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Abstract: As  a  flexible  and  efficient  non-contact  processing  strategy  in  ambient  air,  femtosecond laser  precision
engineering  has  become  an  advanced  technology  for  micro/nano-structure  fabrication.  Femtosecond  laser  can
output ultrashort laser pulses at a very high repetition rate, ensuring higher machining accuracy and improving the
machining efficiency. The femtosecond laser manufacturing is mostly processed under multiple pulses irradiation. At
a high repetition rate, incubation effect based on the multiple pulses irradiation provides a new theoretical and tech-
nical support to realize precision manufacturing. Herein, a systematic review is conducted on the influence of laser
repetition  rate  spanning  from  kHz  to  GHz.  The  physical  mechanisms  of  three  incubation  modes,  namely  defects
accumulation  (kHz),  heat  accumulation  (MHz),  and plasma interaction  (GHz),  are  summarized.  The latest  progress
including  micro/nano-structuring,  nanostructure  synthesis,  three-dimensional  functional  structures  fabrication and
cross-scale  precision  engineering  is  explored.  Furthermore,  the  prospect  and challenge of  the  high-repetition-rate
femtosecond laser processing in research frontiers and industrial applications are discussed.
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 Introduction
Micro/nano-fabrication  provides  a  unique  platform  to
explore new applications in the fields of materials science1,2,
semiconductors3,4,  sensing5−7 and  biomedicine8.  Since  its
naissance  in  the  1990s,  femtosecond  laser  micro/nano-
processing  has  revolutionized  the  field  of  precision  manu-
facturing,  leveraging  its  ultrashort  pulse  duration  (10−15 s)
and  ultrahigh  peak  power  (TW  level)9.  This  technology
enables  micron  to  nanoscale  precision  through  the  precise
manipulation of laser-material interactions, and has shown
its  powerful  ability  in  various  micro/nano-precision  engi-
neering  applications10,11.  Femtosecond  laser  processing
involves  the  complex  interaction  between  light  and
matters12,  which  is  both  challenging  with  opportunity13.
Based  on  the  special  understanding  of  the  laser-materials
interactions,  two  technology  categories  have  been  devel-
oped,  including  near-field  processing14 and  far-field
processing15. The near-field processing technology relies on
the  manipulation  and  control  of  attenuated  evanescent
waves,  which  has  extremely  high  machining  accuracy  but
limited  throughput16.  The  far-field  processing  technology
based  on  multiphoton  absorption17,  threshold  effect18 and

incubation19 have  been  developed,  which  greatly  improves
the potentials of laser micro/nano-engineering. With break-
throughs in laser technology,  the femtosecond laser repeti-
tion  rate  has  increased  from  early  kHz  to  current  GHz,
spanning  the  six  orders  of  magnitude20,21.  This  evolution
leap not only drives exponential  improvements in process-
ing  efficiency  (from  thousands  to  billions  of  pulses  per
second)  but  also  produces  novel  processing  methods22.  In
the  process  of  the  high-repetition-rate  femtosecond  laser
irradiation,  various  extreme  manufacturing  has  been  real-
ized via multiple pulses incubation23.

Here,  we  systematically  summarize  the  influence  of
femtosecond  laser  repetition  rate  (from  kHz  to  GHz)  on
micro/nano-processing via multiple pulses incubation. The
physical  mechanisms  of  three  incubation  modes:  defects
accumulation  at  kHz,  heat  accumulation  at  MHz,  and
plasma  interaction  at  GHz  are  comprehensively  analyzed.
By  integrating  practical  applications,  the  latest  progress  in
femtosecond laser  precision engineering based on multiple
pulses incubation is emphatically introduced, as depicted in
Fig. 124−31.  At a repetition rate of kHz, the incubation effect
manifests as a reduction in the ablation threshold due to the
accumulation  of  surface  defects  inside  materials.  The
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formation  of  self-organized  structures  and  near-field
breakdown  nanostructures  is  achieved  through  the  defects
induced incubation. When the repetition rate reaches MHz,
the  thermal  relaxation  time  of  the  materials  and  the  pulse
interval achieve a dynamic equilibrium, resulting in the heat
accumulation.  Through  the  precise  control  of  this  thermal
incubation, various processes can be realized, such as oxida-
tion  structure  patterning,  nanostructure  synthesis,  flexible
nanopatterning,  and  3D  patterning.  At  a  GHz  repetition
rate,  the  subsequent  pulse  can  directly  interact  with  the
plasma  generated  by  the  previous  pulse.  This  interaction
significantly enhances energy coupling, leading to the emer-
gence of high efficiency materials  removal and burst  mode
surface  texturing.  These  processing  strategies  based  on
multiple  pulses  incubation  provide  unique  insights  for  the
femtosecond  laser  precision  engineering.  Furthermore,  the
challenges  and  future  prospects  of  high-repetition-rate
femtosecond  lasers  in  both  fundamental  research  frontiers
and industrial applications are discussed.

 Evolution and incubation mechanism of
high-repetition-rate ultrafast laser
processing
Since  the  first  ruby  laser  was  invented  in  196032,  laser
processing  has  experienced  a  revolutionary  leap  from long
pulse  (millisecond  level)  to  ultrashort  pulse  (femtosecond
level).  Long  pulse  laser  processing  is  characterized  by
pronounced  thermal  diffusion33,  with  processing  precision
constrained  by  the  size  of  the  heat-affected  zone  (tens  of
microns),  which poses  challenges  for  modern micro/nano-
manufacturing.  With  the  breakthrough  in  chirped-pulse
amplification (CPA) technology34, femtosecond lasers, char-
acterized  by  their  ultrashort  pulse  duration  and  ultrahigh
peak  power,  enable  the  ultimate  temporal  compression  of
energy.  The  light-matters  interaction  under  such  extreme

conditions  has  broken  the  physical  limits  of  traditional
thermal processing, enabling cold processing with the mini-
mal  heat-affected zone35.  With the further  increase of  laser
repetition rate,  incubation mechanism based on the syner-
gistic  effect  of  multiple  pulses  irradiation  emerges,  which
further  promotes  the  development  of  laser  precision
engineering30.

 Laser-material interaction under different pulse
durations and repetition rates
Since  the  laser  processing  represents  a  dynamic  and
complex process,  it  is  particularly necessary to regulate the
interaction between the laser and materials to achieve high-
efficiency  and  high-precision  micro/nano-manufacturing.
The light-matters interaction encompasses both photother-
mal  and  photochemical  processes.  The  photochemical
process  modifies  photosensitive  materials  through  the
breaking of chemical bonds that take place upon laser irra-
diation.  This  process  is  applied  in  photolithography  and
photo-polymerization for 3D printing16,36. In the photother-
mal  process,  electrons  within  the  substrate  materials  upon
laser  irradiation  absorb  the  energy  of  incident  photons.
Subsequently,  through  intense  collisions  on  a  picosecond
timescale,  the  absorbed  energy  is  transferred  to  the
substrate  lattice,  consequently  leading  to  an  increase  of
substrate surface temperature37. As the surface temperature
exceeds the melting point or even the boiling point, a phase
transition from solid to liquid and then to gas occurs, and a
plasma is  generated.  When the laser  irradiation ceases,  the
substrate  undergoes rapid cooling,  and ablation craters  are
formed on the substrate surface.

These processes vary among metals, semiconductors and
dielectrics38.  Metals  contain  a  large  number  of  free  elec-
trons, which absorb the energy of incident photons and get
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Fig. 1 | Femtosecond laser micro/nano-processing based on multiple pulses incubation. kHz: Self-organized structuring24 and near-field breakdown25; MHz:
Oxidation structure patterning26, nanostructure synthesis27, flexible nanopatterning28, and 3D nanoprinting29; GHz: High efficiency materials removal30 and
burst mode surface texturing31.
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heated  up.  Via  the  interaction  between  electrons  and
phonons,  the  heated  free  electrons  transfer  energy  to  the
atoms  within  the  lattice.  Since  semiconductors  possess  a
relatively  small  number  of  free  electrons,  additional  elec-
trons are excited across the bandgap. The photon energy of
incident light must exceed the band gap of the semiconduc-
tors  for  strong  absorption.  Electron-hole  pairs  can  be
produced  by  absorbing  the  energy  of  incident  photon,
which  corresponds  to  the  interband transition  of  electrons
from the valence band to the conduction band, and causes
lattice  vibration,  thereby  heating  up  the  materials.  When
the  density  of  free  electrons  is  relatively  high,  the  interac-
tion between laser and semiconductors is similar to that of
metals.  For  wide  bandgap  dielectrics,  they  are  transparent
to most of the incident light, and difficult to directly absorb
laser energy. The main mechanism of free electrons gener-
ated  by  photons  with  energy  lower  than  the  bandgap
involves  nonlinear  processes  like  multiphoton  ionization.
Under a high laser intensity, valence band electrons absorb
multiple  photons  and  transition  to  the  conduction  band,
thereby  becoming  free  electrons.  Since  this  process  has  a
positive correlation with laser peak power, it is more prone
to occur during the ultrashort pulse laser processing. In this
case,  a  high  concentration  of  conductive  electrons  can  be
generated,  which  makes  the  interaction  between  light  and
dielectrics  similar  to  metals  and  semiconductors.  Mean-
while,  laser  machining  based  on  photothermal  process
involves  the  heat  transfer  between  electrons  and  lattice  in
picosecond time scale,  so the machining outcome is highly
sensitive to laser pulse duration39.

For  nanosecond  laser,  due  to  the  long  pulse  duration,
significant thermal effect occurs throughout the process40,41.

The  nanosecond  laser  processing  often  results  in  a  large-
scale heat-affected zone (HAZ), with its size reaching up to
tens  of  microns.  The  significant  thermal  effect  also  causes
the materials to be expelled from the sample surface during
the processing, leaving substantial debris around the irradi-
ated area, as shown in Fig. 2(a). For femtosecond laser, with
pulse  duration t<10−13 s,  the  energy  injection  occurs  at  an
extremely rapid rate. Thus, the absorbed energy is unable to
be transferred from the electrons to the lattice within such a
short time interval. The electrons-electrons interaction only
increases the local electrons temperature, thus realizing the
non-equilibrium  state  between  the  electrons  and  lattice
temperature. Since atoms are restricted by their lattice posi-
tions,  they  lack  sufficient  time  to  acquire  kinetic  energy
from  hot  electrons.  As  a  result,  the  HAZ  is  small,  as
depicted in Fig. 2(b).  As the injection time of  femtosecond
laser  energy  is  extremely  short,  the  machining  can  realize
direct solid-vapor or solid-plasma transition, which inhibits
thermal  diffusion  and  realizes  the  laser  ablation  with
smaller  HAZ.  Moreover,  nonlinear  absorption  during  the
femtosecond laser processing also limits the focal volume of
laser  energy  deposition  and  further  improves  the  machin-
ing accuracy42.

When the femtosecond laser outputs laser pulses at a very
high  repetition  rate,  it  introduces  the  following  mecha-
nisms  to  further  reduce  the  HAZ.  For  MHz  femtosecond
laser, the interval between adjacent pulses is on the order of
nanoseconds,  which  is  typically  shorter  than  the  thermal
relaxation  time  of  lattice  cooling  (~100  ns)43.  Therefore,
there  is  heat  accumulation  between adjacent  pulses  during
the  MHz  femtosecond  laser  irradiation,  which  reduces  the
laser  pulse  energy  required  for  the  ablation.  The  precise

 

ns laser

Time

t: ns

E2

Heat af fected zone

Debris

Small heat af fected zone Smaller heat af fected zone

High-repet it ion-rate
fs laserfs laser

Δt: ps ~ ns

30 μm 30 μm 100 μm

a

Time

t: fs

E2
b

Time

t: fs

E2
c

d e f

Fig. 2 | Schematic  of  laser  interaction with  materials  under  different  pulse  durations  and repetition rates.  (a)  Nanosecond laser.  (b)  Femtosecond laser.
(c)  High-repetition-rate femtosecond laser.  SEM images of  laser  ablated holes  fabricated by (d)  nanosecond laser9,  (e)  femtosecond laser9,  and (f)  high-
repetition-rate femtosecond laser30. Figure reproduced with permission from: (d, e) ref.9, (f) ref.30, Spring Nature.

Yin JB et al. Opto-Electron Technol 1, 250003 (2025) https://doi.org/10.29026/oet.2025.250003

250003 (Page 3 of 23)

https://doi.org/10.29026/oet.2025.250003


control  of  the  materials  states  can  be  realized  under  much
lower  single  pulse  energy  and  multiple  pulses  cumulative
irradiation,  thus  improving  the  machining  accuracy  and
reducing  HAZ28.  Regarding  GHz  femtosecond  laser,  the
time interval  between adjacent  pulses  is  on the picosecond
scale, which is the same as the time scale of lattice heating.
In this case, before the residual heat generated by the previ-
ous  pulse  diffuses,  the  subsequent  pulse  has  already  been
injected  to  ablate  the  materials  and  carry  away  the  heat,
thus  achieving “ablation-cooled”30 and  significantly  reduc-
ing  the  HAZ.  Therefore,  the  unique  mechanism  of  high-
repetition-rate  femtosecond laser  processing enables  preci-
sion  machining  with  a  much  smaller  HAZ,  as  shown  in
Fig. 2(c). Surface ablation under the irradiation of nanosec-
ond  laser,  femtosecond  laser  and  high-repetition-rate
femtosecond  laser  are  illustrated  in Fig. 2(d−f).  The  abla-
tion  of  the  nanosecond  laser  processing  produces  a  large
HAZ  with  poor  surface  quality,  as  indicated  in Fig. 2(d)9.
The longer pulse duration makes the electrons energy have
enough  time  to  conduct  into  the  lattice,  resulting  in  the
formation  of  a  larger  molten  layer,  which  significantly
reduces the machining accuracy. Femtosecond laser irradia-
tion  significantly  suppresses  the  HAZ  and  achieves  cold
processing.  There  is  basically  no  molten  substance  around
the laser irradiation area, as shown in Fig. 2(e)9. High-repe-
tition-rate  femtosecond  laser  removes  heat  by  ablating
materials, thereby further enhancing the processing quality.
In Fig. 2(f),  the  thermal  diffusion  from  the  machining
region to the surrounding is  minimal that enables ablation
with an almost negligible HAZ30.

 Incubation effect in femtosecond laser processing
The  incubation  effect  in  the  laser-material  interaction  was
originally  derived  from  the  study  of  laser-induced  surface

damage  threshold.  As  early  as  the  1990s,  researchers
observed  that  when  materials  were  subjected  to  multiple
laser  pulses  irradiation,  the  materials  damage  threshold
decreases  with  pulse  number44.  This  phenomenon  cannot
be simply explained by the traditional theory of single pulse
laser-material  interaction.  The  origin  of  the  incubation
effect can be traced back to the materials sub-damage state
induced by the initial  laser  pulse.  Each laser pulse deposits
energy  into  the  materials,  thus  leading to  the  formation of
defects,  such  as  vacancies,  interstitials,  or  dislocations45,46.
These  defects  act  as  nucleation  sites  for  subsequent
damages,  making  the  materials  more  susceptible  to  laser-
induced  alterations47.  Although  the  initial  defects  may  not
be  sufficient  to  cause  visible  damage  to  the  materials,  they
gradually  accumulate  under  the  multiple  pulses
irradiation48.  When  the  material  is  exposed  to  a  small
number  of  laser  pulses,  the  defect  density  is  relatively  low
and  the  energy  required  to  induce  damage  is  high.
However,  as  more  pulses  are  applied,  the  defect  density
increases,  leading  to  a  decrease  of  the  energy  threshold  to
induce the damages. This decrease continues until the satu-
ration  is  reached,  at  which  the  accumulation  of  defects
tends to stabilize, thus generating a constant threshold at a
large pulse number49. Figure 3(a) shows the surface damage
thresholds  of  a-SiO₂  and  yttrium  lithium  fluoride  (YLF)
plotted  in  a  semi-logarithmic  scale  with  respect  to  the
number  of  laser  irradiations N44.  For  a-SiO₂,  after  10  laser
pulse  irradiations,  the  surface  damage  threshold  signifi-
cantly  decreases  to  approximately  1.5  J/cm²,  which  is  only
40% of single-pulse irradiation (3.7 J/cm²). After about 100
laser pulse irradiations, the surface damage threshold stabi-
lizes,  being  approximately  20%  of  single-pulse  irradiation.
Meanwhile,  the  change  of  damage  threshold  from  ~4.0  to
2.5  J/cm²  are  also  observed  in  YLF  material.  In  the  early
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days,  the  laser  repetition  rate  was  relatively  low,  and  the
time  interval  between  adjacent  pulses  was  long  enough
without  heat  accumulation.  The  incubation  mainly  comes
from the defects accumulation in the laser-irradiated area.

With  the  continuous  development  of  laser  technology,
the  repetition  rate  of  femtosecond  lasers  can  range  from
kHz to GHz, and the time interval between adjacent pulses
keeps  decreasing.  In  addition  to  the  incubation  caused  by
the defects  accumulation in spatial  positions,  there is  ther-
mal  incubation  caused  by  heat  accumulation  between  the
adjacent  pulses  of  high-repetition-rate  femtosecond  laser.
Figure 3(b) illustrates  the  relationship  between the  incuba-
tion  coefficient S in  laser  ablation  and  repetition  rate50.
When the laser repetition rate is below 600 kHz, the incuba-
tion coefficient S of  the femtosecond laser at  a pulse width
of 650 fs shows little variation. However, as laser repetition
rate  increases  above  600  kHz,  the  incubation  coefficient S
decreases  significantly,  indicating  a  stronger  incubation
effect. It suggests that at a high laser repetition rate, the heat
accumulation  is  enhanced,  thereby  promoting  the  incuba-
tion in laser ablation. The calculated evolution of tempera-
ture changes on the materials surface under the high-repeti-
tion-rate  femtosecond  laser  irradiation  is  shown  in Fig.
3(c)30.  When the  time interval  between the  adjacent  pulses
is  shorter  than  the  thermal  relaxation  time  of  materials
cooling, there is a distinct heat accumulation on the materi-
als  surface.  As  the  repetition  rate  increases,  the  heat  accu-
mulation becomes more severe. At this moment, the energy
of  a  single  pulse  required  for  the  laser  ablation  is  signifi-
cantly  reduced,  since  the  materials  can  continuously  accu-
mulate heat with the increase of pulse irradiation, and abla-
tion  can  be  realized  after  the  accumulation  of  multiple
pulses.  By  precisely  controlling  the  materials  state  through
the  thermal  incubation,  many  novel  schemes  of  laser
micro/nano-machining have been achieved.

GHz burst mode femtosecond laser generates pulse trains
at  a  relatively  low  repetition  rate  (mostly  in  kHz  range),
however,  each  pulse  train  contains  multiple  intra-pulses.
The  repetition  rate  within  the  pulse  train  can  reach  up  to
GHz, and the pulse interval is only a few hundred picosec-
onds. Figure 3(d) demonstrates the influence of intra-pulses
number on the materials  ablation depth for the GHz burst
mode51.  When  the  laser  fluence  is  kept  as  a  constant,  with
the  increase  of  intra-pulses  number,  the  materials  ablation
depth is significantly enhanced. When the number of intra-
pulses reaches 5, the ablation depth increases sharply, which
is  due  to  the  interaction  between  laser  pulses  and  plasma.
Laser-induced  plasma  is  usually  generated  within  the
picosecond time scale after the laser irradiation and reaches
its  maximum  on  the  nanosecond  scale52.  Therefore,  the
following  intra-pulses  can  interact  with  the  plasma  gener-
ated  by  the  first  pulse,  thereby  increasing  the  ablation
depth. The GHz femtosecond laser based on the burst mode
provides  the  possibility  to  regulate  the  interaction  of  plas-
mas  among  adjacent  pulses,  and  also  brings  about  a  new

mechanism behind the incubation effect.
Therefore,  the  special  understanding  based  on  multiple

pulses  incubation  provides  theoretical  support  to  realize
new precision manufacturing. Combined with the practical
applications  of  femtosecond  laser  from  kHz  to  GHz,  the
latest progress, future prospects and challenges of femtosec-
ond laser  precision  engineering  based  on  incubation  effect
will be emphatically introduced.

 Incubation effect of kHz femtosecond
laser based on defects accumulation
The  incubation  effect  of  kHz  femtosecond  lasers  comes
from  the  defects  accumulation  in  the  irradiated  area.  The
surface roughness is increased due to the defects accumula-
tion, and then the materials absorption of subsequent laser
pulses  energy  is  enhanced.  Due  to  the  random  location  of
defects generated, the surface texture produced by multiple
pulses incubation also exhibits the feature of irregularity. By
optimizing  laser  processing  parameters,  including  laser
fluence,  scanning speed,  scanning path,  scanning time and
polarization, the random structure can be adjusted thereby
obtaining  self-organized  structures  with  certain  regularity.
In addition, although the defects randomly generated in the
laser-irradiated area are uncontrollable, by artificially creat-
ing a defect to guide the subsequent multiple pulses incuba-
tion,  the  controllability  of  the  entire  process  increases,
showing excellent application potentials. This section intro-
duces  the  related  applications  of  self-organized  surface
structuring  and  defects-guided  near-field  breakdown
nanostructuring.

 Self-organized surface structuring
Functional  surface  structuring  endows  materials  with  a
wide  range  of  unique  applications53,54.  Laser  surface  struc-
turing  has  proven  to  be  an  effective  means  of  altering  the
surface properties of materials. In addition to conventional
laser  ablation,  multiple  pulses  laser  incubation  can  also
generate  unique  self-organized  surface  structures,  which
have  been  applied  to  manufacture  various  functional
surfaces55.  Xu  et  al.  found  that  the  surface  defects  in  the
irradiated area are vital to the excitation of surface plasmon
polaritons  (SPP)  in  laser  processing56.  By  multiple  pulses
incubation  with  pulse  energy  far  below  the  single-pulse
ablation  threshold,  cross-period  surface  structures  are
formed on the silicon surface. Liu et al. proved an attractive
phenomenon  of  the  formation  of  self-organized  periodic
microhole  arrays  by  exposing  aluminum  foil  to  kHz
femtosecond laser irradiation24. The microhole significantly
smaller  than  the  focused  laser  spot  size  is  generated  along
the  laser  scanning  path,  and  a  highly  ordered  microholes
array  is  spontaneously  formed after  80  scans,  as  illustrated
in Fig. 4(a).  The  formation  of  microholes  is  considered  to
have three stages: at first, only slight ablation occurs during
laser scanning, which changes the surface roughness. In the
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second  stage,  microholes  are  gradually  formed  on  the
scanning path, which are significantly smaller than the laser
spot  diameter,  randomly  distributed  and  have  no  obvious
regularity. In the final stage, the microhole period has stabi-
lized,  and  increasing  scanning  time  deepens  and  enlarges
the microholes. The period and diameter of microholes are
highly dependent on laser fluence,  and controllable micro-
hole  arrays  with  different  periods  and  diameters  are  real-
ized by adjusting the laser fluence. This novel laser incuba-
tion processing strategy provides a  new technical  route for
surface  engineering.  Huang  et  al.  developed  self-organized
“supra-wavelength”57 micro/nano-pores  arrays  on  ultra-
hard  metallic  glass  (Zr-Cu-Ni-Ti-Al  amorphous  alloy)  by
controlling  the  overlapping  rate  of  laser  spots  through
dislocation scanning under  high laser  fluence,  as  shown in
Fig. 4(b).  Supra-wavelength  periodic  surface  structure
(SWPSS)  is  firstly  formed  on  the  substrate  surface.  The
SWPSS  becomes  the  seed  of  the  subsequent  pulse  to
enhance  the  optical  near-field  laser  ablation  at  the  specific
site,  thus  promoting  the  formation  of  micro/nano-pores.
The whole process is realized under multiple pulses irradia-
tion.  To  better  understand  this  process,  a  multi-physical
field  simulation  model  including  electromagnetic  field,
temperature  field,  solid  mechanics  and  fluid  dynamics  is
established.  The  regularity  and  uniformity  of  micro/nano-

pores  arrays  can be  improved by  optimizing laser  process-
ing  parameters.  The  surface  of  the  self-organized  micro/
nano-pores  arrays  shows  excellent  anti-infrared  reflection
ability. Similar processing is also realized on the surfaces of
tungsten  and  chromium  substrates  with  higher  melting
points,  which  shows  that  this  strategy  has  wide  materials
applicability.

In addition to scanning path, laser polarization also has a
significant  impact  on  the  processing  results.  Zhao  et  al.
found that laser polarization has a remarkable influence on
the  ablation  threshold  of  carbon  fiber  reinforced  polymer
(CFRP)59. By choosing an appropriate combination of laser
processing  parameters  and  polarization,  the  effective
removal of the resin matrix and carbon fibers in CFRP can
be  achieved.  Papadopoulos  et  al.  prepared  biomimetic
cicada  wing  nanostructures  on  fused  silica  by  multiple
pulses  laser  incubation  with  circularly  polarized  femtosec-
ond lasers58. The structure is inspired by the unique antire-
flection characteristics of the wings of Greta oto and Cicada
Cretensis60,61.  Through the irradiation of  15 laser pulses,  an
ordered array of  biomimetic  nanospike array is  formed on
the  substrate,  as  depicted  in Fig. 4(c).  The  morphology  of
the  nanospikes  can  be  regulated  by  adjusting  laser  fluence
and pulse number. However, nanospikes cannot be formed
under  a  single-pulse  irradiation,  which  indicates  that  the
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role  of  multiple  pulses  incubation  is  of  vital  importance.
The radius of the nanospikes ranges from 70 nm to 100 nm,
and the average height is approximately 224 nm. Compared
with  the  untreated  glass  substrate,  the  reflectance  of  the
nanospikes array surface is reduced by 10 times. Transpar-
ent hard materials with high hardness, high brittleness, and
low  light  absorption  are  not  only  difficult  to  be  fabricated
but also often encounter the light transmittance loss during
the traditional processing. This antireflection surface prepa-
ration  strategy  shows  its  application  potentials  in  various
glass displays and photoelectric devices.

Under the multiple pulses incubation, laser-induced peri-
odic  surface  structure  (LIPSS)  is  a  more  common
category62. Femtosecond laser is more likely to produce sub-
wavelength  nanostructures,  which  has  attracted  extensive
research  attention63.  The  formation  of  LIPSS  involves  a
large number of  physical  processes,  including surface plas-
mon  wave  generation,  harmonics  wave  generation,  and

hydrodynamic  instabilities64.  Its  dynamic  formation  and
self-organized mechanism are complicated, and researchers
have  put  forward  different  theoretical  models  and  mecha-
nism  explanations65,66.  However,  some  consensus  has  been
reached that the multiple pulses incubation is important for
the formation of LIPSS67,68.  Lin et  al.  probed into the alter-
ations  in  surface  morphology  and  the  accumulation  of
roughness under multiple pulses irradiation69. This incuba-
tion  is  regarded  as  the  reason  ultimately  giving  rise  to  the
formation of LIPSS on the surface of Zr-based bulk metallic
glasses.  Near  the  material  damage  threshold,  the  multiple
pulses  incubation  determines  the  specific  morphology  of
nano-scale  surface  structures.  As  the  number  of  fs  laser
pulses  increases,  the  surface  evolves  from  a  rough  state  to
ordered  wrinkles,  as  shown  in Fig. 5(a).  Two-dimensional
materials have attracted great attention in the fields of semi-
conductor electronic equipment and bioengineering due to
their  distinctive  physicochemical  properties70,71.  Zou  et  al.
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prepared large-area micro/nano-gratings on graphene oxide
(GO) films by femtosecond laser irradiation72, as illustrated
in Fig. 5(b).  The  LIPSS  formed  on  the  GO  films  exhibits
high  robustness  to  different  disturbances.  The  GO  films
with  highly  regular  micro/nano-gratings  show  ~20%
enhancement  of  light  absorption  in  a  spectral  range  of
380–2200  nm.  This  indicates  that  the  LIPSS  strategy  can
also  be  extended  to  the  fabrication  of  nanostructures  of
two-dimensional materials.

Although  LIPSS  provides  a  simple  and  efficient  method
to fabricate nanostructures, it faces the challenge of limited
controllability.  This  problem  comes  from  the  uneven
surface morphology of laser irradiation area, which leads to
the  difference  of  multi-physical  field  in  LIPSS  dynamic
evolution75.  Meanwhile,  different  materials  and  the  band
perturbations  within  the  materials  can  also  influence  the
formation of LIPSS76,77.  Gnilitskyi et al. proposed a calcula-
tion method for the surface plasmon polariton decay length
(Lspp) of different metals73.  They derived a material-depen-
dent  criterion  to  obtain  highly  regular  LIPSS.  By  correlat-
ing the excited surface electromagnetic waves with Lspp, the
mechanism behind controlling  the  regularity  of  LIPSS  was
proposed.  Specifically,  the  shorter  the  decay  length  of  the
electromagnetic  wave,  the  more  regular  the  LIPSS  is.  As
depicted in Fig. 5(c),  steel,  Ti,  and Mo exhibit  highly regu-
lar LIPSS on their  surfaces due to smaller Lspp.  Besides the
inherent  properties  of  materials,  some  researchers  have
created  seed  structures  within  the  laser-irradiated  area78,79.
By regulating SPP through these seeds, they can control the
morphology of LIPSS. Geng et al.  demonstrated a one-step
high-throughput  uniform  nanogratings  preparation  strat-
egy by line-focused femtosecond laser irradiation combined
with seed control74. A slit is prepared by laser ablation at the
starting  point  of  the  LIPSS.  This  slit  acts  as  a  seed,  emits
SPPs,  and generates  parallel  standing  waves  through laser-
SPPs  interference  to  regulate  the  growth  of  LIPSS,  as
depicted  in Fig. 5(d).  Cao  et  al.  fabricated  large-area
subwavelength  nanogratings  on  silicon  wafers  via  direct
writing  with  two-beam  interference  focused  with  cylindri-
cal lenses80. By adjusting the spacing of interference fringes,
coherent  resonance  enhancement  was  excited  to  achieve
highly uniform surface plasmon polaritons, thus effectively
regulating the growth of LIPSS. Using laser multiple pulses
incubation to realize the self-organized structuring provides
new  insights  for  various  surface  engineering.  However,
further  improving  structural  controllability  and  realizing
more flexible patterns are the focus of this strategy.

 Defect-guided nanostructuring
Laser  direct  writing  provides  higher  flexibility  in  surface
patterning  than  the  self-organized  structuring.  As  intro-
duced in Section Self-organized surface structuring, the final
morphology  of  LIPSS  can  be  adjusted  by  artificial  slits.
Similarly,  the  laser  direct  writing  can  also  be  effectively
controlled  by  artificial  defects  at  the  starting  point  of  the

scanning path. Liu et al. realized nanogroove direct writing
with a width less than 40 nm on the ZnO crystal surface by
a  water  immersion  objective81,  as  shown  in Fig. 6(a).  They
observed  the  local  SPP  enhancement  in  the  perpendicular
laser  polarization  direction,  thus  realizing  laser  nanostruc-
turing  along  this  direction.  Due  to  the  defect  at  the  scan-
ning  starting  point,  the  materials  ablation  threshold  is
significantly  reduced,  and  the  nanogroove  width  is  only
1/20 of the laser wavelength under the multiple pulses incu-
bation. The irradiation pulse number also has a great influ-
ence  on  the  nanogrooves  formation.  With  the  increase  of
pulse  number,  the  nanogroove  width  decreases  signifi-
cantly. The nanogroove is considered to be caused by non-
thermal  ablation  realized  by  huge  local  field  enhancement
under  multiple  pulses  irradiation82.  Li  et  al.  reported  an
optical  far-field  induced  near-field  breakdown  (O-FIB)
strategy,  which  achieved  sub-20  nm  spatial  resolution25.
They first used multiphoton absorption to create nanopore
defects  on  titanium  oxide  films  as  seeds  for  subsequent
multiple  pulses  incubation.  The  electric  field  at  the  nano-
pore edge is affected by laser polarization, which shows the
enhancement  along  perpendicular  polarization  direction
and  the  weakening  of  parallel  direction.  Under  the  guid-
ance of the seeds, scanning along the electric field enhance-
ment direction can realize nanostructuring, as illustrated in
Fig. 6(b).  Since  the  electric  field  enhancement  direction  is
polarization-sensitive,  polarization  control  during  the
processing  is  of  crucial  importance.  By  adjusting  the  laser
polarization  in  real  time to  keep  the  polarization  direction
perpendicular  to  the  scanning  trajectory  defined  by  the
predesigned pattern, curved scanning can be achieved.

This  defect-guided  nanostructuring  strategy  based  on
multiple  pulses  incubation  can  also  be  extended  to  trans-
parent materials.  Li  et  al.  proposed a back-scattering inter-
ference  crawling  mechanism,  which  realized  the  cutting
width  of  transparent  materials  in  the  range  of  tens  of
nanometers  with  the  aspect  ratio  exceeding  100083.  The
interference  between  the  incident  light  and  the  light
backscattered by nanoseeds leads to the cascade generation
of  the  secondary  seeds.  The  near-field  enhancement
perpendicular  to  the  laser  polarization  direction  promotes
the  elongation,  connection,  and  uniformization  of  the
seeds, thus generating a crawling effect, as shown in Fig. 6(c).
Under  multiple  pulses  irradiation,  new  seeds  are  continu-
ously  generated,  and  finally  the  seeds  are  continuously
connected  and  extended  over  the  entire  focal  depth.
Combined  with  chemical  etching,  the  nanodicing  of  vari-
ous  transparent  materials  can  be  realized.  Based  on  the
optimized laser  processing parameters,  the silica  nanograt-
ings  at  a  period  of  300  nm  were  prepared,  as  shown  in
Fig. 6(d).  Defect-guided  nanostructuring  has  provided  a
new  theoretical  foundation  for  various  extreme  manufac-
turing  processes  and  also  offered  new  insights  into
femtosecond  laser  precision  engineering.  Currently,  this
strategy shows a high degree of polarization-dependence. In
the future, it is necessary to explore polarization-independent
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nanomachining strategies.

 Incubation effect of MHz femtosecond
laser based on heat accumulation
Due to  the  short  pulse  interval  of  MHz femtosecond laser,
apart  from  the  incubation  effect  resulting  from  defects
accumulation,  there  is  also  thermal  incubation  caused  by
heat  accumulation between adjacent  pulses.  Unique oxida-
tion patterning and nanostructure synthesis can be achieved
through  intense  thermal  oxidation.  In  addition,  the  MHz
femtosecond laser has shown unique advantages in flexible
nanopatterning and 3D patterning. This section introduces
the  applications  based  on  thermal  incubation  effect  in  the
above fields.

 Oxidation structure patterning
For laser processing operating in ambient air, the laser abla-
tion  is  often  accompanied  by  intense  oxidation.  Laser-
induced  oxidation  is  often  considered  as  a  side  effect  of
laser ablation, for example, it affects the performance of sili-
con  solar  cells84.  However,  as  the  laser  repetition  rate
increases,  the  heat  accumulation  between  the  adjacent
pulses  can  render  the  laser-induced  oxidation  dominant.
Through  parameter  optimization,  the  functional  oxidation
micro/nano-structures patterning can be achieved. Ma et al.
fabricated the convex grid-patterned microstructures on the
silicon  substrate  by  high-repetition-rate  femtosecond  laser
irradiation  assisted  with  chemical  etching85.  By  controlling
laser fluence below the ablation threshold, the silicon oxide
patterning can be realized. Due to the difference of reaction
rates  between  silicon  oxide  and  silicon  in  KOH  solution,
silicon oxide can be used as an etch stop layer for maskless

lithography.  As  the  etching  time  increases,  the  structure
base  shrinks  due  to  the  anisotropic  etching,  thus  forming
suspended  structures86.  Therefore,  the  aspect  ratio  of  the
structures prepared by wet etching is limited. Since the laser
oxidation  is  accompanied  by  ablation,  there  is  a  distinct
laser  ablation  groove  in  the  middle  of  the  laser  formed
oxide  layer.  To  overcome  these  problems,  Yin  et  al.
proposed  a  strategy  of  seed-guided  high-repetition-rate
femtosecond  laser  oxidation  combined  with  deep  reactive
ion etching  to  prepare  high  aspect  ratio  three-dimensional
structures26.  Defects  are  firstly  generated  on  the  silicon
substrate  through  high  fluence  laser  irradiation,  and  these
defects become the seeds of subsequent laser oxidation. The
high  absorption  regions  provided  by  the  seeds  enable  low
fluence  laser  oxidation  under  multiple  pulses  irradiation,
which avoids laser ablation and eliminates ablation grooves.
Flat oxide layers can be formed by adopting the seed-guided
laser  oxidation  strategy,  as  depicted  in Fig. 7(a).  The  laser
fabricated oxide layers can be used as etching masks. Even-
tually,  high  aspect  ratio  three-dimensional  grating  struc-
tures with ideal beam diffraction characteristics were fabri-
cated  by  deep  reactive  ion  etching,  as  shown  in Fig. 7(b).
This  provides  an  efficient  and  flexible  patterning  method
for  the  fabrication  of  functional  three-dimensional  silicon
structures.  Laser  oxidation  also  shows  the  potential  of
nanopatterning.  Qiao  et  al.  proposed  a  method  to  realize
titanium  oxide  nanopatterning  on  titanium  substrate  by
laser  oxidation,  and discussed  the  application potentials  of
titanium oxide nanostructures in surface coloring and opti-
cal  encryption87.  The  mechanism  behind  the  oxidation
nanostructures  formation was  analyzed based on the  finite
difference  time  domain  (FDTD)  method.  When  there  is  a
structure  in  the  laser  irradiation  area  with  a  size  smaller
than  laser  wavelength,  the  laser  intensity  is  redistributed.
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Similar  to  the  defect-guided nanostructuring through laser
ablation, the oxidation nanostructuring can also be realized
along  the  direction  of  laser  intensity  enhancement.
Through  this  strategy,  a  "THU"  pattern  at  a  characteristic
size of 790 nm was realized on the titanium surface, as illus-
trated in Fig. 7(c).

In  addition  to  achieving  oxidized  structuring  through
laser  direct  writing,  researchers  have  also  succeeded  in
preparing  oxidation  LIPSS88.  Due  to  the  distortion  of
surface electromagnetic wave by ablation debris, the unifor-
mity of LIPSS produced during laser ablation is disturbed89.
Laser  oxidation  greatly  reduces  the  surface  debris,  thus
improving the uniformity of LIPSS90. Öktem et al. proposed
a strategy to regulate oxidation LIPSS through positive and
negative  feedback91.  The  positive  feedback  stems  from  the
influence  of  the  substrate  surface  structures  on  the  laser
intensity distribution. Oxidized nanostructures form in the
regions  with  an  enhanced  laser  intensity,  and  these  struc-
tures  continue  to  affect  the  intensity  distribution of  subse-
quent laser pulses, as shown in Fig. 7(d). The growth mech-
anism contains a negative feedback loop. As titanium diox-
ide  grows  on  the  titanium  surface,  the  penetration  of
oxygen  through  the  oxide  layer  decreases  exponentially,
slowing  down  and  eventually  halting  the  oxidation  LIPSS

growth. Large-area nanostructuring of titanium dioxide can
be  realized  by  using  feedback  adjustment  strategy.  Using
high-repetition-rate  femtosecond  laser  to  prepare  oxida-
tion structures in ambient air has attracted extensive atten-
tion.  In  the  future,  exploring  the  interaction  processes
between  materials  and  gases  under  different  atmospheres
will  offer  new  perspectives  for  the  laser  precision
engineering.

 Nanostructure synthesis
Functionalized  nanomaterials  have  attracted  extensive
research  interest  in  the  fields  of  biosensing  and  energy
harvesting  etc.,  owing  to  their  unique  properties  that  bulk
materials  lack92,93.  Femtosecond  laser  ablation  in  ambient
air  is  a  complex  explosive  process,  accompanied  by
substrate materials removal and nanoparticles synthesis. In
the  process  of  high-repetition-rate  femtosecond laser  abla-
tion,  a  large  number  of  oxide  nanoparticles  are  generated
on both sides of the scanning path94. Thakur et al. reported
a strategy of  synthesizing titanium oxide nanomaterials  on
the  substrate  surface  to  broaden  and  enhance  the  surface
absorption95.  Self-assembled  multiphase  titanium  oxide
nanoparticles  were  formed  by  the  high-repetition-rate
femtosecond  laser  incubation,  as  shown  in Fig. 8(a).  The
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synthesized  nanostructures  promote  the  overall  enhance-
ment of the absorption of the solar energy in the visible and
near-infrared  regions  ranging  from  300  nm  to  1000  nm.
Dharmalingam  et  al.  proposed  a  method  to  synthesize
titanium  oxide  nanoparticle  probes  with  atomic-level
defects via laser irradiation, which can be used for the trace
detection  of  cancer  biomolecules96.  Nanoparticle  probes
with oxygen vacancy defects were synthesized by high-repe-
tition-rate  femtosecond  laser  ablation,  as  illustrated  in
Fig. 8(b).  Through  the  cooperative  control  of  laser  fluence
and  pulse  repetition  rate  (2,  8  and  25  MHz),  the  defects
density  can  be  adjusted.  High-density  defects  in  the
nanoparticle  probes  significantly  improve  the  detection
sensitivity of molecules.

Nanostructures  synthesized  by  laser  can  also  be  trans-
ferred  to  the  substrate.  Yin  et  al.  manufactured  a
micro/nanocross-scale silicon oxide mask in a single step by
using  the  oxide  layer  and  oxide  nanoparticles  generated
during  laser  processing27.  The  oxide  mask  mainly  consists
of two parts:  one is the dense oxide layer at the laser scan-
ning  path,  and  the  other  is  the  porous  nanoparticles  layer
between  the  scanning  paths,  as  shown  in Fig. 8(c).
Combined with the optimized deep reactive ion etching, the
armored  silicon  nanowires  array  for  robust  surface-
enhanced Raman scattering (SERS) detection was prepared,
as  illustrated  in Fig. 8(d).  The  armored  nanostructures
substrate exhibits a high contact angle (158°) and shows the
ability  to  enrich  analytes.  The  detection  limit  for

Rhodamine  6G  is  10−13 M,  and  the  enhancement  factor  is
4.35×10⁹. The armored nanostructures, in which the nanos-
tructures  are  embedded  inside  interconnected  microstruc-
tures,  significantly  improve  the  mechanical  properties  of
the  nanostructures.  Through  various  mechanical  tests
(water  impact,  pressurization,  and  tape  peeling),  the
substrate can still exhibit stable Raman signal enhancement.
High-repetition-rate  femtosecond  laser  has  shown  the
potentials  to  synthesize  oxidation  nanostructures,  and  its
advantages  can  also  be  explored  in  laser  nitriding,  laser
carbonization, and other fields in the future97,98.

 Flexible nanopatterning
Achieving  nanopatterning  in  far  field  and  ambient  air
through optical  means  is  of  great  significance  for  the  laser
precision  engineering.  He  et  al.  precisely  controlled  the
laser  fluence  to  balance  the  relationship  between  surface
plasmon interference  and  surface  thermal  stress,  achieving
patterning from four-line to a single-line nanogrooves99,  as
shown  in Fig. 9(a).  Due  to  the  laser  Gaussian  intensity
distribution, the temperature of SU-8 (coated on quartz) in
the  irradiated  central  area  rises  significantly.  Under  the
action of surface thermal stress, nanogroove at a feature size
of only 40 nm are realized on the SU-8 surface. In addition,
the  hybrid  laser  method  has  shown  the  potentials  for
nanoprocessing  on  various  materials100,101.  Lin  et  al.
proposed an innovative strategy to achieve features at a size
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of  12  nm  on  the  silicon  surface  using  orthogonally  polar-
ized double high-repetition-rate femtosecond laser beams23.
By controlling laser fluence and the gap between the double
laser  beams,  the  preparation  of  nanogrooves  from  single-
line to multi-line can be realized, as illustrated in Fig. 9(b).
The incubation effect  based on multiple  femtosecond laser
irradiations  at  a  high  repetition  rate  (76  MHz)  is  consid-
ered  to  be  the  main  reason  for  the  formation  of  approxi-
mately 10 nm nanostructures. Through the multiple pulses
thermal  incubation,  the  heat  accumulation  can  be
controlled near the materials melting threshold. By utilizing
the surface tension of the liquid from the edge to the center,
the melting area is reconstructed, thus realizing the surface
nanostructuring.

An  important  factor  limiting  the  further  reduction  of
laser processing size stems from the optical diffraction limit.
The  focused  laser  spot  is  limited  by  laser  wavelength  and
the  numerical  aperture  of  objective  lens.  Researchers  have
found  that  when  light  passes  through  dielectric  micro-
spheres,  sub-wavelength  photonic  nanojets  (PNJ)  can  be
generated102,103.  Microspheres  have  been  widely  used  in
optical  nanoimaging  and have  improved the  far  field  opti-
cal  imaging  resolution  from  200  nm  to  sub-50  nm104,105.
Microsphere  assisting  laser  processing  is  also  a  promising
technique for far field nanostructuring106. Lin et al. achieved
sub-50  nm  surface  nanostructuring  on  Sb₂S₃  films  via
microsphere-assisted  high-repetition-rate  femtosecond
laser irradiation in far field and ambient air28,  as illustrated
in Fig. 10(a).  The  formation  of  these  nanostructures  is
attributed  to  the  combined  effects  of  the  sub-wavelength
focusing  of  microsphere,  the  non-linear  absorption  of
femtosecond laser, and the incubation effect based on high-
repetition-rate  femtosecond  laser  irradiation.  By  precisely
controlling the scanning speed and laser fluence, the mini-
mum feature size  can be reduced to approximately  30 nm.
This strategy allows writing triple nano-lines at a period of

150  nm,  indicating  that  highly  integrated  nanostructuring
can  be  achieved,  as  shown  in Fig. 10(b).  Furthermore,
combining  smaller  microspheres  with  higher  refractive
index  can  potentially  improve  the  machining  accuracy
down to 10 nm. Liu et al. proposed a switchable color print-
ing  method  using  Sb2S3-based  step-pixelated  Fabry-Pérot
(FP)  cavities  realized  by  laser  patterning107.  By  accurately
controlling  the  Sb2S3 thickness  in  the  FP  cavity  via  laser,
various  colors  can  be  realized.  Eventually,  a  "Bing  Dwen
Dwen" color display was fabricated based on the database of
the  relationship between laser  fluence  and Sb2S3 thickness,
as depicted in Fig. 10(c). As the switching between the crys-
talline and amorphous Sb2S3 can cause a significant change
in  the  refractive  index  within  the  visible  light  range,  the
color  variation  of  the  display  can  be  realized.  Combined
with  microsphere  femtosecond  laser  irradiation,  the  mini-
mum  patterning  size  can  be  reduced  to  approximately  48
nm,  which  provides  guidance  to  realize  nano-resolution
color display, as shown in Fig. 10(d).

 3D micro/nano-printing
Realizing 3D micro/nano-printing by femtosecond laser has
been applied to the preparation of functional devices,  such
as  optical  lenses  and  optical  sensors108,109.  The  two-photon
absorption  based  on  the  non-linear  effect  of  femtosecond
laser  further  improves  the  printing  resolution.  In  the
nonlinear interaction between femtosecond laser and mate-
rials,  the  probability  of  multiphoton  absorption  is  directly
proportional  to  laser  repetition  rate110,111,  the  high  repeti-
tion  rate  laser  can  realize  sub-diffraction  limit  printing
more  efficiently  and  controllably.  Du  et  al.  proposed  a
method  of  mixing  nanomaterials  with  photoresist,  which
realized  the  customized  material  properties  of  the  printed
structure29.  By  mixing  silica  nanoparticles,  the  mechanical
properties  of  printed  structures  are  improved,  and  it  is
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possible  to  prepare  highly  customized  multilayer
micro/nano-structures.  The  mixed  photoresist  can  be
regarded  as  micro-concrete,  and  the  3D  Eiffel  Tower  was
prepared by multilayer printing, as illustrated in Fig. 11(a).
Gold nanoparticles can also be mixed into photoresist, thus
realizing  the  printed  structure  with  adjustable  light  trap-
ping ability. This indicates that femtosecond laser 3D print-
ing has the ability to fabricate various functional structures.
In the process of evolution, nature always produces various
structures  with  extraordinary  functions,  providing  refer-
ences for various unique applications in real life. Calin et al.
reported  a  laser  3D  printing  method  for  microlens  arrays
inspired by the eyes of the nocturnal moth Grapholita Fune-
brana112.  The  surface  of  the  bionic  moth-eye  microlens  is
covered  with  nanopillars  between  200  nm  and  400  nm  in
height  and  less  than  100  nm  in  diameter,  as  shown  in
Fig. 11(b).  Compared  with  microlens  without  nanopillars,
the  infrared  light  transmittance  of  the  bionic  moth-eye
microlens in the range of 1000 nm to 1700 nm is increased
by  17.55%,  which  can  be  applied  to  infrared  optical  detec-
tion. Zhang et al. proposed a strategy to manufacture intel-
ligent  variable  3D  micro-actuators  based  on  femtosecond
laser  printing  optical  polymers113.  By  optimizing  the
femtosecond  laser  processing  parameters,  the  3D  distribu-

tion  and  size  of  voxels  can  be  accurately  controlled.
Through  the  precise  programming  of  the  laser  scanning
path, a microclaw array with 8 intelligent fingers was fabri-
cated113, as shown in Fig. 11(c). The microclaws can achieve
the  function  of  grasping  and  releasing,  similar  to  the
mollusk muscles. Due to the flexibility of femtosecond laser
manufacturing,  the microclaws can be integrated to quartz
microfibers,  demonstrating  application  potentials  in  on-
chip  systems.  Moreover,  natural  musculoskeletal  systems
are an advanced model to realize robust and flexible micro-
robots. Ma et al. manufactured 3D microrobots through the
artificial  musculoskeletal  systems  printed  by  femtosecond
laser114.  They used SU-8 as the skeleton and pH-responsive
protein  (bovine  serum  albumin,  BSA)  as  the  muscle.
Through a continuous on-chip two-photon polymerization
strategy,  the  orderly  construction  of  two  photosensitive
materials  can  be  realized. Figure 11(d) illustrates  a  spider
microrobot realized by the artificial musculoskeletal system.
Spider robot consists of SU-8 body and eight SU-8 skeletal
legs. There is a vacancy at the junction of each leg in order
to  integrate  the  muscles  formed  by  BSA.  When  the  pH
value  of  the  surrounding  medium  is  changed,  the  BSA
muscle  responds,  thereby  enabling  the  actuation  of  the
micro  spider.  In  addition  to  SU-8  and  BSA,  this  general
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strategy  also  allows  for  the  programmable  integration  of
multiform  materials  into  complex  3D  microstructures,
holding  promise  for  the  fabrication  of  other  functional
structures. Tudor et al. prepared a soft stimulus-responsive
3D structure with submicron resolution via the laser print-
ing  of  poly(ionic  liquid)s  (PILs)115. Figure 11(e) shows  the
micro-maple leaf structure with clear veins fabricated based
on the above strategy. By absorbing and releasing solvents,
the  whole  leaf  structure  can  be  greatly  changed,  and  the
structural integrity can be well maintained during the actu-
ation cycle.

In  addition  to  femtosecond  laser  3D  printing  based  on
polymer  materials,  researchers  are  also  exploring  printing
strategies  for  inorganic  materials,  such  as  metals,  glasses,
and ceramics117,118.  By preparing composite ink mixed with
inorganic materials  and two-photon polymerizable  materi-
als,  three-dimensional  molding  of  inorganic  materials  can
be realized116. By precisely controlling the reaction chamber
temperature, the polymer is first removed through a pyroly-
sis  process,  and then the  structure  is  shrunk and the  voids
left  after  the  polymer  pyrolysis  are  eliminated  through  a
sintering process, finally resulting in an inorganic 3D struc-
ture,  as  depicted  in Fig. 11(f).  Deformation  compensation
and porosity  control  during the sintering process  are  chal-
lenging  issues119.  Wang  et  al.  proposed  a  printing  strategy
for complex 3D metal structures without polymers, which is
based on femtosecond laser-induced two-photon decompo-
sition,  optical  force  trapping,  and  ultrafast  sintering  of
nanocrystals120.  The  energy  density  at  the  laser  focal  point
enables two-photon absorption, causing the decomposition
of  metal  carbonyls  and  generating  free  Mo,  Co,  and  W
atoms.  These  free  atoms  rapidly  assemble  under  van  der

Waals  forces  to  form  nanoclusters.  Under  the  action  of
high-repetition-rate  femtosecond  laser,  the  nanoclusters
undergo rapid sintering and cooling, ultimately producing a
dense and smooth nanostructure. 3D printing has emerged
as one of the most powerful strategies in femtosecond laser
precision engineering, and how to further improve process-
ing  efficiency  and  increase  throughput  should  be  consid-
ered as well in the future research.

 Incubation effect of GHz femtosecond
laser based on plasma interaction
With the  development  of  laser  technology,  the  recent  abil-
ity  to  generate  femtosecond  laser  pulses  at  GHz  repetition
rate  has  opened  up  new  possibilities  for  laser  precision
engineering121,122.  Increasing  the  laser  repetition  rate  can
enhance the output of laser processing to meet the needs of
industrial  applications123.  Meanwhile,  the  extremely  low
pulse interval makes the plasmas interaction between pulses
become  possible,  which  realizes  new  machining  strategies
based  on the  incubation mechanism.  This  section summa-
rizes  the  various  applications  of  the  incubation  effect  for
GHz femtosecond lasers based on the plasmas interaction.

 High efficiency materials removal
When  the  material  is  ablated,  the  thermal  energy  in  the
ablated  mass  is  also  removed,  thus  reducing  the  average
temperature  of  the  remaining  materials.  Kerse  et  al.
proposed  a  novel  ablation-cooled  materials  removal  strat-
egy  based  on  GHz  femtosecond  laser  irradiation30.  When
the  laser  repetition  rate  is  low,  the  material  in  the
processing  area  is  cooled  by  thermal  diffusion  before  the
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Fig. 11 | (a) 3D Eiffel Tower prepared by multilayer printing. (b) Bionic moth-eye microlens decorated with nanopillars. (c) Microclaw array with 8 intelli-
gent fingers prepared based on optical polymers. (d) A spider microrobot realized by the artificial musculoskeletal system. (e) Micro-maple leaf structure
with clear veins fabricated by poly(ionic liquid)s. (f) 3D triangular truss structures of fused silica glass. Figure reproduced with permission from: (a) ref.29,
Institute of Electrical and Electronics Engineers; (b) ref.112, under a Creative Commons Attribution License; (c) ref.113, American Chemical Society; (d) ref.114,
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subsequent  pulse  irradiation,  which  leads  to  the  loss  of
deposited  laser  energy  and  hinders  the  improvement  of
laser processing efficiency. When the time interval between
adjacent pulses is short enough, such as picosecond, there is
significant  heat  accumulation  between  adjacent  pulses.
Subsequent  pulses  can  ablate  heated  materials  at  a  lower
laser  fluence,  so  the  machining  efficiency  is  significantly
improved.  Since  there  is  no  significant  thermal  diffusion
during the processing, the HAZ is smaller.  The hard tissue
ablation experiment  of  human dentin  shows that  the  abla-
tion rate of the ablation-cooled strategy is four times higher
than that of the traditional regime, and there is no obvious
thermal  damage  on  the  materials  surface,  as  indicated  in
Fig. 12(a). This strategy can also be applied to other materi-
als,  such  as  Si,  Cu,  PZT,  and  PMMA.  The  high-quality
cutting  achieved  on  copper  foil  at  a  thickness  of  20  μm  is

shown  in Fig. 12(b).  Bonamis  et  al.  explored  the  efficiency
and  quality  of  the  GHz  femtosecond  laser  ablation  of
copper, aluminum and stainless steel124. The comparison of
ablation  results  between  GHz  femtosecond  laser  and
nanosecond laser on copper substrates is shown in Fig. 12(c).
The  GHz  burst  pulse  train  contains  100  pulses  at  a  0.88
GHz intraburst repetition rate. The total duration of a pulse
train is 114 ns and total laser fluence is 9.7 J/cm2. The pulse
duration of nanosecond laser is 100 ns and the laser fluence
is 4.7 J/cm2. The results show that the ablation efficiency of
GHz  burst  femtosecond  laser  is  equivalent  to  nanosecond
laser while the machining quality is much higher. The abla-
tion threshold (0.03 J/cm2) in burst mode is 15 times lower
than  that  in  single  pulse  mode  (0.4  J/cm2).  There  is  a  new
incubation  ablation  mechanism  for  this  low  laser  fluence
ablation.  Before  the  laser  ablation,  the  material  first  goes
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through the  heating  process,  which  is  guided  by  pulses  far
below the materials ablation threshold. With the increase of
pulse  number,  the  materials  ablation  threshold  gradually
decreases. When the materials temperature reaches the crit-
ical value, the subsequent pulse low fluence can trigger the
materials  ablation.  The  pulse  interval  is  short  enough  to
cause  almost  no  heat  dissipation  between  pulses,  so  that
high  efficiency  ablation  can  be  realized.  Mishchik  et  al.
achieved a high efficiency ablation of 25 mm3·min−1·W−1 on
silicon with a burst mode femtosecond laser containing 200
pulses at 0.88 GHz, and discussed the contribution of multi-
ple pulses incubation to materials ablation in burst mode125.
Two  modification  types  of  burst  mode  femtosecond  laser
irradiation were found on the silicon surface: bumps forma-
tion at a low laser fluence and ablation craters formation at
a  high  laser  fluence,  as  indicated  in Fig. 12(d).  With  the
increase  of  pulse  number  in  the  pulse  train,  the  formation
thresholds of both structures decrease, which further proves
the  contribution  of  incubation  effect  in  GHz  burst  mode
femtosecond laser processing.

The  reduction  of  the  thermal  effect  and  the  improve-
ment  of  the  ablation  efficiency  in  GHz  femtosecond  laser
ablation have shown unique potentials in industrial applica-
tions127.  However,  there  is  still  controversy  about  the
specific  ablation mechanism, and it  is  necessary to directly
detect  the  complex  process  of  light-matters  interaction
through  in-situ  characterization.  Park  et  al.  realized  the
real-time  detection  of  GHz  femtosecond  laser  ablation
dynamics  through  multimodal  collaborative  diagnosis  of
scattering imaging, emission imaging, and optical emission
spectroscopy126.  Through  real-time  detection,  it  is  found
that  the  recoil  pressure  exerted  by  the  subsequent  pulse  of
GHz  femtosecond  laser  leads  to  the  rapid  removal  of
molten materials,  as  shown in Fig. 12(e).  This introduces a
novel  insight into the complex mechanism of femtosecond
laser ablation in GHz burst mode.

In  addition  to  materials  such  as  metal  and  silicon,  GHz
femtosecond laser  also  shows unique  advantages  in  dielec-
tric  processing.  Lopez  et  al.  fabricated  high-quality  deep
holes machining on glass by GHz femtosecond laser irradia-
tion,  and  revealed  the  percussion  drilling  dynamics  by
pump-probe  shadowgraphy  and  thermal  imaging128.  The
temperature  change  around the  drilling  hole  was  recorded
by  a  thermal  imager,  and  an  obvious  cycle  of  heating  and
ablation was observed, as shown in Fig. 13(a). There are 26
"materials  ejections"128 during  the  drilling  process,  which
showed  that  the  percussion  drilling  is  carried  out  in  a
progressive  way  in  the  burst  mode.  Similar  to  the  low
fluence ablation of GHz femtosecond laser, the pre-heating
of  the  initial  pulse  reduces  the  drilling  threshold.  By  opti-
mizing the laser processing parameters, the deep hole at an
aspect  ratio  as  high  as  20  can  be  fabricated.  Balage  et  al.
made  a  systematic  comparison  of  single  pulse,  MHz- and
GHz-burst  regimes  ultrafast  laser  drilling  by  pump-probe
imaging129.  The  ablation  plume  in  the  state  of  GHz  explo-

sion  plays  a  vital  role  in  the  drilling  process.  The  energy
distribution  of  the  pulse  sequence  of  the  GHz  burst  mode
femtosecond laser also has a great influence on the machin-
ing results.  Balage et al.  explored the influence of the burst
shape of GHz femtosecond laser on drilling130. By adjusting
the energy distribution of each pulse in the pulse train, the
burst shape of the pulse train can be changed. The decreas-
ing burst shape, increasing burst shape and flat burst shape
are realized as indicated in Fig. 13(b). When the decreasing
burst shape is adopted, the drilling rate is improved, but the
maximum  depth  of  the  hole  is  reduced,  and  some  cracks
appear around the inner wall of the hole. In this configura-
tion, the first pulse carries more energy and the initial heat
accumulation is obvious. It shows a higher drilling speed at
first.  With  the  interaction  of  subsequent  pulses,  the
enhanced  plasma  leads  to  the  intensification  of  shielding
effect,  which  affects  the  maximum  drilling  depth.  For  the
pulse trains with increasing or flat burst shapes, the materi-
als can be heated more evenly during the punching, and the
heat accumulation can be better controlled. In this way, the
holes  not  only  have  a  greater  depth,  but  also  have  a
smoother inner wall, showing excellent processing quality.

Some researches found that the enhancement in machin-
ing efficiency for scribing and milling is less significant than
that  for  drilling131,132.  Schwarz  et  al.  utilized  GHz  burst
femtosecond  laser  to  investigate  the  influence  of  different
burst  pulse  numbers  on  the  milling  efficiency  of  fused
silica133.  As  the  burst  pulse  number  increases,  the  ablation
efficiency  improves  significantly.  For  the  burst  pulse
number of 10, the maximum ablation rate (3.05 mm3·min−1·
W−1)  is  obtained,  which  is  7.4  times  as  high  as  that  of  the
non-burst  mode  (0.41  mm3·min−1·W−1).  Additionally,  the
roughness  of  the  milling  surface  also  increases  with  pulse
number,  as  shown  in Fig. 13(c).  Taking  into  account  the
surface  machining  quality  and  machining  efficiency,  the
ablation  rate  can  be  increased  by  3.5  times  with  a  better
surface quality at the burst pulse number of 5. The process-
ing efficiency improvement via GHz femtosecond laser irra-
diation also depends on the intrinsic properties of materials,
such  as  bandgap132,  which  requires  the  different  optimal
pulse train configurations to realize desirable nanostructur-
ing on different materials134,135.

Although  direct  laser  ablation  has  been  widely  used  in
the  precision  engineering  of  various  materials,  it  causes
damage  and  cracks  on  transparent  materials  due  to  their
weak  light  absorption136.  To  realize  high-quality  transpar-
ent material processing, laser-induced plasma-assisted abla-
tion  (LIPAA)  has  become  an  effective  strategy137,138.
Different  from  the  traditional  laser  processing  strategies,
LIPAA enhances the laser absorption of transparent materi-
als  through  the  plasma  generated  by  the  interaction
between  incident  laser  and  target  on  the  backside  of  the
transparent  material139,140.  The  intensity  of  laser-generated
plasma  significantly  affects  the  ablation  efficiency.
Researchers have proposed several methods to enhance the
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plasma  interaction  with  the  glass  substrates  and  improve
the  processing  efficiency141.  The  interaction  between  plas-
mas  induced  by  double-beam  laser  irradiation  promotes
plasma  dynamic,  forming  a  larger  and  stronger  plasma142.
Obata  et  al.  realized the high-resolution and efficient  abla-
tion of sapphire by applying GHz burst mode femtosecond
laser51.  Due  to  the  pulse  interval  being  on  the  picosecond
order,  the  subsequent  pulses  can  directly  interact  with  the
plasma  generated  by  the  previous  pulses.  The  high  effi-
ciency ablation can be achieved for the burst mode LIPAA.
The  ablation  craters  produced  by  GHz  burst  LIPAA  and
single-pulse mode LIPAA on sapphire substrate are shown
in Fig. 13(d).  The  surface  obtained  by  single-pulse  mode
LIPAA is much rougher. Under the GHz burst LIPAA, the
enhanced  plasma  causes  more  effective  absorption  on  the
sapphire  surface,  resulting  in  a  higher  absorption  and  the
subsequent  better  ablation  quality.  The  ablation  depth  of
the GHz burst  LIPAA is  4–5 times deeper than that  of  the
single  pulse  mode  LIPAA.  Meanwhile,  the  multiple  pulses
incubation of  the burst  mode LIPAA achieves high-quality
processing  of  sapphire.  In  future,  this  strategy  can  be
extended  to  other  transparent  materials  to  explore  its
further potential application.

 Burst mode surface texturing
In  addition  to  achieving  high-efficiency  and  high-quality
materials removal, some researchers have explored the laser
texturing strategy via GHz burst mode to gain new insights
for  surface  engineering143,144.  Gaidys  et  al.  realized  high-
speed laser coloring to make blue, purple, and orange colors
on stainless steel surfaces by GHz femtosecond laser irradi-
ation145.  Ultra-high  laser  pulse  repetition  rate  allows  a
higher  scanning  speed  in  the  laser  coloring  at  a  speed  of
42.5 mm2/s. Laser irradiation in burst mode is beneficial to
heat  accumulation  and  can  accelerate  the  oxidation,  thus
forming an oxide layer on the stainless steel surfaces. Due to
thin  film  interference  between  oxide  layers,  the  stainless
steel  surface  can  show  different  colors146.  Kawabata  et  al.
obtained two-dimensional (2D) LIPSS on silicon surface by
GHz  femtosecond  laser  irradiation31.  LIPSS  formed  by  a
linearly  polarized  single  pulse  laser  irradiation  is  usually
perpendicular  to  the  polarization  direction.  However,  the
GHz  femtosecond  laser  with  specific  burst  pulse  number
can produce a unique 2D-LIPSS, as shown in Fig. 14(a). The
mechanism behind  is  attributed  to  the  synergistic  effect  of
electromagnetism and fluid  dynamics.  There  is  an  obvious
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recast  layer  formed  by  melting  and  re-solidification  in  the
central  area  of  the  2D-LIPSS,  which  comes  from  the  heat
accumulation  under  GHz  burst  mode.  The  distribution  of
the  recast  layer  exhibits  a  certain  regularity,  which  origi-
nates  from  the  hot-spots  generated  in  specific  regions
within the 1D-LIPSS due to the local surface plasmon reso-
nance  (LSPR).  The  1D-LIPSS is  first  fabricated  by  the  first
few  pulses  of  the  GHz  pulse  train.  Due  to  the  LSPR,  the
subsequent  pulses  generate  hot-spots  with  enhanced  elec-
tric fields between the structures, which alters the distribu-
tion  of  laser  energy.  The  laser  energy  in  the  enhanced
regions exceeds the materials  melting threshold,  leading to
the  localized melting,  and finally  a  2D-LIPSS is  formed,  as
shown in Fig. 14(b). Kawabata et al. further proved that the
2D-LIPSS  can  also  be  formed on titanium surface  by  GHz
femtosecond laser irradiation when the burst pulse number
exceeds  5147.  By  controlling  the  burst  shape,  the  formation
mechanism  of  the  2D-LIPSS  was  studied  in  detail.  Three
types of decreasing burst shapes (energy distribution with a
negative slope) and increasing burst shape (energy distribu-
tion  with  a  positive  slope)  were  applied  to  regulate  struc-
ture  morphology.  Similar  to  the  situation  on  the  silicon
surface, the electric field enhancement at the hot-spots is an
important  factor  determining the  final  morphology of  2D-
LIPSS. The latter several pulses in the pulse train affect the
energy  distribution  of  the  hot-spots.  Therefore,  by  chang-
ing  the  energy  distribution  of  the  subsequent  pulses,  the
morphology of the 2D-LIPSS can be regulated. If the energy

of the subsequent pulses is too weak to enhance the electric
field,  the  2D-LIPSS  cannot  be  formed,  as  shown  in
Fig. 14(c).  However,  if  the  energy of  the  subsequent  pulses
in the pulse train is too high, the electric field enhancement
is too strong, the materials melt significantly, and the regu-
larity  of  the  final  structure  deteriorates.  Controlling  the
burst shape provides a new perspective to regulate the GHz
burst  mode  surface  texturing,  and  it  holds  the  promise  of
achieving  more  complex  structures  with  unique  surface
functions.  In  summary,  the  GHz  burst  femtosecond  laser
not  only  enables  unique  energy  injection  during  the  abla-
tion,  but  also  causes  a  series  of  nonlinear  phenomena,
which opens up a new way for micro/nano-manufacturing.

 Challenges, outlooks, and conclusions
Femtosecond  laser  micro/nano-manufacturing  based  on
multiple  pulses  incubation  has  been  widely  developed  and
studied in various precision engineering fields. At the fore-
front  of  technological  development  and  technology  from
laboratory  to  industrial  application  transformation,  there
are still several challenges needed to be overcome. The first
challenge  is  how  to  realize  the  in-situ  observation  of  the
interaction  between  high-repetition-rate  laser  and  materi-
als. Although researchers have put forward some models of
various  incubation  mechanisms,  the  dynamic  evolution  of
incubation effect is still not fully understood due to the lack
of  in-situ  characterization  method  to  capture  such  tran-
sient processes.  For the defect incubation at kHz, since the
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resolution  of  traditional  optical  microscope  is  ~200  nm,
which cannot identify the initial nano-defects and the scan-
ning  electron  microscope  lacks  the  ability  of  real-time
imaging.  It  is  the  research  direction  to  solve  this  problem
for real-time nano-imaging beyond the diffraction limit  by
engineered microspheres optical nano-imagining. For ther-
mal  incubation  at  MHz,  the  interval  between  adjacent
pulses  is  tens  of  nanoseconds.  A thermal  imaging technol-
ogy with sub-microsecond frame rate is needed to track the
heat  accumulation  on  the  materials  surface.  For  the  GHz
femtosecond  laser  processing  system,  besides  the  thermal
incubation,  the  interaction  between  adjacent  pulsed  laser
ablation  induced  plasmas  also  needs  to  be  investigated  in
detail.  It  is  necessary  to  develop  a  multi-modal  real-time
monitoring  system  based  on  pump-probe  measurements,
ultrafast  imaging,  and  ultrafast  spectroscopy  to  provide
direct insight into the GHz ablation dynamics.  The second
challenge  is  the  suppression  of  thermal  effect  in  the  high-
repetition-rate  laser  processing.  Although  the  MHz
femtosecond laser can realize nano-fabrication through the
precise  control  of  thermal  stress,  excessive  heat  accumula-
tion  under  multiple  pulses  incubation  is  a  long-term  chal-
lenge  in  precision  manufacturing.  Residual  heat  leads  to
unexpected  materials  modification  (for  example,  localized
heating  exceeding  1000  K  in  MHz  processing  will  lead  to
silicon amorphization, coarsening of metal grains, and ther-
mal  cracking  of  ceramics  etc.),  which  affects  machining
accuracy and surface quality. By adopting pulse energy and
spatial  beam  shaping  strategies,  accurate  thermal  control
can  be  realized.  For  different  laser-materials  processing
systems,  laser  repetition  rate,  wavelength  and pulse  energy
distribution  should  be  well  matched  with  the  materials
characteristics. The photothermal effect and photochemical
reaction  induced  by  the  femtosecond  laser  irradiation  are
expected to further reduce the HAZ. The third challenge is
on  laser  nano-fabrication  in  GHz  burst  mode.  Although
GHz burst femtosecond laser has shown unique advantages
of  efficient  materials  removal  and  surface  texturing,  there
are no relevant reports of GHz laser surface engineering in
nano-fabrication  (e.g.,  <100  nm).  Sub-picosecond  pulse
time interval  leads to complex plasma-plasma and plasma-
materials  interaction,  which  makes  the  defect  evolution
difficult to be predicted. The theoretical model of laser abla-
tion  at  this  time  scale  is  currently  not  complete,  and  the
ability  to  control  and  predict  nanoscale  morphology  is
insufficient.  At  the  ultra-high  pulse  repetition  rate,  the
synergistic  mechanism  of  multiple  pulses  induced  heat
accumulation  and  plasma  interaction  further  limits  the
materials  machining  window,  which  requires  the  accurate
matching of laser processing parameters with the materials
characteristics.  This  issue  can  be  solved  by  combining  the
real-time  monitoring  proposed  in  the  challenge  1  with
innovative machining strategy. The last challenge is on how
to extend the processing strategy of the high-repetition-rate
femtosecond laser from the laboratory to industrial applica-

tions,  which  requires  a  breakthrough  in  processing  effi-
ciency,  cost-effectiveness  and  system  reliability.  Since  the
direct laser writer patterns point by point, the throughput is
limited.  Parallel  laser  micro/nano-processing  is  a  promis-
ing method in industrial production. More than 105 nanos-
tructures  can  be  created  simultaneously  through  laser
microlens  array  (MLA)  lithography,  and  the  manufactur-
ing  speed  is  revolutionized.  For  example,  by  laser  MLA
lithography,  ~500,000  microlenses  can  directly  write  over
an area of 0.5 cm2 within 70 s148. By controlling the switches
of  specific  microlenses  in  MLA  through  liquid  crystal
control, the flexible direct writing of nonperiodic array can
be  realized,  which  improves  the  strategy  applicability.  In
addition,  the  laser  processing  technology  based  on  spatial
light  modulator  (SLM)  also  shows  flexible  multifocal
processing ability, but the cost is higher, which is only suit-
able for the parallel processing of more complex patterns.

Despite the above four main challenges, optical precision
manufacturing based on femtosecond laser  multiple  pulses
incubation  is  still  one  of  the  best  and  most  promising
processing  methods,  particularly  due  to  its  transformative
applications enabled by sub-20 nm resolution and ablation
efficiency  enhancement  in  burst  mode.  In  this  review,  we
summarize  the  impact  of  the  femtosecond  laser  repetition
rate  on  multiple  pulses  incubation.  With  the  increase  of
repetition  rate,  the  incubation  effect  gradually  develops
from  simple  defect  accumulation  at  kHz  to  thermal  accu-
mulation  at  MHz,  and  then  to  plasma  interaction  at  GHz.
The  unique  incubation  mechanisms  from kHz  to  GHz are
also reviewed, which supports a series of micro/nano fabri-
cation  capabilities,  from  flexible  micro/nano-structuring,
nanostructure  synthesis,  3D  printing  to  efficient  materials
removal.  The  challenges  and  potential  solutions  in  the
research  frontier  and  industrial  applications  of  the
femtosecond laser  precision engineering based on multiple
pulses  incubation  are  also  analyzed.  At  present,  there  are
still  many  unexplained  phenomena  in  the  interaction
between the  femtosecond laser  and materials,  which  needs
further exploration and research. With the development of
new laser sources, optical processing systems and real-time
monitoring systems,  the potential  applications of  the high-
repetition-rate femtosecond laser precision engineering will
be further enhanced.
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