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Fig. 1 Laser hybrid fabrication based on laser additive, formative, and subtractive manufacturing and its applications in flexible micro-
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Fig. 2 Technical characteristics and typical target materials of laser additive manufacturing. (a) Schematic diagram of laser sintering

[83]

process™; (b) schematic diagram of changes in metal nano ink during laser sintering process™; (c) Cu electrodes on PI film

(inset: microscopic image)™; (d) Ni conductive patterns on PET substrate (inset: magnified SEM image)"™; (e) flexible and

conformally adhered Ag NP-based strain sensor (inset: optical image of conductive traces)™; (f) optical micrograph of laser-

sintered Au NP film (inset: magnified SEM image)™’; (g) Zn NP-based transient device array and grid pattern by laser digital

printing and sintering (inset: optical image of Zn traces)™"; (h) photograph of a flexible and stretchable electronic device

composed of a laser-sintered LM NP film deposited onto a flexible printed circuit board, where the laser-sintered patterns (light

gray) are used to create conductive traces, resistors and capacitors between Cu traces and integrated circuits (inset: SEM images

of representative areas of the as-printed and laser-sintered LM NP film )"
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Fig. 3 Technical characteristics and typical target materials of laser formative manufacturing.

(a) Schematic of fabrication of

amorphous carbon (AC) and LIG with different wavelengths of laser""”; (b) schematic of fabrication of LIG using various laser

sources and carbon precursors; (¢) morphological evolution of carbon precursor particles during laser carbonization of PI to

LIG™ (d) generation of LIG and its derivatives from carbon-based cloth precursors““'m; (e) generation of LIG and its
derivatives from carbon-based paper precursors’™'*"; (f) generation of LIG and its derivatives from carbon-based food
precursors’; (g) generation of LIG and its derivatives from carbon-based polymer precursors”'**""); (h) generation of LIG and

its derivatives from carbon-based wood precursors""*; (i) generation of LIG and its derivatives from carbon-based leaf

[11,149]
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scanning

gravitational resistance!*”

substrate for ultratrace molecular Raman detection;
(e) femtosecond laser-induced formation of highly uniform and controllable photonic structures on an SOI surface™
topography image of highly uniform subwavelength grating on an SOT device (inset: SEM image)"
transparent Kirigami electrode by UV laser digital cutting""";
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Laser subtractive manufacturing. Pyrolysis: (a) high-aspect-ratio 3D PDMS array structures fabricated by laser back surface

fabrication”

975 (b) th PDMS 03 T 46 LR B BHLA A T
T
53 W ) )6 T4
Y1 () S SMHIOGECT U000 T R )

; (b) schematic diagram of a soft-robotic hand consisting of PDMS pneumatic fingers grabbing an object without
. Ablation: (c) femtosecond laser-processed hybrid superhydrophobic/-philic microporous SERS
(d) UV laser engraving of PDMS textured surface™.

I IPSS:
(D) 3D
“1 Cutting: (g) stretchable

(h) Kirigami-structured stretchable strain sensor by laser-assisted
[200]
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Fig. 5 Flexible physical sensors. (a) Schematic diagram of fabrication of highly sensitive skin sensor by laser-patterning and laser-
induced crack generation”™; (b) illustration of measuring the epicentral motions of fingers, where the upper left image depicts

the measurement of the topographical change of the wrist caused by the finger motions, and the lower right image shows the

SEM image of the cracked region of the sensor, with a scale bar of 40 um™”; (c) schematic of the strain sensors fabrication
processes, including screen printing of Ag, laser direct writing to form graphene films and Kirigami structures, and Ecoflex
passivation™”; (d) schematic of an integrated device with printed electrodes™; (e) a device photo under bending™"; (f) upper

image shows respiration monitoring during office work of a volunteer (insets: a photo of the device attached to the abdominal

area and zoom-in of the resistance change results corresponding to breathing), and lower image shows the real-time averaged
breathing period extracted from the upper image (inset: histogram of the breathing period for 2 h)*"; (g) laser fabrication process

of the piezoresistive sensor material array with the serpentine interconnect™"; (h) top view of the active layer, including sensing

pixels and insulating serpentine paths™; (i) picture of the material array™"; (j) deformation distribution on active layers from the

206]

bottom view of the serpentine-interconnect model
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Fig. 6 Flexible physical sensors. (a) Schematic of assembly of the capacitive pressure sensor™; (b) schematic of the LM on the laser-
structured dielectric layer™”; (¢) enhancement principle of signal intensity™"; (d) capacitance curve of the sensor attached on the
wrist when pouring the water on the sensor™”; (e) wearable highly sensitive all-flexible tactile sensor for real-time monitoring of

mechanical signals from human wrist pulse, palm movement, elbow bending, knee bending, finger bending, and walking and

running movement”";

; (f) schematic of the fully soft self-powered vibration sensor (SSVS) showing its structural details and
laser—asmsted fabrication™; (g) cross-sectional schematic of SSVS"™; (h) photo of the assembled SSVS, with a scale bar of
1 em™; (i) photo of a wireless data acquisition system and SSVS worn on a human arm™; (j) measured signals of SSVS during
daily activities and emergencies, all waveforms are d1splayed at the same magnification showing various height-width ratios™”;
(k) schematic illustration of roll-to-roll fabrication™; (1) design concept of a battery-less inductive-capacitive (LC) sensor that
measures the humidity level inside a sealed packagem (m) fabricated 3 cm> 3 cm humidity sensor’™; (n) change in sensors
resonant frequency of different sensors as a function of relative humidity (RH)"; (o) the resonant frequency of the sensor can be

remotely measured using an external coil connected to an RF reader'™
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Fig. 7 Flexible chemical sensors. (a) Laser fabrication schematic of the all in one open-microfluidics multiplex biosensing platform™";
(b) functionalization schematic of the biosensing platform for ion and pesticide sensing™"; (c)(d) (e) open circuit potential
response of the potassium ion-selective electrode (K™ ISE), nitrate ion-selective electrode (NO; ISE), and ammonium ion-
selective electrode (NH; ISE) to KCI, KNO,, and NH,ClI solutions, respectively, within the concentration range from 10 “ to

107 mol/L™"; (f) current vs time response of an enzymatic pesticide sensor to different concentrations of parathion";

7: (h) photograph of the flexible ZnO gas sensor'”*’;

(g) schematic illustration of fabrication procedure of flexible ZnO gas sensor
(1)(j) schematics of structure and fabrication process of multiplexed electrochemical sensors for gout management and evaluation
of the body’ s hydration status”; (k) optical images of the electrochemical sensor integrated with a microfluidic network before

and after bending™”; (1) comparison in the human sweat uric acid level under low- and high-purine diets before extensive exercise™”

o L TR WOL R A I TR A R TR A T RE FHLAR R B, B T — AR 4 Kirigami B % (R A
UK/ BOR B B BRI S T TR A PR =4 m AR TR RE ) ik o9 18] 58 (LA 45 s
Ry AR BRI RE T, Al Bl s WA RS YIRS i T ARV 3 R ) A 220K IR 1R 58 (AT 4 T AL A

AT ) BB BILAs A AR B ] 2R BB A T PO B ILA 2 i g [ 18] 8(a) Jo %A% I A 5 B T Bk i
TE Mk A BEAR S Sl BB Jr sCRT A2 B, 220K BT 5 R e K AT AR R 11 8(b) 1o 4
AT A B A B e AR B l’fZIS(d)FJ?/%,”“ AT LA Ay e o o2 ORI A R B0

k%%%%m@f%@ﬁfﬂ%*%?%%u%ﬁ A AL AR (B K 250 pm B BB K £ >20 g+h '\m %),
fik. Xk, Gandla 1 B 3T 3 4R Ui & 19 T A5 JE 25 4 %u%%%%dam%}%m%uuhraﬂ)%éﬁAu/TiﬁﬁﬁJziﬁ

0402403-15



E51% F4H8/2024 £ 2 B/HRE#N

T E - BRI

Sai M E 8(c) |o il & 3O 43 A T b ik [ 22 1k
SEEMEMEEEANFEEE-RAYHESHE, B4
PO ) A Ak RO B DR K 45 A AR R [ (Y L AT
F ] DL — 2 R M 8 T RIE L
PR AT 25 AL AR 0 S B Y AR B 5T N BB L
TR 2 R A5 5, i ECG .EMG I EOG {5 %
[E8Ce) 1o Horp 1B Rk S W58, WL el A% I8R50 43 1
F gl AL ST, DL S H 2 0 DORS R T
G2 3 T O B i s A B I 45 # T  E 5E T
Ve Ry AT 25 SR B 2 SR A R B AL I

P 0] 1 e R R A% B A A 2 W U R A BT
Bl 5 T B R R AR HEAE % A Bk 2 7 A FE HE
S Rl B il 2 AT R A, 15 W AR [ K O g
SO S/ Ay S = W A N 2 E A TR
JULHR, A S B 0 B S (F) B, AT 1 4 FH i
T 48 AN O HEAT B0 N T, A3 AL Z) ALY & F0 HE
2R E R E M CO, ¢ # 1T Ecoflex PDMS-
PEIE W R &5 fLLE 8(g) o BT 5, A b 51 0ok
T T AR B T T e AR5 58 M R K T R Ak Sk 25
AT R &R gt R A, 6 F 2 35 AT 2 20 em S8 1) K
RSF I R #8412 45 AR RE % LUES P B (<Z4 min) it &
S PRI B4 BESRAIRE 50 pm B AN TP B R4S
W o % Jegts vh T R A R g T &5 4 A ] AR R L E
e B %) 17 6 B R A B R B B e [l 8(h) 1, 78
10000 YR AE 4 1 5 25 BILAK 28 Ap (I KB A5 4 30%6) 47
HREER YR ERE I S() ], HFEAERETAHGES
feh FRNERER AWM E W ZEsh Lo T
N

BE AN, ] o R 22 1 e A T AL R B e AL B T
F i RA R R 1E i BRI E 3 5 8 iR
WAL G5 Z —  EMG & FF B= 2% KO 0T 52 40358 1
iz SRS VEAL , [ B o A 1) 4t 2 W I AR B /65 T 2% 45
il ML T AR A R M AR SR BT U
I EMG 15 B 2% © 8 K W9 7T 28 3 &R 46 19 iF 5% 4
RN A AR R A B K - e R 7 Ml A R AR AT 1Y
T EMG G502 — A G HE ) @, Pf e o g
T4 B 21/ 90 21 W 8 B SF L 48 T2 F B, Jeong
AEPOIN T —FhIE T 2.5 4B O VI B B S S A
TR WE SR, A THFHMIERET
T AL E AUE AR L R BEOGEM TEEERRET
VIR 2 . ad P8 65, R LSS B[R] B s A ) ) T
TR . Hovh R v O R o E P A 20 ) R A
AR A5 O AR AN 5 8 T2 204 9 U R Ay
Litg IR TNl I o N S o ) TS 3 B iy il
LY EMG 15 A8 P sl RS ol A Ak
TR A AT RE AT LA FE 40 3 e AR B AS TR . Be A,
WFIE N B0 o A% s 5 B R U LA ES & B
BT SRR AL 2 O, I8 o T REGRAEN T %
FMEMGERAGE WA KEE8(k) ], &R ER,

5 %4 32 A 6 B xF 28 A F R B Y T Y fE B 0R 5 1k
93.21% , HHF A5 R T A9 S 25 1 1 55 T 2 o & 94.34 %,
X b 2k LA BT ROk 1] N EMG R R TES K ALA
18 9L R A o
54 FMHSESMEBE

JUEAATE &80 F il BB Rl A i 5 AR Ok 2
(IR S R B A 7 R e
Ll e e 0 2 W A5 T A P RE L H
XL A AR A AR X SRR A 4 B B Ak 2 R S R
— SR KGN B W AN R DA 2 2 WROR A R A
B W, TR MBS RN T —F kit
W, ZRSERMEN T 2Rk, Tt £ H
b 2 St gEAT [A) I I R0 25 A 20, AR BIUTE 2 4 ¢
PEFE bR R A A RO /U N -HL- IR R
TS B R R A R X BB R R R — S
N Rl A ) K e M 2 B A AL R v B R 1

TEZDREEIR R G, £ & W55 M 2 28U
XTI ST 2SI R e E R Y R 2R S
B ) Bk AR Ak B, T BE TA) A4 AR B P2 0 R G0 0 HE
Wi 7 o X, Zhang P BA B M T — R IR T A i0OE
S WU AT R GO R 9() ] TT R
WE RT LA S0 22 T RE AL 8%, ] DL 2 B B 8] i T
Yoo Hrph  COBOCHEM BT PUEIRSMIE 2 AL 5
TR LIG, [FIE, 2500 fl A0 i i 1 48 5 B
2 HL 3O LY 3 1R AR R A B e A% B e 1Y
PR g # . & 9(b) B R, LIG By o] 4 fd dg JE B 3%
iR A AL RSN T 2 U1 RE R G5 R R R Y 32
G HELCHRRT PR bR AL . R 2 TR s
B R S8 AV A B N B AR B A S (a0 ECG
EMG) ALKz 20 /4 BRI Can vz A IR BE RN 4
i) DL A A AR W /AR (A Na™ JH T Bl AR N
NO,) ¥R EE [ 9Cc) |, I DA B 5 WA 42 25 R RE 2 47 fiff B
JC R HEAT P RE AR .

BRI A T UG ZR L 3 O A T A A
BRI, S BEASME AL 3 B IS 7 A i, (H JHL S B 1 38
e FHRPSL R 0 R R o T, — Fh i S i U T
Z IR M BB AR B L AR SRR AN S b B R B T i
AR REECR AR B RO 1B A HL VR B B DL R T
4 [ b R T AR T 2 R 0 TG 4 B A% B A 4R T
— R X A AR 9 R B 2k B i T (Aot
Z) TR SR Z) ) | i LA R 0 T Ak R e e R 2
INTEME I REM B, SR/ P R R G YRR AT .
AN, K2 BCH A AR M R T AR R 3 it f ] 28
R GEAE ML AR TE A AR 2 k32 2l B 7 76 Bt TR AR
AfE S AR mE ., Hwik R RE, —F RT3
Hois T B M L TR Y 1 A H AT 2 A AL ST B o o
U EIN T A % T AERH CO, oLt
ek B = 4 2 FL LIG, i 1 JEHLER I 7 ot ks
JE S LIG B Ry Dy s Ak &4, B il B A 2R 4544

0402403-16



X E - B EIR 515 5 481/2024 &£ 2 B/ EM®

0y

tof plad®
d, ©
formabV Proposed sensor Conventional sensor

EMG EMG

04

1 \
i ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
i i
1 Serpentine 00 :
i I
] ]
: m AT I S 0N 2O S SO R :
: - D habe / Time (sec) Time (sec) :
H ECG ECG H
I 1 iz = ]
2b fd~ 12} e f
T 04 y )
| - |
: Schematic layout > 4 08 :
1 it e e |
i Time (sec) S Time (sec) !
! ]
. ool e ool memen :
i i e |l 5
: g'“ Eyesdown| é.M Eyesdown :
> 0] > 08
] Xreia Eyesen ]
1 Laser { 01125 131 4] 8T TR OO 1
i ablation/scribing 4 Time (50 Tine (300 I
1 4 1
] ]
1 ]
\ /
O i ] o o i i o i o s
'/ ---------------------------------------------------------------------------------------------------- \‘I
| ; g
1 ® . . Photochemical and Lon ineiisity lasar :
: - - hotothermal effect BN 1
: : Photothermal effect U P :
nnecessary parts |
| pfice——" » Nigh nensityfaser TR
| on niensiy |
= ]
! (gz/ el Escaping . V7 B thick sticky PET G, !
1 ‘aporized = . Vo
i PDMS vapor W Thin PET — = ' ' B
1 y ' i |
i ’ .Aluminum ~—— : : :
1 SEMG Signal s '
i Ecoflex_PDMS-PEIE o Intention Recognition ! ' B
]
1 ES 1 1
1 b . O (|
1 i )
! ® : o, ® : ¢ s Vo
i ® ® ¢ ® ! v
1 o ‘ .
: Sensor sleeve ..
\ I’

8 Zik e A AL IR L () T i AR 3B AE K0 32 11 2R 05 & 1A Kiri-Spider M 254 15 11 R ' i 7% 38 75 (b) ik & e Bk - #Y
FUA e B T AR T A e A PR R5 (o) A JERR  3 J2 B TA JR 5 () A S R 7 B P 5 SO T L b i G
(e) HHF I EMG .ECG FEOG 1y il 1 iy M A% e i b 28 PR 5 R R 7 () 2 MO b i x ALBREET 7 P 2 4k Bt 1)
FIMERZET 5 (@) COLMOBTEME o B ARFL 5 (h) W A A% S8 B 4 (10 Sl 2% PR L TRt X AR B ok (¥ 28 L T e 266 P R T
BAFARE A5 (D) B N ZE S 30 %6 FRF A 4 T 405 () 2.5 20 S0 10 31 T4 Js B0 R P2 5 (k) 6 T F 2 14 % IR 2 2 LA 5 R

22 9 25 (CNIND Ay 5 fith ) 58 PR SRU3 B 6 a0 47 T 4 R 0
Fig. 8 Flexible electrophysiological sensors. (a) Schematic illustration of the nature-inspired Kiri-Spider serpentine structural design
and laser fabrication for electrophysiological sensing™”; (b) electrode patterns exhibiting high levels of deformability placed over
a spherical surface™; (c) layout of layer-by-layer design of the sensor™; (d) sensor attached to the sticky, breathable and
stretchable patch™; (e) schematic and graphical representation of both proposed and conventional electrodes for measuring
EMG, ECG and EOG™; (f) UV laser ablation to pattern Al films followed by cutting the stack layer[‘;\y]; (g) CO, laser to drill
the holes in the patch™; (h) optical image of the patch-based sensor array exhibiting flexible, stretchable, sticky, and conformal
adhesion to human skin™”; (i) cyclic measurements under a maximum strain of 30%"; (j) side view of working principle of 2.5D
laser cutting”™”; (k) gesture recognition using developed sensor sleeve and employed convolutional neural network (CNN)-based

intention recognition algorithm™”
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Flexible multimodal sensors. (a) Enlarged schematic illustration of the wearable multifunctional system with double-sided

Microfluidic
channels

20 ®
o

Adnesive
layer

Epidermis

Sweat duct

device modules”; (b) photograph of the multifunctional system in the gym, with a scale bar of 5 cm"”; (c) schematic illustration

[46],

of the functions of the system during human sports™”; (d)—(f) schematic illustration and optical images of the LIG-based self-

powered, wireless, wearable sensing platform, with the energy harvested by TENGs from kinetic human motion to charge
micro-supercapacitor arrays (MSCAs) as the sustained power supply for powering on-skin sensors, signal processing units, and

7. (g) optical image of the stretchable LIG-based top electrode with island-bridge layout

wireless data transmission components
in the TENG""; (h) optical image of the stretchable LIG-based MSCAs attached on a human wrist™”; (i) conceptual illustration
of the multifunctional wireless platform showing an exploded view of the different layers composing the platform containing the

7 (j) optical photograph of the fabricated multifunctional platform (inset:

inertial, temperature, humidity, and breathing sensors
the LM placed inside the curved patterned PDMS channel)'

of resistance variation of the sensor when attached to the chest of a human subject performing tasks such as standing still,

#7; (k) real-time physical activity monitoring showing the raw output

walking, jogging, laying down, and getting up™”; (1) real-time physical activity monitoring showing the raw output of resistance
variation of the sensor when attached to the back of a legged robot performing movements such as walking in place, small

movement, walking forward, and twisting”"”; (m) the sensor with entirely laser-engraved components: the microfluidic module

[35] [35],
5

and the LEG-based chemical and physical sensors™”; (n) schematic of vector-mode laser cutting for microfluidic fabrication

(0) schematic of raster-mode laser for LEG-based chemical sensors fabrication””; (p) photograph of a flexible lab-on-skin patch,

[35],

with a scale bar of 1 em™; (q) layers of the sensor, from the bottom layer in contact with epidermis to the top layer™; (r)

photographs of a healthy subject wearing the sensor patch at different body parts™”
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Fig. 10 Flexible multimodal sensors. (a) Schematic illustration of drawing of the first layer (stacking and vertical interconnect access
(VIA) formation) and the second layer™; (b) illustration of erasing the top layer electrode with accompanying optical images
with a scale bar of 200 um""; (c) SEM images and corresponding illustration of the controlled VIA of four-layer device and the
demonstration of the selective VIA control of the three-layer circuit system™; (d) the device is actively adapted to the various
user demands and corresponding attachment locations through impedance and sensor SOA, SOA is based on the laser
rewriting of metal nanoparticles”; (e) images of the developed skin electronic device including various sensing elements with
on-skin power transferring ability, with scale bars of 15, 15, and 20 mm, respectively”"; () measuring of various factors that
relates to skin conditions (real-time temperature, UV and humidity)”"; (g) measuring of ECG and EMG signals; (h) measuring
of gyroscopic and EMG signals that relates to virtual hand control in real-time""; (i) illustration of laser ablation strategy, using
low power laser to pattern the metal traces and higher power laser to cut the PET film™"; (j) microscopic images of sensors and
wires showing ablated Al sensors (red) and cut interconnect wires (cyan)™; (k) schematic of corresponding sensor contacts of a

[248],

soft finger approaching and gently touching a doll's forehead™®; (1) plots of corresponding proximity and temperature signals

(calibrated data on the right vertical axis)*"
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Fig. 11 Flexible multimodal sensors. (a) Schematic of the wearable sensor system attached onto a disposable diaper™; (b) schematic of
a wearable body condition sensor system integrated with tilt, breath, and moisture sensors, multiple channel signals are
wirelessly transmitted to a smartphone interface via Bluetooth, the smartphone can generate an alarm under certain
conditions™; (c) schematic of the fabrication process for the non-adhesive LIG-based soft substrate to an LM droplet™;
(d) photo of the fabricated multimodal flexible sensor sheet™”; (e) photo of multimodal flexible sensors attached onto a diaper™;
(f) photos and results extracted from the smartphone of an artificial baby model wearing a wireless integrated tilt sensor for
various body positions, including sleeping on the back (1), right side (2), left side (3), stomach (4), and standing posture (5)"";

(g) wireless monitoring results on a smartphone””; (h) wireless real-time monitoring results measured from an adult lying on a

mattress™; (i) schematic of the flexible rain sensor system with reservoir computing (RC) processing™; (j) photo of the flexible

262],

rain sensor and the sensor attached to an umbrella®”; (k) sensing mechanism of flexible rain sensor with and without water

% (1) resistance change of the sensor, estimated wind velocity, and estimated volume in an ambient environment with

—1[262]

droplets
natural wind flow in the range of 1. 5-3.5, and 0-1.0 m-s
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Abstract
Significance

With the increasing demands of internet-of-things and big data, flexible electronics have become a key technology.

Among them, flexible micro-nano sensors, as an important part of flexible electronics, have revolutionized the physical form of

conventional rigid devices. It has significantly facilitated the interconnections among human beings, machines, and environment,
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serving as a vital role for the advancement of intelligent electronics. For instance, embedding flexible micro-nano sensors in smart
skins renders sensitive detection of external pressure and deformation, making them applicable in robotics and bionic hands. In
biosensing applications, these sensors facilitate real-time monitoring of the internal micro-environment, drug release, and cellular
activities. When applied in hand motion tracking and tactile feedback, they contribute to enhancing virtual reality interactions. It is
envisioned that the emerging development of flexible micro-nano sensors will enable a new era of transformation within the industry.

Currently, a variety of commercial micro-nano manufacturing methods have been widely applied in micro-nano devices, including
physical/chemical vapor deposition, photolithography, and nano-imprinting. However, the fabrication of multifunctional flexible
micro-nano sensors often involves the combination of multiple manufacturing methods to achieve various tasks like sensitive material
deposition, patterning, as well as generation of micro-nano structures. With the evolution of flexible micro-nano sensors towards
miniaturization, integration, intelligence, and customization, the higher technical requirements are posed for the efficient
multifunctional preparation of sensitive materials and the controllable fabrication of micro-nano structures.

Among various technologies available, hybrid laser fabrication based on laser additive, formative, and subtractive
manufacturing, along with their combined processing modes, meets the heterogeneous requirements of multifunctional flexible micro-
nano sensors in terms of multiple scales, dimensions, and materials. Leveraging its rich reaction mechanisms, flexible and
controllable regulation, high-precision processing, and multi-material compatibility, it breaks through the limitations of traditional
manufacturing technologies in multitasking, multithreading, and multifunctional combined processing. Based on laser and matter
interactions, hybrid laser fabrication realizes cross-scale shape control and property control, which opens up a new path towards the

integrated structure-material-function manufacturing of various flexible micro-nano sensors.

Progress Several published review articles on “laser fabrication of flexible micro-nano sensors” are available, which mainly
elaborate on laser synthesis of micro-nano materials and laser processing of micro-nano structures. This paper focuses on hybrid laser
fabrication and discusses its application strategies in the realization of flexible micro-nano sensors from a global perspective. It
sequentially introduces three laser-based manufacturing methods, including additive, formative, and subtractive fabrication. The
processing mechanisms and typical target materials involved are discussed. The paper highlights the technical advantages and
applications of hybrid laser fabrication in flexible micro-nano sensors (Fig. 1).

In particular, based on different processing strategies of hybrid laser fabrication: (1) Laser additive manufacturing utilizes laser as
a localized energy source to heat and melt nano-precursors, which accumulates layer by layer after sintering to form functional
structures. Examples include laser reduction sintering of metal or metal oxide nano-inks such as copper, silver, and nickel (Fig. 2).
(2) Laser formative manufacturing refers to laser-induced interfacial reactions used to change the physical or chemical properties of
materials, while almost maintaining their initial volume. This is typically used to regulate the conductivity or functionalize the
properties of polymers (Fig. 3). (3) Laser subtractive manufacturing mainly achieves pyrolysis, ablation, patterning, and micro-nano
texturing of materials. For example, it is applied to enhance the performance of pressure sensors and fabricate high-resolution
interconnect circuits (Fig. 4). Rationally combining these three laser processing strategies makes it possible to deposit nano-materials,
physicochemically modify sensitive media, and pattern and precisely form micro-nano structures in multifunctional devices. This
makes it feasible for the multifunctional integration and versatile manufacturing of flexible micro-nano sensors, making it a potential
alternative to traditional manufacturing methods.

Subsequently, this paper discusses some typical applications of hybrid laser fabrication in flexible physical, chemical, and
electrophysiological sensors in recent years, as well as {lexible multi-modal sensor systems. It comprehensively demonstrates a wide

range of multifunctional applications in the fields of wearable healthcare, human-machine interactions, and environmental monitoring.

Conclusions and Prospects Hybrid laser fabrication involves multiple disciplines such as optical engineering, materials science,
and mechanical manufacturing. Utilizing multi-pulse and multi-wavelength laser manufacturing systems, it judiciously integrates the
characteristics of additive, formative, and subtractive processing, allowing efficient deposition of sensitive materials, modification of
material properties, and precise preparation of micro-nano structures. This integration provides a robust solution for realizing high-
performance flexible micro-nano sensors, overcoming the technical challenges of traditional methods. Nevertheless, there are still a
couple of challenges to address for practical applications. First, the further improvement of precision is restricted by the optical
diffraction limit, which hinders the manufacturing of high-density and highly integrated devices. Second, traditional laser processing
mainly works through the point scanning mode, and the preparation of complex structures usually takes several hours or even longer,
which greatly reduces the yield and cannot meet the needs of large-area or mass-processing. In addition, the diversity of target
materials has posed a challenge for hybrid laser fabrication in relation to multimodal processing. Finally, in terms of device
applications, overcoming signal crosstalk among different sensing units is a key issue in the design and fabrication of devices, given
the potential of hybrid laser fabrication for the integrated processing of multifunctional sensors. In conclusion, hybrid laser fabrication
is envisioned to accelerate the innovation of flexible micro-nano sensors and expand the application scenarios of laser processing.

Key words hybrid laser fabrication; laser-matter interactions; micro and nano-fabrication; flexible electronics; flexible micro-nano
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