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1. Introduction

In additive manufacturing, the duration between design and
production of a particular object is considerably low; moreover,
it has wide scope for further development in the future. Multiple
techniques are adopted in additive manufacturing, including
sintering (selective laser sintering method)[1–4] and layered
manufacturing with a binder (binder jet method).[5–7] It is widely
used because 3D modeling is possible if pulverized material is
available; however, since the resolution of the modeled object

depends on the diameters of the powder
particles, the surface morphology of the
objects fabricated using 3D modeling is
coarse. Additionally, the mechanical prop-
erties of the structure are subpar owing
to the limited strength of the binding force
among the particles. To improve the reso-
lution and strength of a 3D modeled object,
a technique of heating plastic at a tempera-
ture above its melting point and injecting it
from the tip of a nozzle has been reported;
however, it has a limitation that an arbitrary
shape in three dimensions cannot be
formed accurately.

In contrast, in stereolithography
which uses a photoreactive polymer, the
polymer polymerizes instantaneously, thus
making it possible to freely construct a 3D

shape.[8–12] Remarkable technological progress has been made in
stereolithography, in terms of material properties and processing
accuracy. Thus, it is one of the most promising modeling tech-
nologies at present. The stereolithography method is superior to
other methods in terms of processing resolution and is suitable
for processing high-performance 3D structures.

With the development of the femtosecond infrared laser, a
stereolithography technique using the two-photon effect has
been reported.[13–19] In this method, the two-photon polymeri-
zation (TPP) caused by the collision of two photons occurs in a
narrow 3D space and, consequently 3D stereolithography
is possible with an accuracy of 100 nanometers order.
However, since two-photon 3D modeling has a small process-
ing volume per unit time, the external diameter of the
structure is limited to micrometer order. Therefore, the
development of high-speed stereolithography technology using
two-photon lasers has become highly challenging in 3D
stereolithography.

In this research, we propose a new in-process resolution
adjustable (iPRT) stereolithography system that can realize
modeling with a high resolution and large external shape.
This method uses a more efficient process by changing the solid-
ification resolution during fabrication process and can signifi-
cantly reduce the fabrication time. iPRT is an optimization
method that is based on the fact that the microstructure
disappears due to surface offset to divide the area that requires
micromachining. Therefore, it is a technology that can be widely
applied to other additive manufacturing besides two-photon
lasers if the processing accuracy can be adjusted during process-
ing. It can be a high-impact elemental technology that is expected
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Two-photon lithography is considered a promising technology because it can
achieve high resolution up to scale of 100 nm among additional processing
technologies; further, it can be used to fabricate nano-/microstructures.
However, it requires an unrealistic long time to obtain a practical model that is
close to the human organ diameter in the order of millimeters. In this study, an
in-process-resolution-tunable (iPRT) stereolithography system is reported, that
realizes an optimal laser processing pathway using a new algorithm that auto-
matically generates the processing pathway obtained by dividing the fabrication
area by the effect of microstructure disappearance during the surface offset. It is
demonstrated that the aforementioned algorithm can produce structures up to 50
times faster than the conventional methods and can be applied to cell culture
scaffold for regenerative medicine.
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to develop significantly in the future. In this study, we show that
this technology can also be applied to cell culture scaffolds[20–29]

for regenerative medicine.

2. Results

2.1. Laser Solidification Resolution

In laser stereolithography, an integral structure is obtained by
overlapping the solidification regions for each scan to some
extent with a laser. Normally, fabrication is performed with an
overlap of the curing range of �50%, but it is necessary to know
the laser solidification width to determine the absolute value of
the scanning interval and to realize iPRT. First, to obtain the min-
imum solidification width means highest resolution, we simu-
lated the laser power distribution to nearby focal points. The
laser intensity distribution was calculated assuming the ideal
TEM00 mode, and the laser diameter was hyperbolic. From
the calculation results shown in Figure 1A, the numerical aper-
ture (NA) of the large objective lens is ideal for accurate stereo-
lithography, and the laser diameter should be adjusted to match
NA Next, a line intersecting the strip-shaped pillar (Figure 1C) as
at a right angle was fabricated, as shown in Figure 1D, and the

practical processing resolution was measured. As shown in
Figure 1E, the system constructed in this study confirmed a res-
olution of 92 nm, which is close to the region considered the
limit of the resolution of TPP. The solidification width decreased
as the total laser energy irradiating the spot decreased, which is
proportional to the reciprocal of the laser scanning speed and
laser power (Figure 1F). It was also confirmed that the minimum
solidification width is limited because curing does not occur
below a certain energy threshold. Consequently, by setting an
appropriate scanning interval, it is possible to obtain an integral
model without the scattering of the cured product.

2.2. Fabrication Time

Next, the fabrication time was calculated. This fabrication time
calculation was performed to determine the maximum process-
ing speed of the iPRT technology. This was done by controlling
the diameter of the surface shape of the object to be processed
and combination of resolution of fabrication.

Three types of shapes with the same volume but different
surface areas (Figure 2A) were processed by a new algorithm
to obtain the optimum laser path. The calculation method of
the optimum path using the region division by the effect of

Figure 1. Fabrication resolution. A) Calculated normalized laser power distribution. Z axis is optical axis, r axis is horizontal radius axis. B) Calculated laser
diameter versus objective lens NA. C) CAD design of object for resolution measurement experiment. D) Fabricated object with various line widths.
E) Fabricated minimum and maximum resolution line object. F) Relationship among the scan speed, laser power, and solidified width.
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disappearance of the fine structure by the surface offset is as fol-
lows. First, the shape offset inward by the distance corresponding
to the high-speed modeling resolution from the surface was cal-
culated. From there, the shape offset in reverse by the distance
corresponding to the high-speed modeling resolution was calcu-
lated again. Next, it was offset inward by a distance correspond-
ing to the fine modeling resolution. The region of the difference
between this calculation result and the original shape formed the
region that needed to be microfabricated. Each area was sliced at
each resolution interval, scanned, and filled, and the modeling
time was calculated from the total length.

Three types of cross-sectional views of the object shape with
same volume were prepared: a simple rectangle and a shape with
a rectangular surface pattern of two width scales of 100 and
10 μm, named, A1, A2, and A3, respectively. The width was
set to be the same size, and the height was set to be twice the
size of the width. As a result, shapes with the same volume
but different surface areas will be processed.

The fabrication conditions were a combination of a fine
modeling resolution of 100 nm called R0 and a high-speed
modeling resolution (R1–R5). The fabrication conditions are
shown in Table 1. The high-speedmodeling resolution combined
by the iPRT method was selected from one of the lengths of 250,
500, 1000, 2000, and 5000 nm called R1, R2, R3, R4, and R5,
respectively. Figure 2B and Table 1 show the results of the fabri-
cation time calculation, and Figure 2C and Table 2 show the
results of the improvement rate calculation. Utilizing iPRT,
high-speed machining of R0þ R3 and R0þ R4 was confirmed
to be 50 times faster than conventional monoresolution method.
Thus, the larger the combined resolution, the shorter the fabri-
cation time (R0þ R1–3); however, if the combined resolution
becomes too large, the fabrication time becomes longer
(R0þ R4, 5). Optimal combination resolution is associated with
surface structural dimensions. The larger the surface area and

Figure 2. Fabrication time dependence on the surface structure. A) CAD design of the fabricated sample. A1: flat, A2: large pattern with width, distance,
half height of 100 μm, A3: micropattern with width, distance, half height of 10 μm. R0: 100 nm of basic resolution, R1: 250 nm, R2: 500 nm, R3: 1000 nm,
R4: 2000 nm, R5: 5000 nm of fast resolution. B) Calculated fabrication time. C) Improvement of fabrication time rate compared to R0 fabrication time.

Table 1. Calculated fabrication time and measurement conditions.

Fabrication
resolutiona)

A1 fabrication
time [h]

A2 fabrication
time [h]

A3 fabrication
time [h]

R0: 100 nm 2774 2773 2773

R0þ R1: 250 nm 452 456 457

R0þ R2: 500 nm 122 130 130

R0þ R3: 1,000 nm 51 66 67

R0þ R4: 2,000 nm 49 76 107

R0þ R5: 5,000 nm 100 165 172

a)A1, A2, A3: objects which have different surface areas with the same volume. A1:
simple rectangular, A2: rectangular with 100 mm scale pattern, A3: rectangular with
10-mm scale pattern. R0, R1, R2, R3, R4, R5: conditions with the resolution of 100,
150, 500, 1000, 2000, 5000 nm.

Table 2. Fabrication time improvement ratio.

Fabrication resolutiona) A1 ratiob) A2 ratio A3 ratio

R0: 100 nm 1.00 1.00 1.00

R0þ R1: 250 nm 6.14 6.08 6.07

R0þ R2: 500 nm 22.7 21.4 21.3

R0þ R3: 1,000 nm 54.8 42.3 41.4

R0þ R4: 2,000 nm 56.6 36.3 26.0

R0þ R5: 5,000 nm 27.6 16.8 16.1

a)The ratios were calculated by dividing the time required for the designated
combinations by the time required for R0; b)A1, A2, A3: objects which have
different surface areas with the same volume. A1: simple rectangular, A2:
rectangular with 100 mm scale pattern, A3: rectangular with 10-mm scale pattern.
R0, R1, R2, R3, R4, R5: conditions with resolution of 100, 150, 500, 1000, 2000,
5000 nm.
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the more complex the structure, the slower the rate of improve-
ment. For optimum fabrication, it is necessary to match the fab-
rication conditions to the diameter of the surface structure.
Otherwise, the fabrication time will be long.

2.3. 3D Free Fabrication

Finally, to demonstrate the effectiveness of the iPRT system, we
fabricated 3D structures. Figure 3A depicts cross-sectional views
of the laser scanning path when iPRT is not used (conventional
modeling method) and when iPRT is used, and the white dots
indicate the coordinates for scanning. The combined processing
conditions were 100 nm and 1000 nm. By offsetting the surface
shape as described above, the surface volume required for high
accuracy was extracted. The left side of Figure 3A shows that the
path is dense because the solidification diameter is small, and
the right side shows that the internal scanning is sparse and only
the surface treatment is dense. Figure 3B shows the processed
object. By optimizing the laser path and resolution, smooth and
hollow structures can be created quickly. In addition, as shown in
Figure 3C, we fabricated a structure that is hollow and has a path-
way for cells to invade and supply nutrients and that can be used
as a scaffold for cell culture used in regenerative medicine.
Additionally, a micropattern is shown in Figure 3D for cell dif-
ferentiation. Therefore, it was confirmed that iPRT can produce
micro-/nanoscale objects at high speed and with high accuracy.

3. Discussion

In this research, iPRT stereolithography system was developed
that realizes optimum processing by changing each processed
part divided by region division because of microstructure
disappearance due to surface offset to the optimum processing
resolution during processing. Using this system, high-speed
stereolithography using a two-photon laser was realized. Since
this technology can contribute to high-speed modeling of any
object regardless of its shape, it can play a vital role in the
advancement of 3D modeling.

iPRT is a method for performing optimum machining on the
result of region division, and it does not depend on the wave
characteristics of the laser. It can also be applied to other 3D
printing methods, such as fused deposition modeling (FDM),
binder jet method (BJM), and selective laser sintering (SLS)
method, by changing the machining volume per unit time as well
as controlling the curing range by the laser.

The iPRT method can also be applied to manufacturing in var-
ious fields. As an example, we demonstrated that hollow scaffold
used for 3D regeneration culture of organs is highly useful in
regenerative medicine and that it can be processed using this
system.

The current TPP method is limited to nano–micrometer
microfabrication and cannot be extended to the millimeter scale.
For example, it requires 102 order of fabrication time to produce
a 1mm� 1mm� 1mm object with a resolution of 100 nm and

Figure 3. Fabricated 3D structure. A) Optimization of cross section of the laser pathway for the 3D structure with an overhang. Left: only precise method,
dense white dots can be seen like white mesh. Right: with iPRT method, only the surface is dense and can be seen as a white line, inner part looks gray
because of sparse white dots. B) Fabricated 3D structure with an overhang based on iPRT. C) Fabricated cell culture scaffold-like hollow structure. Thick
line fabricated at 1 μm, thin line fabricated at 100 nm. The external frame and the thick vertical grid were fabricated by arranging thick lines, and the
horizontal grid with medium thickness was fabricated with a single thick line. The thin vertical lines were fabricated with a single thin line. This 3D lattice
was fabricated by stacking such structures. D) Fabricated triangular micropattern. Thick line fabricated at 1 μm; thin line fabricated at 100 nm. By design-
ing a structure with a triangular cross section, by drawing thick lines in the center and thin lines on the surface, arranging them periodically and scanning
them in both the X and Y directions, triangular lattice micropattern was fabricated.
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a porosity of 90%. Therefore, it is necessary to increase the speed
by the order of 102 or higher while maintaining the processing
accuracy.

There are two main methods for high-speed machining, one is
to increase the number of focal points or expand exposed area
and the other is to increase the scanning speed; however, the
results from both the methods are limited. As a method of
increasing the number of focal points, 3� speed improvements
are reported using holograms;[30,31] however, this limits the res-
olution of the method. 3� speed[32–34] for plane construction by
digital mirror device (DMD) is limited to simple pattern creation,
and like hologram, it requires an expensive and complicated
setup. A method to expand the exposed area is reported using
light sheet,[35] however, this method cannot be used with TPP.
Using a micromirror array to increase the processing speed is
over ten times faster.[36] In addition, if a galvanometer is used,
the speed will be ten times faster,[37] but to process at a 102 times
higher speed, a powerful 10W class laser that is ten times more
expensive is required.

The iPRTmethod has the advantage of freely processing precise
objects without the need for complicated setups or powerful lasers.
Currently, iPRT can process up to 50 times faster than

conventional methods. Increasing the intensity of the laser
increases the processing volume per unit time by about to the third
power, but the increasing the scanning speed works only by to the
first power; thus, a particularly strong laser is not required.

Meanwhile, since iPRT is an area division method, it can be
combined with a Galvano scan method or a surface drawing
method such as DMD or hologram. However, this can be costly
as it requires a complex setup and a more powerful laser.

It was demonstrated that iPRT can create a cell culture scaffold
with a hollow structure for regenerative medicine. In addition,
we have developed a highly expandable and versatile technology
that can be applied not only to regenerative medicine but also to
the fields of energy and photonics because it can produce fine
structures on a large scale.

4. Conclusion

In this study, we developed an iPRT stereolithography device
that demonstrates nanoscale precision and high-speed
fabrication. Compared with conventional methods, up to 50
times higher fabrication speed can be achieved using our device.

Figure 4. Fabrication system setup. A) Objective lens and resin setup. This system adopted the dip-in setup. Dip-in method has the advantages of
flexibility of movement and longer working distance filled with high-refractive-index resin, thus resulting in high resolution. B) Hybrid drawing method.
High-resolution drawing results in longer processing time; low resolution results in rough surfaces. With hybrid drawing, processing time is reduced with
a smooth surface. C) SOE. When offset is implemented, small structures disappear. With reverse offset, small structure areas can be obtained. With
comparison between pre- and postoffset shape, small structure areas can be obtained. D) Schematic of iPRT stereolithography. Femtosecond laser is
controlled by a shutter and acoustic optic module (AOM), expanded with a beam expander, and focused with a high-NA objective lens. Motor and
piezostages are merged with an interferometer. E) NIR two-photon fabrication resolution tunability.
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Objects were freely designed with computer-aided design (CAD),
and its applicability with biocompatible materials was also
confirmed.

We demonstrated the feasibility of producing scaffolds with
transplantable dimensions by iPRT’s high-speed fabrication.
The system and algorithm can be applied to further develop
3D printing technologies.

5. Experimental Section

Optimization Principle: The ability to adjust the resolution midfabrica-
tion to optimize the structure is unique to our iPRT system. Specifically,
the inner support was solidified using the high-speed fabrication method,
followed by a precision method to solidify the surface topography
(Figure 4A). With the combined technique, the fabrication time can be
reduced compared to using the precision method only. Geometry data
were designed in CAD software, converted to STL, sliced with a proprietary
software, and converted to voxel data. This data was then divided into
micromachining and high-speed machining areas using the surface
offset effect (SOE). If the surface offset distance was larger than the
microstructures’ diameters, structures will disappear through the surface
offset process. Comparing the original data and post-offset data, data area
of microstructures can be obtained, as shown in Figure 4B. Scanning
parameters were selected manually, but once selected, scan path dimen-
sions were computed automatically, and the data was exported for the
laser to scan each area with appropriate distances.

Experimental Setup: Our stereolithography system utilized the dip-in
system (Figure 4A), which directly dipped the objective lens to a photo-
sensitive resin. Silicon wafers were coated with Ormoprime (Microresist
Technologies) to promote adhesion of the solidified resin on the substrate.
Motion stages were combined with precise piezostages and a long-range
linear motor stage to achieve long stroke and accuracy. Their absolute
position was measured by external interferometer and laser was switched
based on the position information. The axes of the stages were also
adjusted using a proprietary software.

Laser and Optics: 100 mW NIR and 10-femtosecond class laser
(Femtolasers Integral Pro100) was used as the ultrashort pulse laser
for TPP for our iPRT system; a schematic view is shown in Figure 4D.
TPP can polymerize resin with higher precision compared to conventional
SPP (Figure 4E). The laser was modulated via Acoustic Optic Module
(AOM) (ISOMET). The beam diameter was optimized for the objectives
using a beam expander (Edmund Optics). NIR reflective and visible light
transmitting dichroic mirrors (Sigma Koki) were placed in front of the
objective lens to guide and focus the visible light into the camera.
100� N. A. 1.45 lens (Carl Zeiss) was selected as the objective lens
due to its high N.A values, resulting in high resolution.

Resin: Photosensitive resin (Ormocomp, MicroResist Technologies)
was used for the microfabrication of 3D cell culture scaffolds owing to
its biocompatibility[9,10] and compatibility as a mold for producing
PDMS scaffolds via soft lithography. The resin was cured into the desired
structure on the silicon wafer, rinsed with OrmoDEV (MicroResist
Technologies), and then postcured under UV light for 2 min.
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