diameter larger than pore size not passing through sieve; (d) SEM

image of one-way micro-sieve; (e) and () optical microscopic images of test of one-way micro-sieve
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Fig. 4 Different starting positions of processing. (a) Starting positions lower than channel bottom and (b) resulted
structures; (c¢) starting positions at appropriate distance from channel bottom and (d) resulted structures; (e) foci
with strong fluorescence located in photoresist; (g) foci with weak fluorescence located in glass-photoresist
interface; (g) foci with weaker fluorescence locate in glass. Position of foci in Fig. 4(e) is 3 pm higher than that in

Fig. 4(f) and position of foci in Fig. 4(g) is 3 um lower than that in Fig. 4(f)
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Real-time single-particle trapping. (a) Processing system; (b) isometric image of trapped particle; (c) SEM image
of four-pillar trapping; (d) real-time trapping procedure: stopping flow, two-photon lithography to trap particles,
and development to exchange liquid; (e) trapped particles can move freely inside trap; (f) schematic and SEM
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Fig. 6 Schematics of micromixer with propeller blades. (a) Processing system; (b) Microchannel design;

(¢) SEM image of micromixer with flat blades; (d) SEM image of micromixer with screw-shaped blades
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Fig. 7

microfilter, and smallest particles passing through microfilter;

Arch-like microfilter. (a) Schematics of largest particles passing through sorter, median particles being trapped by

(b) SEM image of microfilter; (c) optical

microscope image of microfilter; (d) procedure for sorting and collecting particles; (e) optical microscope images of

particals introduced into the inlet, the collected targeted-particals and the particals in the outlet, respectively
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Fig. 8 Cross-flow-based particle sorter. (a) Structure of particle sorter; (b) simulation on trajectories of mixed particles

(diameters of 5 pm and 10 pm) in particle sorter; (c¢)-(f) experimental observation on dynamics of particle sorting

(morphologies of sieve I and sieve II changing over time after influx of liquid starting for 10 min)
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Fig. 10 Novel micromixer. (a) CAD rendering of novel 3D mixing element; (b) SEM image of structure integrated into

microchannel; (c) optical image showing functionality of micromixer for de-ionized water (liquid A) and de-ionized

water stained with Rhodamine B (liquid B)
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Fig. 11 Schematics of microflowmeter. (a) Structure of microflowmeter; (b) flowmeter embedded in-line

with microchannel; (c) optical images about rotation of flowmeter with different flow rates
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Fig. 12 Spring-like flow sensor. (a) Femtosecond laser two-photon direct writing system; (b) 3D spring-like structure

with diameter of 16 pm and pitch of 10 pm; (c¢) photo of chip
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Fig. 13 Microlens and its functionality. (a) Integration of PDMS microlens with microfluidic device; (b) dependence of focal length
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Fig. 14 Integration of center-pass combined microlens array into glass microchannel. (a) Design of structure; (b) optical

micrograph of closed microchannel; (c¢) focusing characteristic of optofluidic device in channel; (d) SEM image of

local structure on flat surface; (e) center-pass function of optofluidic device to control cell position
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Fig. 15 Micro-fiber chip. (a) SEM image of spinneret embedded into microfluidic channel; (b) SEM image of close-up of

nozzle tip with diameter of 12 pm; (c¢) SEM image of spun fiber that has broken in half after solvent drying and its

(d) higher-magnification image; optical micrographs of (e) unaligned fiber and (f) aligned fibers
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Fig. 16 Nano-shell structuring by TPP. (a) Top-view and (b) tilted-view SEM images of stand alone hemisphere with

holes; (c) cuboid with large volume, whose fabrication time takes only 3 min; (d) hexagonal microlens array with

fill-factor of 100% and large surface arca, whose fabrication time takes only in 3 min
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Fig. 17 Schematics of multi-foci parallel micro-fabrication. (a) Displaying CGH image on SLM, generating 9 foci to
parallelly integrate microstructures inside given microchannel; (b) structures using 9-foci parallel fabrication;
(¢) microfilter using 5-foci parallel fabrication; (d) SEM image of microfilter using 5-foci parallel fabrication;

(e) fluorescence microscope images of cancer cell with diameter of 18.8 pm blocked by microfilter

] =Z i DR ot A 22k 4 0 TR A 3 S DX A AT
TR BN RSN AL B AR M b, B IRE T
E NS TR N &R Y NP = R
B 18ff 7Ry 3 Fiom T im B . IR 18 Hraf LA

A 2GR S5 B B T R R S5, B
TR R 9 s, SR ZE SR T THE AR W AT
DL I T Tl 920 2 1 min DLF EAREIN T 4
K18 iR = 2275

(@) femtosecond @ multi CGHs

lobjective

single CGH
— (|

multi CGHs

==
Eop

K18 3Fm Ly kmER, (O CEEOEES L (b) Bkt CBHOt A S R E; (o Z B2 8 Wb
WOt HTESR (DR ZWIELMER SEM BE; (o B 5 58 E 4135 5 (D 3 o T 5 5 i B OG A &t i T 18] X bb

Fig. 18 Schematics of three fabrication approaches. (a) Femtosecond laser direct writing; (b) single-exposure holographic

illuminated by a single CGH
illuminated by 20 CGHs
direct laser writing

femtosecond laser direct patterning; (c¢) multi-exposure holographic femtosecond laser direct patterning; (d) SEM
image improved by multi-exposure; (e) detail of improved letter E; (f) comparison of corresponding laser power

and fabrication time of three fabrication approaches
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Fig. 19 Microtrap array. (a) Schematic of trapping process; (b) flowchart of MRAF algorithm;

(c) SEM image of microtrap array; (d) optical micrograph of trapping process
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