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Abstract   Polymer  microspheres  with  uniform  size,  composition,  and  surface  property  have  gained  extensive  researches  in  past  decades.

Conventional bottom-up approaches are using monomers or oligomers to build up desired polymer microspheres.  However,  directly shaping

high-molecular-weight polymers into well-ordered polymer microspheres remains a great challenge. Herein, we reported a facile and efficient

top-down approach to fabricate microspheres with high-molecular-weight polymer microfibers.  By harnessing interfacial  engineering-control

during the polymer microspheres formation, uniformly sized microspheres could be produced with widely ranged diameters (from 10 μm to the

capillary  length  of  each  polymer  melt).  The  size  limitation  of  this  approach  could  be  further  extended  by  a  controllable  Plateau-Rayleigh

instability phenomenon. Principally,  the top-down approach allows fabrication of microspheres by various polymer melts with surface energy

higher  than  25  mN/m.  Our  work  paves  a  way  for  green,  cost-effective,  and  customizable  production  of  a  variety  of  functional  polymer

microspheres without any chemical reaction assistant.
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INTRODUCTION

For  decades,  polymer  microspheres  have  received  widespread
concerns  for  the  characteristics  of  micron  scale,  spherical
structure,  size  uniformity,  and  great  specific  surface  area.  With
these characteristics,  practical  applications in  various fields  can
be  achieved  such  as  drug  delivery,[1−3] chemical  sensing,[4,5]

materials  modification,[6,7] and  imaging.[8] Till  now,  plenty  of
researches have been reported on synthesizing and controlling
the  constituents,  structures,  sizes,  and  properties  of  polymer
microspheres.

Conventional  methods  for  producing  polymer  micro-
spheres employed bottom-up strategies, for instance chemic-
al  synthesis,  including  dispersion,  seed,  emulsion,  and  mini-
emulsion  polymerizations.[9−12] To  achieve  polymer  micro-
spheres with various structures and sizes, the conditions dur-
ing polymerization (e.g. monomers, organic solvents, emulsifi-
ers, and surfactants) need to be controlled carefully. Recently,

several bottom-up strategies were reported to produce poly-
mer microspheres with physical methods, such as microfluid-
ic technique and evaporation.[13,14]

However, the bottom-up strategies are difficult to cover all
the requirements.  For  instance,  the polymer sphere lens and
micro-spacers in precision instruments require that the exist-
ing  polymer  bulk  can  be  directly  shaped  into  microspheres.
Although the current  3D micro-printing technology can pro-
duce desired objects at the micro-scale resolution, it is highly
costly and difficult  to achieve spherical  morphology.  The mi-
cro-injection  also  remains  a  challenge  to  produce  polymer
microspheres  with  desired  structures  and  sizes.  Therefore,
seeking  for  a  top-down  approach  to  fabricate  microspheres
directly by high-molecular-weight polymers (Mw > 1 × 105) is
urgent and necessary.

In  contrast  with  the  conventional  bottom-up  strategies  to
synthesize polymer microspheres through chemical reactions,
we  herein  reported  a  top-down  strategy  fabricating  micro-
spheres  directly  by  high-molecular-weight  polymer  mi-
crofibers  on superamphiphobic  surfaces,  where neither  tem-
plate  nor  mold  assistant  was  needed.  Although  methods
mentioned  above  have  been  reported  to  prepare  micro-
spheres  without  a  template  (e.g. dispersion  and  emulsion
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polymerization,  3D  micro-printing  technology),  our  work
provided  a  rarely  developed  route  on  the  basis  of  interfacial
engineering.[15−21] Template-free  method  was  also  reported
in  our  previous  work,[22] where  polymer  powders  were  used
to  produce  microshperes  on  superamphiphobic  surfaces.
However,  it  was  difficult  to  prepare  microspheres  with  con-
tinuously  tunable  and  uniform  sizes  with  the  previous
strategy.  In  our  current  method,  patterned  microfibers  with
desired length were first prepared on superamphiphobic sur-
faces via microfluidic  spinning  and  laser  cutting  technology;
after  annealing  the  patterned  microfibers  at  a  temperature
above  the  viscous  flow  temperature  ( ),  the  interfacial  ten-
sion  induced  microfiber  melt  to  be  shaped  into  spherical
structures;  ultimately,  polymer  microspheres  could  be  pro-
duced  after  cooling.  Without  mass  use  of  organic  solvents
and costly devices, our process tended to be eco-friendly and
cost-effective.  The  sizes  of  the  microspheres  were  uniform
and well-tunable by controlling the diameters and lengths of
the  patterned  microfibers.  The  microsphere  diameters  could
be  tuned  between  10  μm  and  the  capillary  length  of  each
polymer  melt.  Furthermore,  we  can  extend  the  size  scale  of
microspheres  to  an  order  of  magnitude more  (1−10 μm dia-
meters)  by  the  controllable  Plateau-Rayleigh  instability  (PRI)
phenomenon  of  the  microfiber  melts  on  superamphiphobic
surfaces.[23−26] We envision this  novel  top-down strategy can
be used as a universal method for shaping various bulk poly-
mer or polymer composite into microspheres.

EXPERIMENTAL

Materials
Poly(methyl  methacrylate)  (Mw =  1.2  ×  105 g/mol,  Sigma-
Aldrich), N,N-dimethylformamide  (AR,  99.5%,  Aladdin),  ammo-
nia  solution  (28%  in  water,  TCI),  tetraethoxysilane  (TEOS,  98%,
Sigma-Aldrich),  trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(Sigma  Aldrich),  and  hexadecane  (AR,  98%,  Aladdin)  were
used  as  purchased  without  purification.  Glass  slides  (30  mm  ×
30 mm × 0.17 mm) were bought  from Marienfeld.  The deioni-
zed water was purified by a Millipore water purification system
which has a minimum resistivity of 18.0 MΩ∙cm.

Preparation of Superamphiphobic Surfaces
Firstly, taking a glass slide (30 mm × 30 mm × 0.17 mm) as the
substrate,  a  black  and  uniform  candle  soot  layer  was  gener-
ated  by  holding  and  moving  the  glass  slide  in  the  flame  of
a  burning  candle.  The  collection  time  for  individual  glass  slide
was ~2 min. Secondly, the soot-coated glasses were transferred
to  a  desiccator.  Two  open  glass  vessels  were  placed  in  the
desiccator  as  well,  containing  4  mL  of  tetraethoxysilane  and
4 mL of aqueous ammonia solution, respectively. By vacuuming
the  desiccator,  the  Stöber  reaction  occurred  on  the  glass
surface.  The  chemical  vapor  deposition  was  carried  out  for
~24 h. Thirdly, oxygen plasma was used to treat the sample for
10 min. Then, the samples were transferred to a desiccator ag-
ain  together  with  an  open  glass  vessel  of  200  μL  trichloro(1H,
1H,2H,2H-perfluorooctyl)silane.  The desiccator was then vacuu-
med  to  a  pressure  of  0.01  MPa  and  kept  for  2  h.  After  that,
the  superamphiphobic  surfaces  were  taken  out  from  the
desiccator,  and  the  desiccator  experienced  the  fullness  of
nitrogen  gas  and  vacuum  for  several  times,  to  remove  the
residual silane.

Fabrication of Ordered Microfibers on
Superamphiphobic Surfaces
A  microfluidic-spinning  setup  consisting  of  a  rotor,  a  syringe
pump, and a stepping device (Nanjing Janus New Materials Co.,
Ltd.)  was  used  to  prepare  the  ordered  microfibers  on  super-
amphiphobic surfaces.  Take PMMA as the example. During the
preparation step, a superamphiphobic glass slide was clamped
on  the  rotor  and  30  wt%  PMMA/DMF  solution  was  put  in  the
syringe. During the microfiber fabrication step, the rotor, syringe
pump,  and  stepping  device  were  manipulated  simultane-
ously,  with  80  r/min  rotating  speed,  0.05  mL/min  pumping
speed,  and  2  mm/s  stepping  rate,  respectively.  The  ordered
PMMA  microfibers  were  then  collected  on  the  superamphi-
phobic  surface  with  uniform  spacing.  Besides,  the  microfibers
with  tunable  sizes  and  spacings  could  be  achieved  by  tuning
the rotating speed, pumping speed, and stepping rate.

Preparation of Patterned Microfibers
Take  PMMA  as  the  example.  The  glass  slides  with  ordered
PMMA  microfibers  were  placed  on  a  three-dimensional  (3D)
electric  displacement  platform.  Then  a  silicon  mask  with  a
~15  μm  gap  was  put  on  the  ordered  microfibers  with  a  dista-
nce  less  than  1  mm.  The  orientation  of  the  gap  should  be
perpendicular  to  the  orientation  of  microfibers.  After  that,  an
infrared  laser  (wavelength  =  808  nm,  power  ~1  W)  was  set  to
focus  on  a  point  of  the  gap.  The  microfibers  were  cut  when  a
relative motion was controlled between the glass slide and the
infrared  laser  with  a  speed  of  50  mm/s.  After  cutting  the
microfibers  repeatedly,  PMMA  patterned  microfibers  were
generated  on  the  superamphiphobic  surface.  Moreover,
microfibers  could  be  cut  into  various  lengths  by  tuning  the
space of laser cutting.

Fabrication of Microspheres
We  utilized  a  heating  stage  (LTSE420,  Linkam  Scientific)  to
generate microspheres from patterned microfibers. Take PMMA
as the example.  The superamphiphobic glass slide with PMMA
patterned  microfibers  was  put  on  the  heating  stage.  With  a
heating rate of 30 °C/min, the temperature of the heating stage
chamber was raised to 180 °C.  Then the temperature was kept
at  180  °C  until  the  PMMA  patterned  microfibers  transformed
into microsphere melts completely.  PMMA microspheres could
be achieved after natural air cooling.

Characterization
The  optical  micrographs  and  video  microscope  images  of  the
samples  were  obtained  by  an  industrial  microscope  (NIKON,
LV100ND).  Static  contact  angle  measurements  of  the  surfaces
were  performed  at  ambient  temperature  by  a  Contact  Angle
system  OCA  (DataPhysics  Instruments),  applying  the  sessile
drop  method.  The  morphology  of  the  superamphiphobic
surface  and  microspheres  was  investigated  with  a  scanning
electron  microscope  (SEM,  Phenom  ProX).  The  samples  were
coated with a 10 nm gold layer by using a sputter coater (IXRF
Systems).  Interface  status  between  the  microsphere  and  the
surface  was  monitored  utilizing  an  inverted  laser  scanning
confocal microscope (Nikon, A1R).

RESULTS AND DISCUSSION

The top-down approach to prepare polymer microspheres was
divided  into  three  stages:  (i)  preparing  ordered  polymer
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microfibers on superamphiphobic surfaces (stage I),  (ii)  proces-
sing patterned microfibers by laser cutting (stage II), (iii) produ-
cing  polymer  microspheres  on  superamphiphobic  surfaces  by
thermally annealing patterned microfibers (stage III).

In  stage  I,  we  first  prepared  superamphiphobic  surfaces
based  on  a  fractal-like  arrangement  of  candle  soot  particles
(Fig.  1a,  see detail  in section 2 of  the electronic supplement-
ary  information,  ESI).[27−29] On  superamphiphobic  surfaces,
liquid with surface tension higher than 25 mN/m showed the
apparent contact angles above 150° in the air, such as water,
organic  solvent,  and  even  polymer  solutions  (Fig.  S1  in  ESI).
For  instance,  poly(methyl  methacrylate)  (PMMA, Mw =  1.2  ×
105 g/mol)  solution  in N,N-dimethylformamide  (DMF)
(30  wt%)  showed  a  152°  contact  angle  on  this  surface,  trap-
ping air beneath PMMA solution and preserving the solution
in  a  Cassie  state  (Fig.  1b).  Distinct  from  water  and  organic
solvent,  polymer  solutions  revealed  much  greater  adhesion
force  on  superamphiphobic  surfaces,  which  contributes  to
the  stability  of  microfiber  arrays  on  superamphiphobic  sur-
faces (Fig. 1c, see detail in ESI, section 3). A microfluidic-spin-
ning setup was then utilized to fabricate ordered polymer mi-
crofibers  on  the  superamphiphobic  surfaces  (Fig.  1d).  Micro-

fluidic-spinning  technology  showed  superiorities  in  effective
control  of  the  categories,  sizes,  and  spacings  of  polymer  mi-
crofibers.[30−32] In  principle,  thermoplastic  polymers  with sur-
face  tension higher  than  25  mN/m  can  be  used  to  fabricate
microspheres by this method only if they are spinnable. Some
appropriate  contents  of  polymer  spinning  solution  and  the
surface  tensions  of  polymers  at  different  temperatures  are
shown in Tables S1 and S2 (in ESI). PMMA was selected as the
prototype  material  for  microfiber  fabrication  because  it  has
suitable glass-transition temperature (Tg = 105 °C) and excel-
lent  spinnability.[30] It  is  also  a  common  model  exhibited  in
various methods to prepare microspheres, such as dispersion
polymerization,[9] seed  polymerization,[33] and  membrane
emulsification.[34] Regular  and  uniform  PMMA  microfibers
were  fabricated  by  30  wt%  PMMA  solution  in  DMF  (Fig.  1e).
Besides, by adjusting related parameters of microfluidic-spin-
ning  setup,  the  microfibers  with  tunable  sizes  and  spacings
could be achieved (Figs.  S2 and S3 in ESI).  Narrow size distri-
bution  of  ordered  PMMA  microfibers  with  the  selected  dia-
meters  of  3,  5,  and  7  μm  was  demonstrated,  indicating  that
with  this  method  ordered  and  uniform  polymer  microfibers
could be fabricated (Fig. 1f).
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Fig.  1    Designing  ordered  polymer  microfibers  on  superamphiphobic  surfaces:  (a)  SEM  image  of  the  superamphiphobic  surface;  (b)  contact
angle of 30 wt% PMMA/DMF solution on the superamphiphobic surface; (c) adhesion forces of droplets (8 μL) on the superamphiphobic surface;
(d)  schematic  illustration  of  the  microfluidic-spinning  setup  for  designing  ordered  microfibers  on  the  superamphiphobic  surface;  (e)  optical
micrographic image of PMMA microfibers arrays on the superamphiphobic surface (the inset shows the SEM image of a single microfiber); (f) the
size distribution of ordered PMMA microfibers fabricated in selected diameters of 3, 5, and 7 μm.
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Based  on  the  controllable  fabrication  of  ordered  polymer
microfibers,  in  stage  II,  a  set  of  laser  cutting  experimental
apparatus  including  a  3D  electric  displacement  platform,
a  silicon  mask,  and  an  infrared  laser  (wavelength  =  808  nm,
power  ~1  W)  was  established  (Fig.  2a).  A  silicon  mask  with
~15  μm  gap  was  prepared  by  photolithography  (Fig.  S4  in
ESI),  and was placed right onto the ordered microfibers  with
less  than  1  mm  distance.  Thus,  with  relative  movement  bet-
ween  irradiation  spot  and  ordered  microfibers  at  a  50  mm/s
speed, micron zone on each microfiber can be heated rapidly
above the glass-transition temperature (Tg). As a result, an ex-
act  breakup  at  the  irradiated  zone  of  each  microfiber  oc-
curred  simultaneously,  induced  by  the  interaction  between
polymer  chain  motion  in  micro-level  zone  and  surface  ten-
sion  of  the  whole  microfiber.  Therefore,  by  adjusting  spa-
cings  between  two  laser  spot  motion  tracks,  patterned  mi-
crofibers  with  desirable  lengths  could  be  fabricated,  even
with a gradually increasing length (Fig. S5 in ESI). For ordered
PMMA  microfibers  with  diameters  of  4  ±  0.2  μm,  patterned
PMMA microfibers with equal length of ~650 μm were fabric-
ated on the superamphiphobic surfaces (Fig. 2c).

Finally,  due  to  the  high  fluid  repellency  of  superamphi-
phobic  surfaces,[27,35,36] polymer  microspheres  were  fabric-
ated  by  annealing  the  patterned  microfibers  above Tf (stage
III) (Fig. 2b and Video S1 in ESI). Fig. 2(d) shows the optical mi-
crographic  image  of  PMMA  microparticles  produced  by  mi-

cropatterned  microfibers  in Fig.  2(c),  demonstrating  that  the
top-down approach was an in situ process to fabricate micro-
spheres. Note that the fabricated PMMA microparticles main-
tained  the  spherical  shape  and  smooth  surface,  and  the  mi-
crosphere  fabricating  process  did  not  damage  the  super-
amphiphobic surface (Fig. 2e).

Interestingly,  we  observed  a  two-step  process  when  mi-
crofibers  were  heated  to  generate  microspheres.  At  the  be-
ginning stage of thermal treatment, especially when the tem-
perature T was  between Tg and Tf,  microfibers  were  shrunk
uniformly to kept a cylindrical shape with a decreased length
as  well  as  an  increased  column  size  (Fig.  3a).  However,  this
trend  of  overall  contraction  stopped  when  microfibers
reached Tf. In contrast, both ends of the microfiber melts star-
ted to generate spherical aggregations (Fig. 3a).

ΔE = γlsΔSls + γlvΔSlv

This phenomenon could be simply explained from the per-
spective  of  surface  energy.  Assuming  two  distinct  states  of
microfiber melt (dumbbell shape and cylindrical structure) at
an identical immediate temperature over Tf,  there was an ex-
tra surface energy  in cylindrical state of
the  microfiber  melt  (Fig.  3b,  see  detail  in  ESI  section  8).  The
dumbbell  state  of  the  microfiber  melt  was  thus  more  stable
and  favorable  to  be  formed.  Generally,  by  heating  micro-
fibers from room temperature to Tf at a suitable heating rate
(e.g. 30 °C/min),  these features were universally  observed for
microfibers with diverse materials and sizes.
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Fig.  2    Fabrication  of  microspheres  by  microfiber  processing:  (a)  schematic  illustration  of  the  laser  cutting  setup  (consisting  of  a  3D  electric
displacement platform, a silicon mask and an infrared laser) to design patterned microfibers; (b) schematic illustration of the thermal annealing
process  to in  situ fabricate  microspheres  from  patterned  microfibers;  (c)  optical  micrographic  image  of  patterned  PMMA  microfibers  on  the
superamphiphobic surfaces; (d) optical micrographic image of the fabricated PMMA microspheres from the patterned microfibers in Fig. 2(c); (e)
SEM image of a fabricated PMMA microsphere.
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We  investigated  the  formation  process  of  PMMA  micro-
spheres,  with an initial  temperature of 105 °C to the temper-
ature of 180 °C at a 30 °C/min heating rate (Fig. 3c and Video
S2 in ESI). The spherical aggregations were observed at 150 s,
while  the  microspheres  were  generated  in  240  s  and  pre-
served  after  cooling.  The  time-dependent  shape  transforma-
tion process was analyzed by a length to diameter ratio (L/D),
where L is  the  length  of  microfiber  and D is  the  section  dia-
meter in the ends of microfiber (Fig. 3d). Three configurations
performed  in  the  whole  process  could  be  clearly  identified.
Initially,  the L/D ratio  decreased  almost  linearly  with  time,
suggesting that the microfiber remained shrinking uniformly.
In the next nonlinear growth regime, the ratio experienced a
sharp fall,  signifying the gradually  increased size of  spherical
aggregations in the ends of microfiber. At the later stage, the
ratio  declined  slowly  and  eventually  became  1:1,  indicating
that  two spherical  aggregations  merged into  a  single  micro-
sphere.

To  study  the  dynamics  in  the  contraction  process,  we  in-
vestigated  the  relationships  between  temperature  and the
processing  parameters.  The  temperature  was  increased  by
30 °C/min in the whole process. The L/D ratio kept decreasing
throughout  the  whole  heating  process,  which  was  getting
faster  when  the  polymer  melts  were  in  the  dumbbell-shape

state. The viscosity of the polymer melts kept decreasing with
the increased temperature, which can be further evaluated by
the Williams-Landel-Ferry equation.[37] The surface tension of
the  polymer  melts  was  in  an  inverse  proportion  to  the  tem-
perature, matching the Eötvös equation.[38] Besides, the inter-
action of  the surface tension against  the adhesion force was
also considered. The contact area between the polymer melt
and  superamphiphobic  surface  was  much  smaller  than  the
contraction area of the melt, indicating the effect of adhesion
force  was  negligible  compared  with  that  of  surface  tension.
Note that the contact area was decreased during contracting.
This decrease can further accelerate the contraction process.

Despite the special process, the top-down approach allows
fabricating  polymer  microspheres  with  tunable  and  uniform
sizes.  Theoretically,  the  relationship  between  fabricated  mi-
crospheres  and initial  microfibers  could be expressed by the
following equation:

Dp = 3

√
3
2
Lf ⋅ D2

f
(1)

where Dp is  the  diameter  of  the  microsphere, Lf and Df are
the  length  and  the  sectional  diameter  of  the  microfiber,  resp-
ectively.  A  good  consistency  between  experimental  measure-
ments  and  the  theoretical  curve  was  demonstrated  over  the
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Fig. 3    Process of thermal treatment of microfibers on superamphiphobic surfaces: (a) schematic illustration of the intermediate phenomena in
the process (dT/dt is the heating rate, t  represents the increase in time); (b) side views of microfiber melts with dumbbell shape and cylindrical
structure to analyze the distinction in the surface energy; (c) sequence of video microscopic images of a PMMA microfiber heated to 180 °C on
the  superamphiphobic  surface;  (d)  plot  of  length  to  diameter  ratio  (L/D)  versus  time  of  thermal  treatment  (t)  to  analyze  the  time-dependent
microfibers shape transformation in the whole process.
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whole  measuring  span,  documenting  the  effective  control  of
the microparticle size by adjusting the parameters of microfiber
flexibly (Fig. 4a).

Δρ

κ−1

κ−1 = (γ/Δρg)1/2

∼1.6

By  this  method,  the  microspheres  can  be  fabricated  with
the  broad  size  range  corresponding  to  three  orders  of  mag-
nitude  from  10  μm  to  the  capillary  length  of  each  polymer
melt.  Note  that  the  capillary  length  showed  the  biggest  dia-
meter  of  a  fluid  keeping  quasi-spherical  on  the  surface.  De-
noting  as  the  density  difference  between  the  two  ph-
ases, γ as the surface tension, and g as the acceleration due to
gravity, the capillary length  can be therefore calculated by

.  Further  increasing the size  might  generate
particles with hemi-spherical shape for the dominant effect of
gravity  against  the  surface  tension.  Taking  PMMA  as  an  ex-
ample,  the  biggest  diameter  of  spherical  PMMA particle  was
calculated to be  mm. Therefore, the PMMA particles with
diameters  in  three  orders  of  magnitude  can  be  fabricated
(Fig. S6 in ESI).

The  size  uniformity  of  the  fabricated  microspheres  is  im-
portant  to  our  method.  Microspheres  with  the  desired  dia-
meters  of  20,  25,  and  30  μm  were  fabricated,  all  of  which
showed  narrow  size  distribution  (Fig.  4b).  Interestingly,  the
size  uniformity  was  better  for  the  microspheres  with  larger
diameters.  These  indicate  that  the  top-down method was  of
great  value  in  controllable  and  uniform  production  of  poly-
mer  microspheres  with  diameters  of  dozens  of  microns,
which are difficult to achieve by conventional strategies.

The  diameter  of  ~10  μm  was  the  minimum  size  which
could  be  reached  by  this  method  due  to  the  device  restric-
tion. To further generate microspheres with smaller sizes, we
exploited  the  PRI  phenomenon  to  break  up  the  microfiber
melt  spontaneously  in  the  annealing  process  on  super-
amphiphobic  surfaces.  By  controlling  this  phenomenon,  the
size limitation of the microspheres could be extended to one
order of magnitude smaller (100 μm level),  while the tunable
microspheres sizes and uniformity were maintained.

The  three-dimensional  image  of  a  fabricated  microsphere
on  the  superamphiphobic  surface  and  its X-Z cross  section
were  observed  with  the  3D  confocal  microscopy  (Fig.  5a).
Here we used a fluorescent polymer poly(styrene-co-HBA) la-
belled  with  rhodamine  B  (see  detail  of  synthesis  in  ESI,  sec-
tion 10) to obtain the confocal image. With a measured con-
tact angle of 158° and tiny actually contact area as well as no
damage  on  the  surface,  polymer  melt  could  be  demon-
strated  to  move  freely  on  the  superamphiphobic  surface
(Fig.  5a).  These  essentially  make  the  PRI  phenomenon  pos-
sible to be happed on the superamphiphobi surface after ex-
ternal perturbations.

γ

ΔP = γ(1/R1 + 1/R2)
R1 R2

As  the  classical  theory  of  the  PRI  phenomenon  illustra-
ted,[39] this  process  was  dominated  by  the  surface  tension 
and  could  be  described  by  a  gradually  increased  pressure
difference  (the  Young-Laplace  equati-
on,[40,41]  and  are  the  two  principal  radii  of  curvature).
To  investigate  the  variation  process  of  the  microfiber  melt
breaking  up  induced  by  the  PRI  effect,  a  PMMA  microfiber
(700 μm in length and 4  μm in diameter)  was  heated slowly
(20  °C/min  rate)  to  220  °C  (Fig.  5b and  Video  S3  in  ESI).  The
initial  perturbation  occurred  when  the  temperature  reached
200 °C. After heating to 220 °C and annealing for 1.5 min, the

bulged  section  and  the  pinched  section  were  generated  for
the function of pressure gradient; after 2.5 min annealing, the
breakup of  the microfiber melt  was observed at  the pinched
section.  Finally,  two  microspheres  were  completely  gener-
ated through a 5.5 min annealing totally.

Combining  Tomotika  linear  stability  theory  with  the  PRI
phenomenon  of  microfiber  melts  on  superamphiphobic  sur-
faces,[42] the length of microfiber and the annealing temperat-
ure  are  the  key  factors  to  affect  the  divided  microspheres
sizes  (see  detail  in  ESI,  section  11).  For  example,  a  long  mi-
crofiber  with  the  length  of  850  μm  (also  4  μm  in  diameter)
was  annealed  on  the  superamphiphobic  surface  at  240  °C
(Fig.  5c).  With  sharp  and  multi-site  perturbations,  micro-
spheres  with  the  diameter  of  6  μm  could  be  fabricated,
demonstrating that the microspheres with the size of 100 μm
level  are  producible  with  the  top-down  method  (Fig.  5c).
We  also  draw  a  binary  plot  to  reveal  the  effective  control  of
PRI  breakup (Fig.  5d).  In the binary plot,  the investigated mi-
crofibers  were  uniformly  sized  in  diameter  of  4  μm.  It  was
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Fig.  4    Size  control  of  microspheres  fabricated  by  the  top-down
approach:  (a)  relation  between  diameters  of  microspheres  (Dp)  and
parameters  of  microfibers  (Lf and Df are  the  length  and  diameter  of
the microfiber, respectively); (b) size distribution of three microsphere
groups  with  average  diameters  of  20,  25,  and  30  μm.  The
corresponding parameters of patterned microfibers were Lf  ~350 μm,
Df  ~4 μm (for 20 μm microspheres), Lf  ~650 μm, Df  ~4 μm (for 25 μm
microspheres), and Lf  ~500 μm, Df  ~6 μm (for 30 μm microspheres).
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found  that  a  borderline  differentiated  the  occurrence  of
breakup,  while  multi-site  perturbations  could  be  achieved
when an annealing temperature  over  the  borderline  was  se-
lected.

CONCLUSIONS

In  summary,  we  proposed  a  new  top-down  approach  to
fabricate  polymer  microspheres  by  patterned  microfibers  on
superamphiphobic  surfaces.  Three  stages,  (i)  microfluidic-
spinning polymer microfibers on superamphiphobic surface, (ii)
cutting the microfibers into patterned microfibers, and (iii) heat
annealing  the  patterned  microfibers  to  fabricate  polymer
microspheres, are included in the fabricating process. Uniformly
sized  polymer  microspheres  could  be  well-controlledly
prepared  with  the  size  range  of  three  orders  of  magnitude  in
linear  dimension  from  10  μm  to  the  capillary  length  of  each
polymer  melt.  Moreover,  with  a  controllable  PRI  effect  of
microfiber  melt,  the  size  range  of  the  microspheres  might  be
extended  to  one  more  order  of  magnitude.  In  principle,  this
approach  allows  fabrication  of  polymer  microspheres  from
various polymers with surface energy higher than 25 mN/m. We
believe our method could greatly advance the next-generation
strategies for fabrication of  polymer microspheres which could
outperform the majority of conventional approaches and suit to
various of applications.
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