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ABSTRACT: Nanomanipulation  based  on  atomic  force
microscopy  (AFM)  is  widely  used  in  various  fields,  including
nanoparticle  assembly,  nanostructure  construction,  and
semiconductor  device  manufacturing.  However,  a  challenge
remains in the lack of nanoscale visual feedback, which limits
operational  efficiency  and  accuracy.  Here,  we  present  a
method for nanomanipulation under the visual guidance of real-
time super-resolution imaging. The method involves coupling a
microlens  to  the  end  of  a  conventional  AFM probe  cantilever
and depositing a diamond tip onto the surface of the microlens
using  focused  ion  beam  (FIB).  The  resulting  microlens-AFM
probe  enhances  the  imaging  resolution  of  traditional  AFM
optical  systems,  providing  super-resolution  capability  with  a
multiple  3×  increase  in  optical  imaging  magnification  and
enabling  synchronous  imaging  and  manipulation  of  silver
nanowires  with  a  characteristic  size  of  200  nm.  This
advancement  bridges  the  key  gap  in  AFM-based
nanomanipulation by providing in-situ, real-time, non-destructive, and ultra-high-resolution visual feedback. This technology
has  the  potential  to  provide  new  methods  and  key  technologies  for  research  in  a  wide  range  of  applications,  including
nanorobots, nanoobservation, nanomanipulation, and manufacturing.
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1    Introduction
The  development  of  efficient,  sensitive,  and  adaptable
nanomanipulation  systems  holds  great  potential  in  advancing  the
construction  of  nanostructures,  biomedical  applications,  and
semiconductor  device  manufacturing.  Since  the  invention  of  the
atomic  force  microscopy  (AFM)  by  Binnig  in  1986  [1],  this
technology  has  emerged  as  a  powerful  tool  for  atomic-level  high-
resolution  imaging,  enabling  morphology  detection,
nanoprocessing,  and  nanomanipulation  across  various  materials

and  samples  in  diverse  environments  [2−6].  Despite  its  dual
functionality  as  an  imaging  and  manipulation  tool  [7],  AFM’s
inability  to  perform  these  tasks  simultaneously  hinders  real-time
feedback  during  manipulation,  leading  to  inefficiencies  and
challenges  in  achieving  precise  results.  The  reliance  on  cantilever
contact  for  imaging  and  the  sequential  imaging-design-
manipulation-imaging  workflow  in  the  typical  nanomanipulation
procedure further  exacerbates  the  issues  of  low efficiency and lack
of  feedback  information  for  real-time adjustment  of  the  operation
process  to  obtain  accurate  operation  results,  underscoring  the
urgent need for super-resolution online visual feedback to enhance
the  accuracy,  stability,  and  operational  efficiency  of  AFM-based
micro/nano manipulation.

Current  micro/nanoscale  imaging  methodologies  encompass
electron  microscopy  (EM)  [8],  scanning  probe  microscopy  (SPM)
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[9],  and  optical  microscopy  (OM)  [10],  each  with  distinct
advantages  and  limitations.  SPM  employs  nanoscale  tips  to  scan
points  on  a  sample  surface,  enabling  the  acquisition  of  images
depicting  its  surface  topography.  However,  it  is  incapable  of
performing manipulation and imaging simultaneously. EM, on the
other hand, utilizes extremely short wavelength electron beams for
imaging.  Micro/nanoscale  manipulation  systems  based  on  EM
operate  within  a  vacuum  chamber,  which  restricts  the  type  of
samples  that  can  be  manipulated  and  necessitates  sample
preparation.  This  preparation  process  may  introduce  nonexistent
structures  or  cause  sample  defects,  and  the  irradiation  of  the
electron beam can also inflict radiation damage to the manipulated
sample.  Both  of  these  imaging  methods  rely  on  serial  point
scanning,  posing  challenges  in  achieving  real-time  imaging  and
studying  dynamic  behaviors,  such  as  object  movement  and
changes,  during  micro/nanoscale  manipulation.  In  contrast,  OM
boasts advantages such as suitability for live imaging, penetrability,
true  color  imaging,  real-time  feedback,  low  cost,  and  low
maintenance,  yet  it  is  inherently  diffraction-limited,  restricting  its
spatial resolution.

As  the  cornerstone  of  microscopic  observation,  OM  plays  a
pivotal  role  in  surface  science,  materials  science,  and  life  sciences.
However,  the  diffraction  limit  imposed  by  the  wavelength  of  light
and  the  system’s  relative  aperture,  as  described  by  Abbe’s  theory,
restricts  the  spatial  resolution  of  classical  optical  systems.  To
overcome  this  limitation,  researchers  have  developed  super-
resolution optical microscopy techniques, including photo-activated
localization  microscopy  (PALM)  [11, 12],  stochastic  optical
reconstruction  microscopy  (STORM)  [13, 14],  and  stimulated
emission  depletion  (STED)  [15, 16].  While  these  methods  have
achieved  remarkable  imaging  resolutions,  their  reliance  on
fluorescent labeling and long imaging times hinder their suitability
for  real-time,  non-destructive,  and  label-free  imaging  during
synchronous nanomanipulation.

In  contrast,  super-resolution  imaging  based  on  microlens
represents  an  emerging  near-field  optical  imaging  technology  that
promises  to  overcome  these  challenges  [17−22].  Studies  have
demonstrated  the  ability  of  microlens  to  achieve  strong  near-field
focusing  and  amplification,  surpassing  the  optical  diffraction  limit
at low intensities.  Multiple theories have been proposed to explain
the  super-resolution  imaging  mechanism  of  microlenses  [23, 24],
including  evanescent  field  enhancement,  photonic  nanojets,  and
plasmon  resonance.  Our  findings  suggest  that  the  microlens
achieves  super-resolution  primarily  by  interacting  with  evanescent
waves  near  the  sample  surface.  These  waves,  which  carry
subwavelength  details,  are  converted  into  propagating  waves
through the microlens.  This  conversion enables  the optical  system
to  resolve  features  beyond  the  diffraction  limit.  In  2009,  Lee  et  al.
demonstrated that self-assembled spherical immersion lenses could
achieve strong near-field focusing and amplification, surpassing the
optical  diffraction  limit  at  low  intensity.  They  clearly  imaged  and
resolved individual metal stripes with a spacing of 220 nm [25]. In
2011,  Wang  et  al.  introduced  silica  microspheres  as  optical
superlens  into  traditional  optical  microscopy,  proposing  a  new
nanoscopy  technique  that  achieves  imaging  with  a  resolution  of
50  nm  [26].  Subsequently,  researchers  immersed  high  refractive
index  microspheres  in  different  liquids  for  imaging  and  analysis,
finding that barium titanate glass microspheres immersed in water
environments  could  achieve  good  imaging  results  [27].  Yan  et  al.
combined  microlens-based  super-resolution  optical  imaging

technology  with  confocal  microscopy,  further  increasing  the
imaging resolution to 25 nm [28]. In the field of life sciences, Yang
et  al.  successfully  observed  subcellular  organelles  such  as
centromeres, mitochondria, and chromosomes using microsphere-
based fluorescence imaging [29]. In addition, imaging of adenovirus
[30],  mouse  fibroblasts,  and  cancer  cell  nuclei  under  white  light
illumination  has  also  been  achieved  [31].  To  more  accurately
control  the  imaging  position  and  expand  the  imaging  range,
researchers  have  employed  chemical  drivers  [32],  acoustic  fluids
[33, 34],  and  optical  tweezers  [35, 36]  for  microsphere  scanning
imaging. Alternatively, by fixing microlenses to capillary glass tubes
[37],  AFM  probes  [38, 39],  or  objective  lenses  [40],  large-scale
scanning  imaging  is  achieved  through  a  three-dimensional  (3D)
mobile  platform  [32, 41, 42].  Notably,  Wang  et  al.  innovatively
coupled  microspheres  with  the  cantilever  of  an  AFM  probe,
achieving controllable and stable large-scale scanning splicing super-
resolution  imaging  and  white  light  fluorescence  co-imaging  for
both biological and non-biological samples [43]. This demonstrates
the  strong  potential  for  combining  the  functionalities  of  superlens
microscopy  and  AFM.  The  super-resolution  optical  imaging
method based on microlens  is  characterized by  its  real-time,  non-
destructive,  and  label-free  nature,  making  it  suitable  for  real-time
visual feedback during manipulation.

In this study, we present an integrated method combining super-
resolution  optical  imaging  based  on  microlens  with  AFM
manipulation. By coupling a microlens to the end of a conventional
AFM probe cantilever and depositing a diamond tip using focused
ion beam (FIB), we have designed and fabricated a microlens-AFM
probe. This probe enables real-time super-resolution imaging visual
guidance  during  manipulation,  allowing  for  synchronous  imaging
and  precise  control  of  feature-sized  targets  down  to  tens  of
nanometers.  The AFM system controls  the  operating force,  speed,
and  trajectory,  while  the  coupling  of  the  microlens  and  AFM
optical  path  system  provides  real-time  feedback,  improving  the
efficiency and accuracy of AFM-based nanomanipulation. 

2    Experimental
 

2.1    Experimental equipment
To  enhance  the  imaging  resolution  and  magnification  of
commercial  AFM,  we  introduced  microsphere-based  high-
resolution  optical  imaging  technology  using  a  custom-designed
microlens-AFM  probe  (Dimension  Icon， Bruker， USA).  This
setup  facilitated  synchronous  imaging  and  magnification  of  silver
nanowires under visual guidance. The customized microlens-AFM
probe  was  fabricated  by  coupling  a  60  μm  diameter  silica
microsphere to a commercial  probe and depositing a diamond tip
with  a  length  of  approximately  2  μm  using  FIB  technology.  The
probe had mechanical  parameters of a nominal spring constant of
42 N/m and a resonant frequency of 50–120 kHz, enabling optical
imaging  in  an  air  environment.  Stable  imaging  and  manipulation
conditions  were  ensured  by  adjusting  the  distance  and  interaction
force  between  the  sample  and  the  microlens  through  the  AFM
system’s control  feedback mechanism. Nanomanipulation of  silver
nanowires with diameters of 200 and 80 nm was performed in air
using  nanomen  mode.  AFM  scanning  imaging  of  square  areas
ranging  from  20  to  40  μm  was  conducted  on  the  sample  surface
using tapping mode with a scanning rate of 0.3 Hz. 
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2.2    Sample preparation
Silver  nanowires  with  diameters  of  200  and  80  nm  (NN-D-125,
Nanochem,  China)  were  diluted  with  water  to  a  concentration  of
approximately  2  ×  10−3 mg/mL.  The  suspension  was  then
thoroughly shaken and sonicated. The silicon substrate was cleaned
with plasma water and anhydrous ethanol and dried with nitrogen
gas. Subsequently, the silver nanowire suspension was dropped and
dispersed onto the surface of the silicon substrate and left to dry for
at least 5 h before the experiment. 

2.3    Image analysis
AFM images were analyzed using Nanoscope Analysis 1.9 (Bruker,
USA).  Optical  images  were  captured  by  an  AFM  optical  system
camera  at  a  frame  rate  of  30  Hz  and  a  resolution  of  640  ×  480.
MATLAB or Visio software was used to crop and stitch the optical
imaging  results  of  large-area  scanning  based  on  the  microlens,
obtaining  high-resolution  optical  images  over  a  large  area.  The
intensity  of  the  cross-sectional  profile  information  extracted  from
AFM scanning imaging results  was  normalized.  Scanning electron
microscopy (SEM) images were captured using a Zeiss EVO MA10
scanning electron microscope. 

3    Results and discussion
 

3.1    Super-resolution  observation  and  synchronous
nanomanipulation system
Based on the Abbe’s diffraction limit theory, the imaging resolution
of  traditional  optical  microscopy  cannot  distinguish  two  objects
located less than λ/2 NA. The principle of super-resolution imaging
based  on  microlens  is  related  to  evanescent  waves,  and  microlens

can convert evanescent waves carrying subwavelength information
of  the  sample  into  propagating  waves,  thereby  achieving  super-
resolution  imaging  (Fig.  S1  in  the  Electronic  Supplementary
Material  (ESM)). Figure  1(a) illustrates  the  schematic  of  the
experimental  setup  for  super-resolution  observation  and
synchronous  nanomanipulation.  While  the  control  method  of  the
microlens is mainly used to assist in scanning imaging, its potential
application  in  nanomanipulation  has  yet  to  be  fully  explored.  In
contrast to other microlens control strategies, affixing the microlens
to  an  AFM  probe  offers  precise  control  in  the z-direction,
conferring  distinct  advantages  in  nanomanipulation  tasks.
Furthermore, the integration of both the microlens and AFM probe
within the near-field region of the sample facilitates the interactive
optimization  of  the  manipulation  and  imaging  system.  The
experimental system comprises an AFM, a super-resolution optical
imaging  pathway,  and  a  custom-designed  microlens-AFM  probe.
By  securing  the  microlens  to  the  cantilever  end  of  a  traditional
commercial AFM probe and depositing the probe tip on the lower
surface  of  the  microlens  facing  the  sample,  this  method  integrates
microlens-based imaging technology into a standard AFM system.
The  combination  of  the  microlens  coupled  to  the  AFM  probe,
alongside  the  reflective  optical  imaging  pathway  of  the  AFM,
achieves  enhanced  imaging  resolution  and  virtual  image
amplification. This optical imaging technique boasts real-time, non-
destructive,  and  high-resolution  capabilities,  enabling  the
acquisition of sample position and shape prior to manipulation, real-
time  super-resolution  imaging  visual  guidance  during
manipulation,  and  confirmation  of  the  final  manipulation  effect
through imaging. Prior to nanomanipulation, the force, speed, and
trajectory can be pre-set based on the sample and adjusted in real-
time  using  visual  feedback  images,  leveraging  the  AFM  system’s

 

Figure 1    Schematic of the super-resolution observation and synchronous nanomanipulation system. (a) Overall structure of the system, showing the microlens fixed to
the end of  a  traditional  commercial  AFM probe cantilever with the probe tip deposited on the lower surface of  the microlens.  The customized microlens-AFM probe
introduces microlens-based imaging technology into the AFM system, enabling synchronous imaging and manipulation of samples. (b) Schematic diagram illustrating the
principles of manipulation and imaging. (c) SEM image of silver nanowires with a characteristic size of 200 nm. (d) SEM image of the customized microlens-AFM probe.
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distance  or  interaction  force  control  mechanism.  To  optimize
imaging  and  manipulation,  the  distance  between  the  microlens-
AFM  probe  and  the  sample  is  fine-tuned  by  adjusting  the
amplitude setting point in the parameter controls. During scanning
and manipulation, real-time vertical feedback from the scanner and
feedback system ensures a constant microlens-sample distance. This
feedback  mechanism  stabilizes  imaging  conditions  and  enhances
manipulation  precision.  This  approach  achieves  synchronous
imaging  and  manipulation  of  samples  with  feature  sizes  down  to
100  nm,  thereby  enhancing  the  efficiency  and  accuracy  of  AFM-
based nanomanipulation. 

3.2    Design and fabrication of the microlens-AFM probe
To  incorporate  microlens-based  optical  imaging  into  the  AFM
system,  a  novel  end  effector  for  nanomanipulation  and  near-field
imaging,  termed  the  microlens-AFM  probe,  was  designed  and
fabricated.  The  fabrication  process  involved  fixing  a  silica
microsphere  (50–60  μm  diameter,  refractive  index  of  1.46  for  air
immersion imaging) to a commercial AFM probe using ultraviolet-
curable  glue  (NOA63,  Edmund  Optics).  This  was  achieved  by
positioning  the  AFM  probe,  pre-coated  with  ultraviolet-curable
glue,  on a  high-precision 3D displacement  platform and gradually
approaching  a  coupling  microsphere  until  gentle  contact  was
established.

To  meticulously  control  the  glue  volume  and  minimize  optical
path interference, a capillary glass tube with a tip inner diameter of
approximately  1  μm  was  employed  to  dispense  the  glue  onto  the
AFM  probe,  guided  by  a  precision  3D  manual  displacement
platform  under  a  commercial  optical  microscope  (shown  in
Fig. 2(a)). This ensured that the optical imaging performance of the
microlens  remained  unimpaired.  Subsequently,  a  100  W  halogen
lamp was used to irradiate the assembly for over 30 min, effectively
curing  the  glue  and  fostering  a  stable  coupling  between  the
microlens and the AFM probe cantilever. Notably, the microsphere
was  positioned  at  the  cantilever’s  edge,  ensuring  that  the  surface
optical path area obscured by the cantilever and glue comprised less
than  20% of  the  microsphere,  optimizing  optical  accessibility.  It  is
worth noting that  the microsphere’s  diameter and refractive index
can  be  selectively  tailed  to  accommodate  varying  imaging
requirements,  such  as  field  of  view,  resolution,  and  the  specific

environment  of  the  sample  under  manipulation.  This  versatility
underscores  the  probe’s  adaptability  and  potential  for  diverse
applications.

Subsequently,  a  diamond  tip  was  deposited  on  sample-facing
surface  of  the  microlens  using  FIB  technology,  with  dimensions
tailored to the sample characteristics while ensuring the microlens-
sample  distance  fell  within  the  optical  imaging  working  distance.
The  diameter,  height,  and  position  of  the  tip  were  tailored  to  the
characteristics of the sample to be manipulated, while ensuring the
microlens-sample  distance  fell  within  the  optical  imaging  working
distance. Figures 2(b) and 2(c) present the SEM characterization of
the  microlens-AFM  probe,  showcasing  a  microlens  diameter  of
57  μm,  a  deposited  tip  height  of  ~  1.7  μm,  a  base  diameter  of
250 nm, and a tip diameter less than 20 nm. 

3.3    Optical  numerical  analysis  of  the  microlens-AFM
probe
The optical imaging performance of the microlens is related to the
focusing characteristics of the photonic nanojet (PNJ) formation. In
order  to  analyze  the  influence  of  the  probe  cantilever  and
deposition  tip  on  the  microlens’ optical  properties,  an  optical
simulation  model  was  constructed.  A  plane  wave  with  a  peak
wavelength of λ = 550 nm is incident from top to bottom along the
Z-axis,  the  microlens-AFM  probe  operates  in  an  air  environment
(refractive  index n1 =  1),  with  the  Si-doped  cantilever  beam (n2 =
3.42),  transparent silica microlens (n3 = 1.5,  60 μm diameter),  and
diamond tip (n4 = 2.4, 2 μm height, 250 nm base diameter, 10 nm
tip  diameter)  included  in  the  model.  The  intensity  distribution  of
the  light  field  in  the  model  was  simulated  and  analyzed  using
Lumeric finite difference time domain (FDTD) simulation software,
as shown in Fig. 3.

The  simulation  results  of  the  intensity  distribution  in  the x–z
plane  of  the  microlens-AFM  probe  are  shown  in Figs.  3(a)−3(h).
Figure  3(a) depicts  the  result  of  a  single  microlens  without  the
inclusion  of  a  cantilever  and  a  deposition  tip.  The  incident  plane
wave produces PNJ on the shaded surface under the focusing of the
microlens.  These  results  are  used  as  a  benchmark  to  assess  the
impact of the tip and cantilever on the focusing characteristics and
optical  imaging  of  the  microlens. Figure  3(b) illustrates  the  light
field  distribution  without  a  cantilever  but  with  the  addition  of  a

 

Figure 2    Fabrication and characterization of the customized microlens-AFM probe. (a) Schematic diagram of the fabrication process for the customized microlens-AFM
probe. (b) SEM image of the customized microlens-AFM probe, showing a coupled microlens with a diameter of 57 μm and a deposited tip with a height of ~ 1.7 μm. (c)
Expanded view of the SEM image in (b), providing a closer look at the probe’s features.
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deposited  tip,  showcasing  the  local  light  field  interference  effects
introduced by the tip. Figures 3(c) and 3(d) exhibit  the simulation
results for the inclusion of a cantilever without a tip and with both a
cantilever  and  a  tip,  respectively.  By  examing Figs.  3(e)−3(k),  the
focusing  characteristics  of  the  microlens  can  be  more  intuitively
observed.  The  deposition  of  the  tip  leads  to  a  minor  reduction  in
the maximum intensity of PNJ, yet there are no substantial changes
in the focal position (f) and full width at half maximum (FWHM).
However,  considering  that  the  surface  optical  path  area  of  the
microspheres  covered  by  the  cantilever  and  glue  is  less  than  20%,
the  addition of  the  cantilever  does  not  significantly  affect  the  light
field distribution and the focusing characteristics of PNJ. 

3.4    Performance  analysis  of  the  customized  microlens-
AFM probe
The  parameters  of  the  customized  microlens-AFM  probe  were
evaluated and analyzed to ensure its performance in AFM imaging
and  manipulation,  while  maintaining  the  microlens’ optical  near-
field imaging capabilities. In this study, customized microlens-AFM
probes  were  used  instead  of  standard  commercial  probes  to
incorporate  high-resolution  real-time  optical  imaging  methods
based  on  microlenses  into  AFM  system.  As  shown  in Fig.  4,  the
performance of the microlens-AFM probes was evaluated using the
tapping  mode  of  the  AFM  system.  Initially,  a  mechanical
simulation  model  was  constructed  using  COMSOL  multiphysics
software  to  set  the  experimental  parameters,  and  the  mechanical
characteristics  of  the  microlens-AFM  probe  were  evaluated  and
analyzed  (Fig.  4(a)).  Simulation  and  experimental  data  of
characteristic  frequencies  of  microlens-AFM  probes  are  shown  in
Fig.  4(b).  Both  the  simulated  characteristic  frequency  and  the
experimentally  tuned  driving  frequency  decreased  as  the  diameter

of  the  coupling  microlens  increased.  The  experimental  and
simulation  results  exhibited  a  consistent  trend  with  closely
matching  values.  Different  coupling  positions  of  the  microlens
could  also  influence  the  characteristic  frequency,  leading  to  minor
deviations. Prior to scanning imaging in tapping mode by the AFM
system, it was necessary to determine the probe’s inherent vibration
and obtain its resonance peak through tuning. Figure 4(c) illustrates
the  driving  frequency  and  amplitude  of  a  customized  microlens-
AFM  probe  with  a  diameter  of  60  μm.  Before  AFM  scanning
imaging, the driving frequency was set to 54.9 kHz, and the driving
amplitude  was  set  to  569.2  mV.  During  the  scanning  process,  the
overlap  of  the  trace  and  retrace  curves  in  the  height  sensor  graph
was  observed,  and  the  amplitude  setpoint  in  tapping  mode  was
adjusted  until  the  trace  and  retrace  scan  lines  were  nearly
consistent.  The  amplitude  setpoint  was  optimized  to  108.65  mV.
Using this customized microlens-AFM probe, imaging of dispersed
silver  nanowires  with  a  diameter  of  200  nm on a  silicon substrate
was achieved under the aforementioned parameter settings,  with a
scanning speed set to 0.3 Hz and 512 scanning lines. The scan sizes
were  40  μm  (Fig.  4(e))  and  20  μm  (Fig.  4(f)),  respectively.  In
addition,  a  silver nanowire with a diameter of  80 nm was imaged,
and  the  imaging  quality  of  the  customized  microlens-AFM  probe
was comparable to that of a commercial probe (Figs. 4(e) and 4(i)).
The  cross-sectional  view  shows  that  it  can  effectively  follow  the
height structure of the sample. 

3.5    Observation  and  synchronous  nanomanipulation
using the customized microlens-AFM probe
Since  AFM  imaging  relies  on  probe  contact  to  capture  sample
morphology  images,  and  manipulation  is  also  achieved  through
probe  contact,  scanning  imaging  and  manipulation  cannot  be

 

Figure 3    Optical numerical analysis of microlens-AFM probe via FDTD simulation. (a)–(d) Simulation results of light field intensity distribution: (a) single microlens,
(b) microlens with a deposited tip, (c) microlens with a cantilever, and (d) microlens-AFM probe. Note: The microlens diameters are 60 μm in (a)–(d). (e)–(h) Expanded
views of (a)–(d). (i) Simulation schematic diagram of the microlens-AFM probe. (j) Light field intensity distribution along the z-axis of the microlens in (a)–(d). (k) Light
field intensity distribution along the x-axis of the microlens in (a)–(d).
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performed  simultaneously.  Additionally,  the  optical  microscopy
resolution used for  observation in  AFM systems is  low.  To obtain
morphology  and  position  information  of  the  hundred-nanometer
sample  being  manipulated,  determine  the  manipulation  scheme,
and  evaluate  the  final  manipulation  result,  the  image-design-
operate-image  process  is  typically  required,  which  results  in  low
efficiency  of  nanomanipulation.  We  tested  the  manipulation  and
scanning  imaging  functions  of  the  customized  microlens-AFM
probe  using  traditional  AFM  nanomanipulation  processes  and
conducted  manipulation  experiments  on  silver  nanowires  with
diameters of 200 and 80 nm, respectively. A microlens-AFM probe
with a 60 μm diameter silica microlens and a 2 μm long diamond
tip was used to scan silver nanowires with an imaging diameter of
200  nm  to  determine  their  state  before  manipulation.  The

manipulation  path  is  indicated  by  the  white  dashed  line  in  the
figure.  During  the  manipulation  process,  the  probe’s  movement
speed  in  the X–Y direction  was  set  to  3  μm/s,  and  the  deflection
setting  point  was  adjusted  to  0.5  V.  The  stability  of  the
manipulation  process  was  ensured  through  the  force  control
mechanism of the AFM system. To achieve targeted manipulations,
the  probe’s X–Y movement  speed and deflection setting  point  are
calibrated  beforehand.  During  flexing  or  rotation,  adjustments  to
the  nanowire’s  action  point  and  torque  are  critical  for  controlled
deformation.  Notably,  thinner  nanowires  (e.g.,  90  nm  diameter)
exhibit  greater  bending flexibility  than thicker ones (e.g.,  200 nm),
enabling  tailored  mechanical  responses. Figure  5(b) shows  the
results  of  bending  a  200  nm  diameter  silver  nanowire  using  a
microlens-AFM probe in nanoman mode. Similarly, Figs. 5(c) and

 

Figure 4    Analysis  of  AFM  imaging  performance  of  the  customized  microlens-AFM  probe.  (a)  Numerical  stress  simulation  of  the  microlens-AFM  probe  model.  (b)
Comparison of simulated and experimental data on characteristic frequencies of microlens AFM probes with varying diameters. (c) Adjustment of the driving frequency
and  amplitude  for  the  microlens-AFM  probe  in  tapping  mode.  (d)  SEM  images  of  silver  nanowires  with  a  diameter  of  200  nm.  (e)  AFM  images  of  200  nm  silver
nanowires  captured  using  the  customized  microlens-AFM probe  in  tapping  mode.  (f)  AFM images  of  a  single  silver  nanowire  using  the  customized  microlens-AFM
probe  in  tapping  mode.  (g)  SEM  images  of  silver  nanowires  with  a  diameter  of  80  nm.  (h)  AFM  images  of  80  nm  silver  nanowires  captured  using  the  customized
microlens-AFM probe in tapping mode. (i) AFM images of 80 nm silver nanowires captured using a commercial TESP-V2 AFM probe in tapping mode. (j) Cross-section
profiles along the indicated line in images (g)–(i).
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5(d) demonstrate  the  cutting  operation  of  80  nm  diameter  silver
nanowires  using  a  microlens-AFM  probe.  The  scanning  imaging
and manipulation process of the customized microlens-AFM probe
in the nanoman mode is the same as that of the commercial probe.

The optical imaging resolution of the commercial AFM system is
approximately  2  μm,  achieved using a  10× objective  lens  and a  5-
megapixel  camera.  To  address  the  limitations  of  nanoscale  visual
feedback  in  nanomanipulation  technology  and  improve
manipulation  efficiency  and  accuracy,  we  designed  and  produced
the microlens-AFM probe. By introducing a microlens-based super-

resolution imaging method, we improved the imaging resolution of
traditional  AFM optical  systems and developed a  new method for
nanomanipulation  under  the  visual  guidance  of  real-time  high-
resolution imaging. Figure 6 shows the results of synchronous real-
time  observation  and  manipulation  of  silver  nanowires  with  a
diameter  of  200  nm  using  this  method.  Nanomanipulation  and
optical  imaging  were  performed  using  the  customized  microlens-
AFM  probe  with  a  60  μm  diameter  silica  microlens  and  a  2  μm
long diamond probe tip in an AFM system. Due to the limitation of
the resolution of the traditional optical imaging path in AFM, it  is
not possible to directly observe silver nanowires with a diameter of
200  nm  to  be  manipulated.  First,  fast  high-throughput  scanning
using  microlenses  can  be  performed  before  manipulation,  and
optical  images  can  be  stitched  (Fig.  6(a)).  Standard  AFM  imaging
for  observation  requires  scanning  256  lines  to  detect  the  position
and  shape  of  the  sample  before  scanning.  However,  based  on
microlens scanning optical imaging, only 32 lines are needed. This
approach increases imaging throughput by 8 times compared to the
original  imaging  optical  path.  Moreover,  the  introduction  of
microlenses improves the optical imaging resolution, enabling real-
time  imaging  of  silver  nanowires  with  a  diameter  of  200  nm.  To
evaluate  the  imaging  performance  of  the  microlens-enhanced
optical  imaging  systems,  we  used  a  60  μm  silica  microsphere
integrated with the  AFM’s  optical  module  to  image 200 nm silver
nanowires.  As  shown  in  Fig.  S2  in  the  ESM,  the  microlens
magnified the virtual  image of  the  nanowires  by approximately  3-
fold.  To  quantify  the  system’s  resolution,  an  intensity  profile  was
constructed by  idealizing the  sample  information using their  SEM
image as a reference. This profile was then compared to a simulated
optical  response  created  by  convolving  the  ideal  intensity
distribution  with  a  Gaussian-fitting  point  spread  function  (PSF),
which models the system’s resolution limits. By iteratively adjusting
the  PSF  parameters  to  match  the  experimental  microlens-based
images,  the  system’s  effective  resolution  was  determined.  The

 

Figure 5    Manipulation of silver nanowires using a customized microlens-AFM
probe. (a) and (b) Bending of silver nanowires with a diameter of 200 nm using
the  microlens-AFM  probe  in  nanoman  mode.  (c)  and  (d)  Cutting  of  silver
nanowires  with  a  diameter  of  80  nm  using  the  microlens-AFM  probe  in
nanoman mode.

 

Figure 6    Observation  and  synchronous  nanomanipulation  of  silver  nanowires.  (a)  Optical  stitching  image  of  silver  nanowires  with  a  diameter  of  200  nm  before
manipulation,  obtained  using  a  microlens.  (b)  AFM  image  of  the  silver  nanowires  with  a  diameter  of  200  nm  prior  to  manipulation.  (c)  AFM  image  of  the  silver
nanowires with a diameter of 200 nm after manipulation. (d) Bending manipulation of the silver nanowire under time-efficient visual guidance based on a microlens.
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FWHM  of  the  optimized  PSF  revealed  a  resolution  of
approximately 650 nm for the 60 μm microlens-enhanced system.

Subsequently,  under  visual  guidance,  the  silver  nanowires  were
bent,  and  the  tip  of  the  AFM  probe  was  used  as  the  end  effector
during  the  manipulation  process.  The  AFM system controlled  the
operating  force,  speed,  and  trajectory,  and  the  microlens  was
coupled  with  the  AFM  optical  path  system  to  provide  real-time
high-resolution imaging visual guidance. During the manipulation,
the  manipulation  situation  could  be  observed  through  the
microlens  imaging  window  without  the  need  for  repeated  AFM
scanning  imaging  to  check  the  manipulation  effect  (Fig.  6(d)),
effectively  solving  the  problem  of  lacking  real-time, in-situ,  and
online visual feedback during the nanomanipulation procedure and
improving the accuracy and efficiency of the nanomanipulation. A
video  of  the  manipulation  process  corresponding  to  the  result
shown in Fig. 6(d) is provided in Movie S1 in the ESM. 

4    Conclusions
In  summary,  we  demonstrated  a  time-efficient  observation  and
synchronous nanomanipulation method leveraging a microlens for
real-time  visual  feedback  during  AFM-based  nanomanipulation
processes. This approach involves the coupling of a microlens to the
end  of  a  conventional  AFM  probe  cantilever,  followed  by  the
precise  deposition  of  a  diamond  tip  onto  the  microlens  surface
using  the  FIB  technique.  The  resultant  microlens-AFM  probe,
which  we  designed  and  fabricated,  integrates  microsphere-based
super-resolution  optical  imaging  technology  into  traditional  AFM
systems,  achieving a  notable  3× increase  in  imaging magnification
and  enhanced  resolution.  During  nanomanipulation,  the  AFM
probe  tip  served  as  the  end  effector,  with  the  AFM  system
providing  precise  control  over  operating  force,  speed,  and
trajectory. The seamless integration of the microlens into the AFM
optical  path  system  facilitated  real-time  high-resolution  imaging
visual  guidance,  enabling  the  synchronous  imaging  and
manipulation  of  200  nm  silver  nanowires.  This  approach  bridges
the  critical  gap  in  real-time, in-situ,  and  online  visual  feedback
during nanomanipulation,  enhancing accuracy and efficiency.  The
microlens-AFM  probe  designed  and  manufactured  in  this  study
not  only  extends  the  functionality  of  traditional  AFM  but  also
demonstrates  excellent  compatibility  with  current  commercial
devices. Its flexibility, efficiency, and portability make it a promising
tool  for  potential  applications  in  the  manipulation  and  analysis  of
nanoscale biological samples. 

Electronic  Supplementary  Material: Supplementary  material
(Movie S1: Observation and synchronous nanomanipulation of the
silver nanowire under visual guidance based on a microlens (AVI);
Fig.  S1:  Schematic  diagram  illustrating  the  principles  of  imaging
based  on  microlens;  Fig,  S2:  Resolution  estimation  based  on
microlens-enhanced optical imaging systems (PDF)) is available in
the  online  version  of  this  article  at https://doi.org/10.26599/
NR.2025.94907397. 
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