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ABSTRACT

Two-photon lithography (TPL) is a photopolymerization-
based additive manufacturing technique capable of fabricating
complex 3D structures with submicron features. Projection TPL
(P-TPL) is a specific implementation that leverages projection-
based parallelization to increase the rate of printing by three
orders of magnitude. However, a practical limitation of P-TPL is
the high shrinkage of the printed microstructures that is caused
by the relatively low degree of polymerization in the as-printed
parts. Unlike traditional stereolithography (SLA) methods and
conventional TPL, most of the polymerization in P-TPL occurs
through dark reactions while the light source is off, thereby
resulting in a lower degree of polymerization. In this study, we
empirically investigated the parameters of the P-TPL process
that affect shrinkage. We observed that the shrinkage reduces
with an increase in the duration of laser exposure and with a
reduction of layer spacing. To broaden the design space, we
explored a photochemical post-processing technique that
involves further curing the printed structures using UV light
while submerging them in a solution of a photoinitiator. With this
post-processing, we were able to reduce the areal shrinkage from
more than 45% to 1% without limiting the geometric design
space. This shows that P-TPL can achieve high dimensional
accuracy while taking advantage of the high throughput when
compared to conventional serial TPL. Furthermore, P-TPL has
a higher resolution when compared to the conventional SLA
prints at a similar shrinkage rate.
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1. INTRODUCTION

Two photon lithography (TPL) is an additive manufacturing
technique that is capable of fabricating arbitrarily-complex
three-dimensional (3D) microscale parts with nanoscale features.
This unique fabrication method is applicable in a large array of
fields such as micro-electro-mechanical systems (MEMS) [1-3],
micro-optics [4, 5], microfluidics [6, 7], mechanical/optical
metamaterials [8-11], biomimetics [12-14], and biotechnologies
[15, 16]. TPL uses laser light to locally cure photo-polymerizable
liquid resin into solid features. This mechanism is comparable to
the conventional stereolithography (SLA) printing method, but
TPL allows fabrication below the diffraction limit, resulting in
microscale 3D parts with nanoscale features.

In conventional serial scanning TPL, printing is achieved by
focusing high-power near infrared (NIR) femtosecond pulsed
laser light into a diffraction-limited spot. This generates focal
spot intensities on the order of 1 TW/cm? that are necessary to
achieve nonlinear two-photon absorption in the photopolymer
material [11]. The nonlinear photo-absorption confines the
polymerized region to a fraction of the illuminated region,
thereby leading to sub-diffraction printing. Projection TPL (P-
TPL) is a high-throughput implementation of TPL wherein more
than a million points can be focused at once instead of focusing
only a single point [17]. The focal image can be patterned into
arbitrary patterns using a digital mask. 3D parts can be printed
via a layer-by-layer mechanism.

Although P-TPL increases the rate of printing by three
orders of magnitude, the shrinkage of microstructures printed
using this technique have not yet been quantified. Shrinkage in
printed microstructures results from a combination of shrinkage
due to change in phase from liquid to solid and shrinkage due to
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structural deformation under the influence of capillary forces
generated during development. The shrinkage due to structural
deformation can vary widely depending on the mechanical
properties of the microstructures [18]. Our goal here is to
minimize this structural shrinkage through tuning of the
processing conditions.

As the majority of polymerization in P-TPL occurs during
the dark [19], the degree of polymerization achieved during P-
TPL is expected to be lower than during serial TPL. Previous
studies in serial TPL have demonstrated that printing conditions
that increase the degree of polymerization lead to improved
mechanical properties and are therefore expected to lead to lower
shrinkage [20]. However, direct verification of reduction in
shrinkage through improved mechanical properties has not been
demonstrated in the past. It has been demonstrated that the super
critical carbon dioxide (CO,) drying process [21] and the
anchoring method [22] can minimize shrinkage but neither of
these techniques achieves this by improving the mechanical
properties. Supercritical drying reduces shrinkage by minimizing
the forces generated during development whereas the anchoring
minimizes shrinkage by disrupting the propagation of strain
across the structure. Photochemically curing the printed structure
after the printing process has been found to reduce shrinkage by
improving the mechanical properties but it has not yet been
demonstrated for P-TPL [23].

In this study, we have investigated methods to minimize
shrinkage in 3D structures printed using P-TPL through
improvements in the mechanical properties. Specifically, we
have investigated the effect laser exposure time, layer step size,
post-printing UV exposure time, and the concentration of
photoinitiator during post processing on shrinkage. Our results
can be used to identify design space and post-processing
conditions that minimize shrinkage and thereby lead to accurate
and uniform printing.
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FIGURE 1: Schematic of the P-TPL system.

2. MATERIALS AND METHODS

The P-TPL process is illustrated in Fig. 1. We have used a
Ti:Sapphire NIR femtosecond pulsed laser with a center
wavelength of 800 nm, pulse repetition rate of 5 kHz, and
average power of 1.2 W for processing. Each layer is patterned
using a digital mask based on digital micromirror device (DMD).
The projection method used in this study requires that the DMD
is uniformly illuminated without any intensity variations across
the DMD. To achieve this, the Gaussian beam from the laser was
modified into a beam with flat-top intensity profile using a
refractive beam shaper.

The DMD used in this study consists of 1080 x 1920
microscale mirrors which can be individually turned on or off
depending on the corresponding pixel value in the input bitmap
image. White pixels in the bitmap image represent “on” states
and switching on the mirrors tilts them by +12 degrees and sends
the reflected beam towards the collimating lens. Black pixels
represent “off” and switching the mirrors off tilts them by -12
degrees. This sends the reflected beam away from the
collimating lens. Each mirror is 7.6 um in width and 7.6 um in
length. The beam emerging from the DMD is therefore patterned
by the bitmap image. The patterned beam is then collected by the
collimating lens and focused using an objective lens. Here, we
have used an oil immersion objective lens with a magnification
of 60x and a numerical aperture (NA) of 1.25 NA. The two-lens
system demagnifies the bitmap image and projects a
demagnified image on the focal plane. The demagnification
factor (M) can be calculated using Eq. (1) as [17]:

f
My =¢ (1

Here, 17 is the focal length of the objective lens and f> is the focal
length of the collimating lens.

For our printing process, we have used the dip-in method
wherein the lens is directly dipped into the photoresist. This
method allows fabrication of 3D structures without height
limitations [18] but it requires photoresists of a fixed refractive
index (1.52) which is matched to the refractive index of the
immersion medium. Here, we have used a custom index-
matched photoresist which consists of a mixture of monmers
bisphenol A ethoxylate diacrylate (BPADA) and pentaerythritol
triacrylate (PETA). BPADA’s refractive index is measured to be
1.542, and PETA’s is measured to be 1.49. These two monomers
are mixed in a 65:35 ratio to match the refractive index of the
objective lens (1.52) in order to reduce the spherical aberration.
4,4'-((1E,1'E)-(2-((2-Ethylhexyl) oxy)-5-methoxy-
1,4phenylene)bis(ethene-2,1-diyl))bis(N,N-dibutylaniline) s
used as a photo initiator and is mixed with the monomer at 0.1%
concentration by weight. The single-photon absorption spectrum
of the photo initiator is shown in Fig. 2. As the initiator has a
high single-photon absorption at half the illumination
wavelength (i.e., at 400 nm), it is expected to be suitable for two-
photon absorption at 800 nm illumination.
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FIGURE 2: Single-photon absorption spectrum of the photoinitiator.

We have quantified the areal shrinkage in dimensions by
printing woodpile 3D structures under different conditions.
Bitmap images of a series of lines were projected in a staggered
configuration as shown in Fig. 3. Staggered formation of the
layers aids in optically verifying that each printed layer is distinct
from the previous layer without excessive overlap. Shrinkage of
the structure was quantified by measuring the area of the top-
most layer of the woodpile structure and comparing it against the
area of the bottom-most layer. We used optical microscopy to
measure the shrunk dimensions of the woodpile structure after
the development. Exemplary optical images of the bottom and
top layers of the structure are shown in Fig. 4.

FIGURE 3: (A, B) Bitmap images used for projection of alternate
layers. Each image contains a total of 22 lines with each line 10 pixel
wide and 950 pixels long. Period of lines is 40 pixels. Vertical lines and
horizontal lines are projected alternately in successive layers. (C) Side
view of 3D CAD of woodpile structures. Long red arrow indicates the
structure height and short red arrow indicates the layer distance (step
size). (D) 3D CAD representation of the woodpile structure.

We consider that the bottom-most layer of the woodpile
structure does not undergo any structural shrink because it is
bonded to the glass substrate during the printing process. The
adhesion of the bottom layer with the glass slide prevents the
layer’s deformation. This was confirmed by comparing the
measured dimension to the dimension predicted by Eq. (1). We
observed an error of 1.5% in the predicted versus measured

dimensions. It is therefore a reasonable approximation to
consider that there is no shrinkage at the bottom layer where it
contacts the glass substrate.
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FIGURE 4: Optical microscopy image of (A) Bottom layer of the
woodpile structure with dimension of 110 pum x 110 um and (B) Top
surface of the green-state 95 pm tall woodpile structure printed with 60
ms exposures per layer with 4 um layer distances. The measured
dimension on this top layer is 95 um x 95 pum, which translates to an
areal shrinkage of 25.4%. Scale bar: 50 pm.

In this study, we have investigated the effect of varying the
exposure time, structure layer distance, and the height of the
structure on the amount of shrinkage. We have also investigated
the effect of photochemical curing-based post-processing on the
shrinkage. The term “green-state” refers to printed structures that
have not been further processed with photochemical curing.
Green-state structures were developed by dipping the printed
microstructures in Propylene glycol monomethyl ether acetate
(PGMEA) and isopropyl (IPA) for 10 minutes each, followed by
air drying. This development process dissolves the uncured
photoresist and washes it away leaving behind the 3D printed
microstructure. Microstructures that were photochemically
cured underwent the same initial dipping steps but they were
further dipped into a solution of a photoinitiator and exposed to
flood UV lighting before air drying. We used the 2,2-dimethoxy-
2-phenylacetophenone (Irgacure 651) photoinitiator which was
dissolved in IPA and generates radicals when exposed to UV
light. During the UV curing process, a4 W 365 nm UV lamp was
placed 12 mm away from the printed structure (with a measured
intensity of approximately 0.8 mW/cm?) . The radicals
generated under UV light lead to additional cross-linking within
the microstructure. This is expected to increase the degree of
polymerization and thereby strengthen the microstructure. In this
study, we hypothesize that the control of parameters would either
increase or decrease the degree of polymerization of the 3D
printed structure, and the greater the degree of polymerization is,
the less shrinkage rate would be observed.

3. RESULTS AND DISCUSSION

Before performing the shrinkage experiments, the operating
region for the laser exposure time was investigated and it was
then varied between 60 ms and 200 ms. We observed that the
shrinkage decreases with an increase in laser exposure time. This
is most likely because an increase in the exposure time would
increase the degree of polymerization which would result in
improved mechanical properties. We also observed that the
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shrinkage increases with an increase in the distance between the
layers. This is likely because of the higher overlap in neighboring
layers which occurs when the distances between the print layers
are smaller. This higher overlap both stiffens the structure and
leads to a higher degree of polymerization. We also note that the
photochemically cured prints developed in the Irgacure solution
as part of post processing have significantly lower shrinkage than
the green-state microstructures (Fig. 5). This is consistent with
past observations from literature that photochemical UV curing
improves the mechanical property of the printed structures by
generating more radicals from the Irgacure which then leads to
denser polymer chains [23]. These observations are illustrated in
Figs. 5 and 6.

FIGURE 5: Scanning electron micrographs of exemplary 3D
woodpile structures. (A) Significant shrinkage observed in the structure,
which is printed using 100 ms laser exposures per layer, 4 pm layer
spacing, and no UV-curing (green-state). (B) Little to no shrinkage
observed in structure printed using 60 ms, 1 um layer spacing, UV-
curing with 1.0% Irgacure.
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FIGURE 6: Areal shrinkage at the top layer vs layer spacing for
green-state/UV cured. Solid lines indicate green-state and dotted lines
indicate UV cured state. UV-curing was performed with 1% Irgacure
and 10 minutes of UV exposure.

The effect of the duration of UV exposure during
photochemical curing on shrinkage in 3D structure is illustrated
in Fig. 7. We studied the effect of two different exposures (10
minutes vs 20 minutes of UV exposure) at different laser
exposure times of 60 ms and 100 ms. We observed that increased
UV exposure led to less shrinkage. Exposing UV for greater

duration would increase the radical generation in the Irgacure,
thus producing more polymer chain in the 3D printed structure.
This would enhance the mechanical property and reduce
shrinkage.
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FIGURE 7: Areal shrinkage at the top layer vs layer spacing for
different UV exposure time and laser exposure time. All experiments
were performed with 0.5% Irgacure.

We also studied the effect of Irgacure concentration on
shrinkage, as illustrated in Fig. 8. This experiment was paired
with different laser exposure time used in printing and different
spacings between the layers of the print. We observed that the
shrinkage decreases with an increase in the concentration of
Irgacure. This effect is explained by increased radical generation
due to increased amount of Irgacure, which would increase the
rate of polymer chain formation in the print. This would improve
the degree of polymerization and mechanical strength, thereby
reducing the shrinkage rate.
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FIGURE 8: Areal shrinkage at the top layer vs layer spacing for
different Irgacure photoinitiator concentration and laser exposure time.
All experiments were performed with 10 minutes of UV-curing.

It is noteworthy that by increasing the Irgacure concentration
during UV-curing to 1%, it is possible to reduce the level of
shrinkage at higher layer spacing (2 pm spacing) to the shrinkage
at lower layer spacing (1 pm spacing). Thus, the photochemical
UV-curing process minimizes shrinkage without compromising
the geometric design space of P-TPL. This is highly
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advantageous and is in contrast with the capabilities of the
anchoring method that relies on specific geometries to minimize
shrinkage [22]. In addition, the areal shrinkage can be reduced to
as low as 1% suggesting that P-TPL with UV-curing can generate
highly accurate structures with low shrinkage-based non-
uniformity along the height direction.

Finally, we studied the effect of the height of the printed
microstructure on shrinkage. We hypothesized that the taller the
structure is, the more shrinkage would be observed because the
top-most layer would be further away from the stiff substrate to
which the base of the print is rigidly attached. This hypothesis
was verified by measuring the area of the top surface and
comparing with the area of the bottom surface of the 3D structure
as illustrated in Fig. 9. We observe that the shrinkage increases
with an increase in the height of the microstructure.
Nevertheless, the UV-curing process can be applied to reduce the
shrinkage in microstructures of various heights.
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FIGURE 9: Areal shrinkage at the top layer vs height of the 3D
microstructure. Both prints are green-states with no UV-curing.

4. CONCLUSION

Shrinkage in 3D printed microstructures deforms the
geometry and adversely affects function. Here, we investigated
various process parameters to minimize shrinkage in P-TPL. We
observed that shrinkage can be reduced by increasing the laser
exposure time, concentration of photoinitiator during post-print
UV-curing, and the duration of UV exposure. Shrinkage worsens
with an increase in the layer spacing and the height of the
structure but both these effects can be mitigated by applying the
UV-curing post-processing technique. With post-processing,
areal shrinkage can be reduced to as low as 1%. This shrinkage
rate is comparable to the rate in microstructures printed with
conventional serial-scanning TPL and conventional SLA which
are known to have higher degree of polymerization than P-TPL.
Thus, the shrinkage minimization techniques presented here
transform the high-throughput and high-resolution P-TPL
process into one capable of achieving high dimensional
accuracy. It therefore highlights the potential of P-TPL to be a

powerful micro/nanoscale 3D additive manufacturing technique
for various applications.
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