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Electrospun polycaprolactone nanofibers were selectively ablated to form microstructures via the phase modu-
lation of femtosecond laser beams. Ablation width (1–15 μm) and depth (15–110 μm) resolution were depen-
dent upon the selection of pulse energy and microscope objective. Because phase modulation shapes light in
a maskless fashion, desired templates were digitally created and physically transferred to electrospun mats
within a matter of minutes. Several microarchitectures were formed in parallel by dividing pulse energy
between multiple foci, substantially increasing throughput. The data presented herein demonstrates that
phase-based laser ablation can be used to rapidly shape and tailor electrospun mats in three dimensions.
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1. Introduction

Electrospinning has been utilized to create a wide range of functional
structures including catalytic converters [1], electrodes [2,3], sensors[4],
and tissue scaffolds [5]. Typically, two-dimensional (2D) electrospun
mats are formed through the random assembly of nanometer diameter
fibers on charged collector plates. By controlling the geometry and mag-
nitude of the applied electric field, electrospun fibers can be spatially or-
dered to create aligned and pseudowoven mats [6, 7]. Even though fiber
alignment serves an important role, the ability to create arbitrary, struc-
turally complex, and high resolution patterns would providemuch great-
er control over the morphology of electrospun microstructures. Toward
this end, various photolithographic approaches have demonstrated the
ability to selectively removematerial to create tailored electrospun struc-
tures [8-10]. The challenge associated with using photolithography
for electrospun microstructure fabrication has been deriving three-
dimensional (3D) macrostructure from an inherently 2D pattering pro-
cess. To overcome this limitation, we present the selective ablation of
3D microstructure into electrospun mats through the phase-based
manipulation and control of femtosecond laser pulses.

2. Materials and methods

Fibrous mats were electrospun using 10% w/v polycaprolactone
(PCL) (Aldrich, MW 80,000) dissolved in a 4:1 by volume solvent
mixture of dichloromethane and methanol. Applying an 18 kV poten-
tial with the collector positioned 12 cm from the nozzle provided a
constant flow rate of 2.0 mL/h, resulting in electrospun fibers with
an average diameter of 500 nm. Mats containing randomly oriented
microfibers were collected on grounded carbon sheets. The thickness
of the electrospun fiber mat was 60.4±4.8 μm for initial experimen-
tation and 172.2±4.8 μm for 3D structuring. A thicker mat provided
a stable base and prevented the deformation of 3D structures do to
handling for SEM imaging.

The 800 nm pulses from a mode-locked titanium-doped sapphire
laser (Tsunami, Spectra Physics) were amplified using a regenerative
amplifier (Spitfire, Spectra Physics). The amplifier produced 130 fs
pulses containing 1 mJ at a repetition rate of 1 kHz. The laser pulses
were directed through a series of transmission optics, onto a spatial
light modulator (SLM) (LCR-2500, HOLOEYE), and into an inverted
microscope (Axiovert 200, Carl Zeiss). The objective turret contained
three objectives with varying numerical apertures (NAs) including a
10× objective (NA=0.3), 40× immersion objective (NA=1.3), and
100× immersion objective (NA=1.4). The electrospun mat was sec-
tioned into 1×1 cm squares, which were pressed between two glass
cover slips located at the focal plane of the microscope. The SLM dis-
played computer-generated phase holograms that controlled the
intensity distribution of laser light at multiple planes within the
sample, as described in prior reports [11–13]. The number of laser
pulses incident on various coordinates within the fiber was con-
trolled by the frame rate of the displayed phase holograms. The
laser intensity was adjusted by using neutral density filters and a
beam splitting cube. To maximize phase modulation, a half wave-
plate was used to select the polarization of light incident on the
SLM.
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Fig. 2. Width and depth resolution of ablation at various pulse energy values. The first
data point for each objective represents the minimum pulse energy required to induce
ablation. Depth results are only presented for the 40× and 10× objectives as the depth
of field of the 100× objective was less than the porosity of the mat, preventing quanti-
tative measurement. Error bars are indicative of a single standard deviation of the mea-
sured data.
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3. Results and discussion

Initial experimentation revealed single line resolution approach-
ing 10 μm using the 10× objective with a writing speed of approxi-
mately 10 μm s−1. Fig. 1 demonstrates the successful transfer of
10 μm lines at a 100 μmpitch to a depth of 85 μm. Amagnified section
of a single line shows that femtosecond ablation produced well-
defined edges and had no observable impact upon the structure of
the surrounding fibers. Researchers have shown that the large inten-
sity and short duration of ultrafast laser pulses enable the selective
ablation of materials while essentially eliminating damage to sur-
rounding areas caused by stress waves and thermal effects [8,14,15].
To determine the penetration depth of the laser pulses into the elec-
trospun mat, laser cut cross sections of the lines were examined
(Fig. 1b). Others have reported that scattering rather than absorption
is the dominant factor in determining the penetration of light into
electrospun mats, and that extinction length is an accurate predictor
of feature depth [8]. The dependence of ablation depth on scattering
was leveraged to fabricate 3D structures using a top-down scheme in-
volving multiple exposures.

The ablation depth served as the critical dimension in the axial
direction and was adjusted by altering the objective used, pulse en-
ergy, or a combination of the two. The results of parametric testing
presented in Fig. 2, reveal lateral resolutions between 1 and 15 μm
and axial resolutions between 15 and 110 μm. Once a set of param-
eters was selected, structures were formed by selectively removing
material in a layer by layer manner, with the height of each layer
being equal to the ablation depth. After the removal of material
Fig. 1. (a) Lateral and (b) depth resolution of the system using a 10× objective and
measured pulse energy of 4.75 μJ at the pupil plane of the microscope objective. The
inset in (a) displays the edge morphology resulting from the ablation process.
from a designated area of the electrospun mat, the focal position
of the laser beam was adjusted with a phase hologram to coincide
with the newly formed surface. By ablating the same area at this
new focal position two-layer features with twice the depth were
created. Subsequent layers were removed to generate taller features
by repeating this process. Fig. 3 displays a square pyramidal struc-
ture that was carved into the electrospun mat using the 40× objec-
tive and a pulse energy of 1.25 μJ. The higher NA of the 40× objective
provided more localized ablation due to tighter focusing of the laser
light resulting in an exposure depth of 14.1±1.2 μm and a lateral
resolution of 3.81±0.78 μm.

In an effort to convey the adaptability provided by the maskless
nature of this process, several uniquely shaped structures were
designed and transferred into the electrospun mat. Fig. 4a–b
shows SEM images of structures formed using the 10× objective in-
cluding a pinwheel pattern with curved blades. New patterns can be
designed and compiled into phase holograms (digital masks) within
a matter of minutes giving the technique a substantial time advan-
tage over methods requiring traditional photomasks. Furthermore,
multiple unique structures can be fabricated simultaneously using
the 100× objective. The increased intensity provided by the higher
NA and magnification of the objective enabled phase holograms to
divide energy between nine autonomous laser beams. Fig. 4c–d
clearly shows that nine shapes approximately 10 μm in diameter
were transferred in parallel. At this scale, the fundamental charac-
teristics of the mat (pore size and fiber diameter) dictate minimum
resolution, therefore limiting the ability to define smaller structures.
However, through the adjustment of exposure dose and the careful
selection of objectives higher resolution can be achieved in more
tightly woven mats with smaller fiber diameters. The throughput
of the process is limited by the field of view of the objectives
(0.0025–0.25 mm2), but could be improved through the incorpora-
tion of multiple SLMs or an automated servo-controlled positioning
stage.

While electrospun PCL was chosen for this study due to its FDA ap-
proval as a tissue scaffold material, the direct writing technique can
be applied to a diverse collection of fibrous materials including colla-
gen, polyglycolide, and chitosan. The ablation mechanism does not
rely heavily on the photochemical composition of a material; there-
fore, unlike other photolithographic methods there is no need to syn-
thesize custom photoreactive materials.



Fig. 3. (a) Schematic of the layer-by-layer femtosecond ablation process necessary to from 3D microarchitectures. A three-level square pyramid was fabricated with the 40×, 1.3 NA
objective using 1.25 μJ pulse energies and a scan speed of 10 μm s−1. (b) A laser-cut cross-section of the pyramid reveals the height of each layer. SEM images captured (c) normal
and (d) at a 20° tilt to the surface display the topographical results.

Fig. 4. Representative SEM micrographs showing the versatility of phase-based laser ablation for patterning electrospun mats. (a) Basic shapes and (b) spirals transferred using the
10× objective. (c, d) Multiple component template transferred with the 100× objective using nine individually controlled laser beams with a total pulse energy of 3.75 μJ.
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4. Conclusions

We have produced high resolution 3D structures in electrospun
polymeric mats using a phase-based femtosecond laser machining
technique. Scanning electron microscopy confirmed that the selective
removal of electrospun material produced sharp features with no
signs of thermal degradation. The technique could provide a useful
platform for the fabrication of a variety of functional microstructures
by allowing researchers to selectively tailor the microscale topogra-
phy of porous electrospun mats.
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