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Sequential process optimization
for a digital light processing system
to minimize trial and error
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In additive manufacturing, logical and efficient workflow optimization enables successful production
and reduces cost and time. These attempts are essential for preventing fabrication problems from
various causes. However, quantitative analysis and integrated management studies of fabrication
issues using a digital light processing (DLP) system are insufficient. Therefore, an efficient
optimization method is required to apply several materials and extend the application of the DLP
system. This study proposes a sequential process optimization (SPO) to manage the initial adhesion,
recoating, and exposure energy. The photopolymerization characteristics and viscosity of the
photocurable resin were quantitatively analyzed through process conditions such as build plate speed,
layer thickness, and exposure time. The ability of the proposed SPO was confirmed by fabricating an
evaluation model using a biocompatible resin. Furthermore, the biocompatibility of the developed
resin was verified through experiments. The existing DLP process requires several trials and errors

in process optimization. Therefore, the fabrication results are different depending on the operator’s
know-how. The use of the proposed SPO enables a systematic approach for optimizing the process
conditions of a DLP system. As a result, the DLP system is expected to be more utilized.

Vat photopolymerization (VPP) is an additive manufacturing technology that can be used in various fields such
as medicine, jewelry, and industry'~. As it can be applied from the nanoscale to macroscale, the continuous
demand and related research have increased®~. Digital light processing (DLP), a VPP method, is an additive
technology that uses a light source to photopolymerize a single layer of a three-dimensional (3D) structure by
single exposure. The production speed is fast because it uses the digital mirror device (DMD) module of the
beam projector to produce a pattern on a flat surface'®. The DLP system uses a liquid photocurable resin, which
is a synthetic organic material primarily composed of monomers, oligomers, photoinitiators, and additives. The
photoinitiator receives the specific wavelength energy and is activated to generate a free radical to form a polymer
bond with the monomer and oligomer!-13.

The liquid photocurable resins used may have different process conditions depending on the manufacturer,
even if they are based on the same polymer; therefore, the identification of optimized process conditions for each
resin is vital. The understanding of the material properties and curing conditions of newly developed resins is
necessary to apply them to the DLP system. However, for many commercially available and developed resins,
data are only provided on the curing thickness according to the exposure time of a specific wavelength. Therefore,
unnecessary trials and errors are required for successful production. A logical and efficient workflow should be
followed to reduce waste of resins and time and obtain high-quality products.

The VPP method is divided into bottom-up and top-down approaches according to the build plate and vat
configuration, as shown in Fig. S1'%. In the bottom-up approach, the build plate rises from the bottom of the
vat to perform the process, as shown in Fig. S1a. The bottom-up method is primarily used for projection types,
such as DLP systems'>'®. In the top-down approach, the process proceeds as the build plate descends from the
top of the vat to the bottom, as shown in Fig. S1b. The top-down method is widely used in laser scanning types,
such as stereolithography apparatus'”!$.
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Figure 1. (a) Schematic diagram of DLP system. (b) Layer slip error due to poor build plate adhesion of

the first layer. (c) Incomplete fabrication due to recoating error. (d) Shape distortion of the structure due

to insufficient polymerization. (e) Over-curing due to excessive polymerization. (f) Chemical structure of
isosorbide dimethacrylate (ISDM), the primary material of photocurable resin. (g) Chemical structure of
poly(tetrameghylene ether) glycol-polyurethane acrylate (PTMG-PUA) as an additive material to improve the
properties of phtocurable resins.

Most DLP systems use the bottom-up approach to fabricate components upside down, which has three
advantages. First, the bottom-up approach enables a more precise control of the layer thickness than the top-
down approach?, such that high-precision parts can be manufactured®. Second, the bottom-up method does not
require a re-coater for the recoating mechanism because the resin is automatically recoated between fabrication
processes by the build plate movement®'. Third, the bottom-up approach is more cost-effective than the top-down
approach. The top-down approach requires a large amount of resin because the fabrication area is immersed in
resin?2. In the top-down method, photopolymerization is selectively performed on the top surface of the vat,
as shown in Fig. S1b. The 3D structure is fabricated as the build plate descends toward the bottom of the vat.
Therefore, the resin must be filled to the top surface of the vat, to where the focus of the light source is set. The
height of the vat becomes the maximum height fabricated by the top-down approach, and the higher it is, the
more resin is required. Conversely, the bottom-up approach selectively performs photopolymerization on the
bottom surface of the vat, as shown in Fig. S1a. If the resin covers the fabrication area, the bottom-up method
can be used with a small amount of resin. In addition, as the maximum build height is determined by the rise
height of the build plate, there are low restrictions on the fabrication height. Therefore, the bottom-up method
enables fabrication with a small amount of resin, and cleaning is easy?***. Table S1 shows a comparison of the
top-down and bottom-up approaches. However, some common problems can occur with these DLP systems
based on the bottom-up approach, including poor initial adhesion, poor recovery of resins, and over-curing
of overhang structures, as depicted in Fig. 1b—e. These three problems are examined in more detail as follows.

First, an initial fabrication failure problem may occur if the adhesion between the build plate and the first layer
is weak. The DLP process proceeds with repeated up-and-down movements of the build plate. The build plate
moves down for the curing of the layer and up to prepare for the curing of the next layer. In this process, the first
layer is continuously affected by tensile force. Therefore, if the first layer has weak adhesion to the build plate, the
3D structure may detach during the DLP process, or layer alignment may be a problem owing to layer sliding,
as shown in Fig. S2a. Conversely, additive manufacturing is possible if the adhesion between the build plate and
the first layer is strong. However, an excessively strong adhesion of the first layer causes strong cross-linking of
the polymer. This leads to shrinkage and deformation of the cured layer, as shown in Fig. S2b.

Second, poor recoating of the photocurable resin can occur. Resin recoating is required for additive manu-
facturing in bottom-up DLP systems before ultraviolet (UV) exposure. The resins on the vat are automatically
arranged and coated when the z-stage is elevated using the bottom-up approach. The viscosity of the resin influ-
ences the recoating result at this stage. When using a DLP system, the viscosity of the photocurable resin is an
important property that affects the production speed and shape distortion. In the recoating process for curing
the next layer, the high-viscosity photocurable resin prevents smooth recoating and increases the time required
for fabrication.

Third, in a DLP system, over-curing occurs when a light of excessive energy penetrates the resin to a depth
greater than the thickness of the layer, as shown in Fig. S2e. The more transparent the resin, the greater the over-
curing. As a result, the inside of the undercut structure, such as the microchannel, becomes blocked?. There
are several methods to change the layer thickness and solve over-curing: UV intensity, exposure wavelength,
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exposure time, and resin?*-*. The most convenient are to change the UV intensity and exposure time. However,
the reduction of these parameters to improve over-curing causes low interlayer adhesion, and the strength of
the product is lowered, or shape implementation is complicated. These three problems should be addressed for
the stable fabrication of an open channel or undercut structure.

In most studies, only the curing thickness according to the exposure energy of the photocurable resin was
verified, and manufacturing has been attempted?*>°. However, it is not easy to achieve successful production
under these conditions. Furthermore, although many studies suggest a solution by focusing only on the specific
problem??5*!, such as cure depth, studies on the integrated management of the three representative problems are
scarce. Logical and efficient optimization can reduce the possibility of failure, increase the yield of the process,
and reduce processing time and cost. The existing DLP system often depends on the experience and expertise
of skilled workers, and requires several trials and errors in process optimization.

Therefore, a sequential process optimization (SPO) for application to a DLP system is proposed in this study.
The SPO was systematized to minimize trial and error, considering the three problems previously described. A
3D microstructure was fabricated using the process conditions derived from this, and the biocompatibility of the
developed resin was confirmed through cell culture. A systematic approach for optimizing the process conditions
of DLP printing was possible when using the SPO proposed in this study. Thus, the application range of the DLP
system was increased by reducing the risk of process failure and waste of resources and time.

Methods

DLP system. Figure la illustrates the schematics of the developed DLP system?2. The DLP system used a
6.6 W optical powered 405-nm near-UV LED (CBT39, Luminus), full-HD (1920 x 1080) DMD module (DLPL-
CR6500EVM, Texas Instruments), and a 100-mm focal length infinity-corrected objective lens (2xEO M Plan
Apo, Edmund Optics). The optical system used an enhanced aluminum-coated reflection mirror (#63-171,
Edmund Optics) and a 100-mm focal length achromatic doublet lens (AC254-100, Thorlabs) to handle the
optical path and improve imaging such as spherical aberration. The width of a single mirror of a DMD module
is 7.56 um. The field of view for the developed DLP system is 14.52 x 8.16 mm?. A five-phase stepper motorized
Z-stage (ZCVL630, Misumi) with a 1-um resolution and 30-mm stroke was used for precision additive manu-
facturing. An auto-leveling build plate with a ball-head joint was used. The glass build plate reduced the reflec-
tion and scattering of light from the UV lamp. The DLP system developed used the bottom-up method, as it is
advantageous for producing microstructures, uses a small amount of resin, and is easy to clean.

In the bottom-up method, the polymerized resin may adhere to the vat surface owing to the excessive sepa-
ration force. This problem can be solved by coating the vat with polydimethylsiloxane (PDMS), as depicted in
Fig. 1a, because the porous structure of PDMS creates an oxygen inhibition layer that supplies oxygen between
the PDMS window and the interface of the resin to inhibit radical polymerization. Therefore, the vat was coated
with PDMS to reduce the release force between the cured resin and the vat®.

Materials. Synthesis of ISDM. All chemicals used in this study were as follows: isosorbide (1,4:3,6-di-
anhydro-D-sorbitol, 98%), methacrylate anhydride (94%), ethyl 4-N,N-dimethylaminobenzoate (EDMAB),
tetrahydrofuran (THE, anhydrous, 99.9%), and magnesium sulfate (MgSO4, 99.5%) were purchased from
Sigma-Aldrich. Triethylamine (TEA) and 4,4-dimethylaminopyridine (DMAP) were purchased from Daejung
for isosobide dimethacrylate (ISDM). Poly(tetramethylene ether)glycol (PTMG, average Mn 1000 g/mol), iso-
phorone diisocyanate (IPDI, 98%), and diphenyl (2,4,6-trimethylbenzoyl)phosphine oxide (TPO, Shinyoun Rad
Chem Ltd.) were also purchased from Aldrich, Korea, for the synthesis of PTMG-based urethane acrylate. ISDM
(Fig. 1f) was synthesized as shown in Fig. S4%.

Synthesis of PTMG-based PUA. 'The entire reaction proceeded in four steps by adding the reactants sequen-
tially. In the first step, as shown in Fig. 2a, IPDI (14 mmol, 1 equivalents) and 0.01 g of DBTDL were placed in a
three-necked flask under a nitrogen atmosphere and reacted at 60 °C for 10 min. A Fourier transform infrared
(FT-IR) spectrometer was employed to confirm the functional groups of the target urethane acrylate. FT-IR
spectroscopy was performed using a Thermo Scientific Nicolet™ 6700 spectrometer in the attenuated total reflec-
tion infrared mode. The analysis was conducted within the frequency range of 4000-400 cm™" by co-adding 32
scans at a resolution of 2 cm™.

PTMG (28 mmol, 2 equivalent) was added to IPDI with a tin catalyst and continuously stirred at 60 °C until
the NCO functional peak (2270 cm™) from FT-IR disappeared to obtain the PTMG-IPDI-PTMG structure with
C=C (1640 cm™) and C=0 (1600 cm™) functional groups in methacrylate. In step 2, as shown in Fig. 2b, IPDI
(28 mmol, 2 equivalents) was added again to the PTMG-IPDI-PTMG structure and continuously stirred under
nitrogen at 60 °C for 10 min until the OH peak (3360 cm™) from FT-IR disappeared to obtain the IPDI-PTMG-
IPDI-PTMG-IPDI structure. In step 3, 3.8262 g (29.4 mmol, 2.1 equivalents) of HEMA was added to the result
compound in step 2, as shown in Fig. 2c. The final reaction proceeded at 40 °C until the NCO functional peak
(2270 cm™) disappeared from FT-IR, as shown in Fig. 2d, to obtain the target PTMG PUA with the HEMA-
IPDI-PTMG-IPDI-PTMG-IPDI-HEMA structure.

Blend of ISDM and PTMG-based PUA. Isosorbide obtained by hydrogenation of glucose followed by dehydra-
tion of sorbitol has attracted considerable attention because of its rigidity and transparency®*~ as an alternative
to bisphenol-A, an environmental hormone that is harmful to the human body?’. Isosorbide is a renewable and
non-toxic substance with good optical properties. However, owing to the brittleness of ISDM, there is a limit to
additive manufacturing; thus, it was used in combination with other materials because it is colorless and trans-
parent. PTMG is a material with excellent strength and abrasion resistance®. PUA has a high abrasion resistance
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Figure 2. (a) Reaction scheme for PTMG-based PUA. (b) Square and spring symbols represent IPDI and
PTMG (or HEMA), respectively, (c) PT-PT PUA structure of the final step and (d) FT-IR spectra of PTMG
PUA.

and optical properties®**. Thus, a blend of PTMG PUA and ISDM, as shown in Fig. 1f,g, may compensate for the
limitation of isosorbide and enhance flexibility, which is the advantage of PTMG PUA. Accordingly, the effect of
the weight ratio shown in Table S2 (0:10/2:8/8:2/10:0, w/w) between ISDM and PTMG PUA on tensile strength,
elongation, light transmittance, and curing speed was investigated. As shown in Fig. S5, tensile strength and
elongation were measured according to the ratio of ISDM and PUA (conditions 1, 2, 3 in Table S2). As shown in
Figs. S6 and S7, light transmittance and curing speed were measured according to the ratio of ISDM and PUA
(conditions, 2, 3, 4 in Table S2).

Sequential process optimization. The SPO proposed in this study follows the workflow shown in Fig. 3.
The first sequence of SPO is a single-layer test. The first sequence secures a dataset on the curing thickness of
the resin according to the exposure energy, which is the most basic in the VPP method. During the process, the
standard exposure energy required for the process is identified. The curing thickness of the resin according to
the exposure energy has a significant impact on the fabrication of complex 3D microstructures. An undesired
structure may be created if the cured thickness is too large or smaller than the layer thickness.

The second sequence is the resin-recoating test. In micro-additive manufacturing, careful consideration
should be given to the use of recoaters that cause microstructure breakage*'. Therefore, natural automatic
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Figure 3. SPO workflow: single layer test, resin recoating test, adhesion test, over-cure test.

recoating of the resin is essential in a bottom-up DLP system that does not require a recoater. However, due to
this, air bubbles generated in the processing area remain inside the final product and may deteriorate the physi-
cal properties or cause shape errors outside the product. Therefore, the appropriate resin viscosity and process
speed should be determined to prevent air bubbles and incomplete resin filling during the recoating process.

In the third sequence, i.e., the first layer adhesion test, the adhesion condition of the first layer is confirmed.
This section discusses the adhesion between the build plate and the first layer. If the adhesion between the build
plate and the first layer is too weak, delamination problems may occur during the initial fabrication. Conversely,
if adhesion is too strong, fabrication is possible, but the structure may crack or deform with time. In this study,
the layer adhesion test is conducted according to the exposure time to confirm the optimal adhesion. Optimal
adhesion is checked simply by fabricating a layered pattern over exposure time and raising the build plate to
process speed.

In the final sequence, i.e., the over-cure test, the appropriate overlap between the layers must be confirmed to
minimize over-curing. An adequate overlap between layers is required for balanced fabrication®'. If the overlap
level is too low, the durability of the structure decreases. Conversely, if the overlap level is excessive, an unin-
tended shape is produced owing to the over-cure. This is one of the reasons why it is challenging to fabricate over-
hang structures using a DLP system. Photocurable resins are made nontransparent by adding light absorbers or
dyes to prevent over-curing*?. Because the resin is nontransparent, the light penetration depth is limited, reducing
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Figure 4. (a) Photopolymerization ratio and critical exposure energy according to the exposure time. (b)

Single-layer photopolymerization according to the exposure time. (c) Single-layer thickness measurement result
for each resin.

the probability of over-curing. However, the use of additives causes changes in the physical properties of the raw
material and deterioration of transparency. Consequently, it is challenging to observe internal structures, such
as microchannels, and optical applications are limited. In this study, to maintain the properties of the raw mate-
rial, the optimal overlap condition was determined using the exposure energy without adding other additives.

Results and discussion

Single-layer test. The cured thickness of the resin due to the photopolymerization reaction can be cal-
culated and predicted mathematically. When UV light hits the resin, some light is scattered or absorbed at the
resin surface. According to the Beer-Lambert law, the intensity of light decreases exponentially. Equation (1) is
the working curve equation, which is derived by arranging the exposure equation obtained through the Beer—
Lambert law in terms of energy, where C, is the maximum curing thickness, D, is the penetration depth of
light, E,,,, is the maximum exposure energy of the resin surface, and E, is the critical energy at which the resin
phase changes into a solid. As shown in Fig. 4a, the critical energy E, is the minimum energy required to initiate
photopolymerization. According to Eq. (1), the curing properties of resins depend on two parameters: exposure
energy and penetration depth***%. As the amount of energy input and penetration depth increase, the cured
thickness of the resin increases.

B
Cd:Dpln{ ;} )

c

Ci=Dyn| =L = Dylnl L
= an'l‘o = pnto (2)
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Based on Eq. (2), the curing thickness of the resin can be predicted using the exposure time as a process
variable, where f is the exposure time, f, is the critical time. As shown in Fig. 4b, the build plate was removed,
and two types of newly developed resins were placed on the PDMS-coated vat. A square pattern of 2 x 2 mm?
was exposed to each resin with a light source with a wavelength of 405 nm from 1500 to 4500 ms at intervals of
500 ms. According to Eq. (1), the depth of penetrated UV light is proportional to the exposure time, because
the maximum exposure energy depends on the time integral of the irradiance. To evaluate the thickness of the
cured single layer according to various exposure times of UV light, the cured single layer was separated from the
vat, washed with isopropyl alcohol (IPA), and the cured thickness was measured using an optical microscope
(MS-12Z-L1215).

The curing thickness according to the exposure time of the two types of resins is shown in Fig. 4c. The curing
thickness is controlled by adding a specific dye, photoinitiator, or UV absorber to the photocurable resin. How-
ever, in this case, lowering the transparency of the raw material is disadvantageous. Thus, the exposure energy
was used to maintain the transparency of the photocurable resin.

The critical energy E, is obtained by multiplying the critical time ¢, and the illuminance E*. E, is difficult to
observe experimentally. This is because, in theory, the curing thickness is zero at E.. Therefore, prediction is a
standard method for deriving E**. A tendency line was obtained from the measured curing thickness, and the
corresponding x-intercept value was assumed to be #,. The average light penetration depth D, was obtained by
substituting the measured C,, t), and t values into Eq. (2). Consequently, the working curve equation of the resin
was derived, as shown in Fig. 4c. Additional experiments were performed to verify the derived working curve
equation, as shown in Fig. S8. The cured thickness is highly sensitive to exposure time with a large amount of
ISDM. As shown in Fig. 4c, IP(2:8) had a considerably lower gradient than IP(8:2). This is because the photopo-
lymerization levels of the ISDM and PTMG PUA differ according to the exposure energy. This result indicates
that IP(8:2) enables a broader range of thickness control.

Resin recoating test.  After one layer is fabricated in the DLP system, the build plate rises farther than the
layer thickness in the z-axis direction, as shown in Fig. 5a. After the z-axis has stopped and a set delay time had
passed, the build plate was lowered to the next layer position. In this process, resin settling behavior occurs. As
such, the success of recoating is determined by the photocurable resin viscosity and the build plate speed.

In a DLP system, the viscosity of the photocurable resin is an essential parameter**’. The higher the viscos-
ity of the resin, the more time is required for recoating, and the possibility of air bubbles in the fabrication area
increases, as depicted in Fig. 5b.

The vat coated with PDMS was located above the optical system, and a glass build plate was mounted on the
z-axis stage and positioned parallel to the vat (Fig. 1a). Assuming that the vat and the build plate are parallel, the
photocurable resin flows between infinitely large plates with very narrow gaps. Therefore, the resin flow between
the vat and build plate can be assumed to be a fully developed laminar flow without time disturbance*. The
capillary force dominates the force acting on the two plates and the resin because the effect of gravity is negligible
for liquids between the micro/nanogap. A large negative pressure is generated at the liquid interface between the
two plates at micro/nano spacing, which functions as a large adhesion force between the two plates**.

The adhesion between the build plate and vat is a critical factor to consider for successful fabrication in a
bottom-up DLP system. The initial condition setting considering the adhesive force was managed in the fol-
lowing sequence. The current sequence conformed to the recoating condition according to the behavior of the
resin between the two plates.

The recoating process proceeded in the DLP system, as shown in Fig. 5a,b. Figure 5a illustrates the use of a
resin with an appropriate viscosity, and Fig. 5b illustrates the use of a high-viscosity resin. The internal pressure
of the resin between the vat and build plate is expressed by Eq. (3):

Ap— T 1 1
r=7(53) ?

where T is the surface tension, 7, is the radius of the middle point between the vat and the build plate inside the
resin, and r, is the radius of curvature outside the resin. When the pressure inside the droplet is lower than the
outside pressure (Ap <0), the capillary adhesion pulls the two surfaces above and below. The generated capillary
adhesive force is expressed by Eq. (4).

2TV cosO
F==p

where Vis the volume of the resin, 8 is the contact angle, and 4 is the distance between the vat and the build plate.
Assuming that the amount of evaporation of the resin is negligible, the numerator can be treated as a constant.
Therefore, adhesion is most affected by the gap between the vat and build plate, and adhesion F decreases as the
build plate rises®'.

Assuming that the surface roughness of the vat and build plate is uniform when the build plate rises, the
interface retreats in the radial direction of the build plate to maintain the resin volume and contact angle on the
surface®??, as depicted in Fig. 5a. The resin is recoated because of this flow, but the fingering effect and bubbles
occur due to the instability of the interface depending on the viscosity of the resin®.

In a low-viscosity resin, the interface stability of resin-vat and resin-build plates is high because the flow rate V,
of the resin is greater than or equal to the rate of increase of the build plate speed V. Accordingly, the movement
of the resin and the build plate has high synchronicity, as depicted in Fig. 5a. However, for a high-viscosity resin,

(4)
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Figure 5. Behavior of (a) low-viscosity resin and (b) high-viscosity resin according to the movement of the
build plate in the z-axis direction. (c,d) Photopolymerization and non-breaking resin interface of low-viscosity
resin. (e) Samples without internal bubbles and shape errors due to stable recoating. (f g) Photopolymerization
and breaking resin interface of high-viscosity resin. (h) Sample shape error due to poor recoating.

because V; is smaller than V, there is a mismatch in the resin movement for the build plate movement, causing
the resin to separate, as depicted in Fig. 5b. This causes bubbles in the resin and fabrication failure.

Owing to the fast fabrication speed of the DLP system, the photocurable resin should behave flexibly between
the vat and build plate. The resin flow between the two plates is an incompressible laminar flow, and the velocity
distribution V, of the resin is expressed by Eq. (5)**:

A
v Q(h —2) 5)

where z is the vertical distance from the vat, L is the x-direction length of the curing area, and g is the viscosity
of the resin. The maximum velocity V., occurs at point /2, and is expressed by Eq. (6):

Aph?

L (6)

Vmax =

As previously mentioned, the flexibility of the resin flow during the rise and fall of the build plate is critical

for effective recoating. Accordingly, a difference between the build plate speed V, and the resin speed V,,,,, closer

to 0 is optimal. When the build plate movement time is #,, the speed V| can be expressed as h/t,. If this is sum-
marized for time t, together with Egs. (6), (7) is identical.

4uL

Aph )

ty, =

According to Eq. (7), the higher the viscosity of the resin, the more time is required for the build plate move-
ment. Therefore, the use of a low-viscosity resin is advantageous for rapid manufacturing and stable recoating
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Figure 6. (a) Schematic diagram for the first layer adhesion test. (b) 3 x 5 square image pattern for adhesion
test according to the exposure time. (c) First layer fabrication according to the exposure time. (d) After cleaning
the build plate, the exposure time was confirmed to be suitable for first layer adhesion. (e) Failure to build plate
adhesion due to insufficient exposure time. Misalignment of each layer is observed. (f) Sample fabricated by
applying the optimal first layer exposure time. (g) First layer with excessive exposure time applied, causing
dimensional accuracy failure and deformation due to step difference.

in a DLP system. The relationship between the build plate speed and viscosity also affects the build area, but it
was not considered in this study because the maximum build area was as small as 13 x 7.5 mm?.

The manufacturability based on the difference in viscosity was confirmed through experiments using the
low-viscosity IP(8:2) and high-viscosity IP(2:8) resins selected in this study. A 5x5x 1 mm?® sample was fabri-
cated with the DLP system, as shown in Fig. 5¢,f under a layer thickness of 100 pm, z-lift distance of 1 mm, and
z-lift speed of 100 mm/min. Because the purpose of this experiment was to confirm the effect of viscosity, the
exposure time was set to 2500 ms such that the resin could be sufficiently photopolymerized. The time required
for the one-layer process cycle under this condition was 5.9 s.

A distinct difference in resin behavior according to viscosity was confirmed when the build plate returned to
its origin. The IP(8:2) resin maintained a mass on the vat without breaking the interface during the process, as
shown in Fig. 5d. The sample in Fig. 5e was produced without internal bubbles or shape errors.

In contrast, in the IP(2:8) resin, as shown in Fig. 5g, the interface was broken on the vat and separated, caus-
ing air bubbles during the process, interfering with resin filling, and causing manufacturing defects, as shown in
Fig. 5h. For high-viscosity IP(2:8) resin, the results can be improved if the z-lift speed is lowered and sufficient
recoating time is considered. However, this requires a very long process time, which limits the fast manufacturing
of the DLP system. Therefore, IP(2:8) resin was no longer considered in the subsequent sequence, and optimiza-
tion was performed using IP(8:2) resin.

First layer adhesion test. To reliably attach the first layer to the build plate, the adhesive force between
the build plate and the first layer must be greater than the stress that occurs when the build plate is raised for the
next layer. The force that occurs when two plates are separated between a viscous fluid is defined as the Stefan
adhesion in Eq. (8)°%°":

_ 3muR*dh

= 8
203 dt ®

where R is the radius of the separating plates, h is the distance between the two plates, y is the viscosity of the
fluid, and dh/dt is the rate of separation. Equation (8) indicates that the force applied to the previous layer is
linearly proportional to the separation speed as the build plate moves to the next layer. Previously, the relation-
ship between the processing time and resin viscosity at a z-lift speed of 100 mm/min was confirmed through the
resin-recoating test sequence. The z-lift speed of 100 mm/min was the same as that of Eq. (8).

To identify the adhesion condition of the first layer at a separation speed of 100 mm/min, 2 ml of IP(8:2)
resin was placed into the vat, as depicted in Fig. 6a, and the build plate was set at the starting position. Figure 6b
illustrates that a 2 x 2 mm? square image was generated as a 3 x 5 array. Each image was cured on the build plate by
sequential exposure to 405 nm light from 1600 to 3000 ms at 100 ms intervals. After the process was completed,
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Figure 7. (a) Principle of over-cure in DLP system. (b) Lattice structure manufactured with 1400-ms exposure
time. (c) Over-cured lattice structure manufactured with 2000-ms exposure time. (d) Measurement of over-cure
of lattice structure overhang according to the exposure time.

the build plate was raised at a separation speed of 100 mm/min. The cured pattern on the build plate shown in
Fig. 6¢ was washed with IPA, and a distinct pattern was observed, as shown in Fig. 6d.

The pattern not attached to the build plate and that remaining on the build plate are confirmed in Fig. 6d.
Patterns that do not adhere to the build plate are due to insufficient adhesion to resist the stresses caused by the
separation speed. A stable adherence to the build plate was achieved from the tenth pattern, indicating that the
first layer required 2500 ms or longer exposure time.

A 10x5x 1 mm?® sample was prepared to confirm whether the first-layer exposure conditions were appropri-
ate for the DLP system. Figure 6e illustrates the case of insufficient adhesion. The first layer applied the 2000 ms
condition, and the remaining layers were fabricated with a layer height of 100 pm under the 1600 ms condition.
In the working curve of the single-layer test, 2000 ms was a sufficient time for photopolymerization. However,
the 2000 ms condition provided insufficient energy for build plate adhesion; thus, the process was terminated
with the sample floating in the vat, as shown in the inset image of Fig. 6e. Samples were created as unaligned
layers because when the initial layer adhesion failed, additional layer fabrication caused layer slip.

In Fig. 6f, 2500 ms derived through experimentation was applied as the optimal first-layer condition, and the
remaining layers were fabricated with a layer height of 100 pm under the 1600 ms condition. The sample was
fabricated in a state of adhesion to the build plate, as depicted in Fig. 6f. Each layer of the sample was aligned
during fabrication. Finally, in Fig. 6g, the first layer condition was applied at 16,000 ms, ten times the process
condition (recommended as the first layer conditions for commercial equipment).

The sample was adhered to a build plate during the fabrication. However, as shown in Fig. 6g, a step difference
was observed between the first and subsequent layers, caused by over-curing owing to the excessive exposure
time of the first layer. A step difference affects the dimensional accuracy and causes product deformation in the
future. Therefore, confirming the first-layer adhesion condition using the method proposed in this sequence is
helpful for successful fabrication. The optimized exposure time of the first layer adhesion for IP(8:2) was 2500 ms.

Over-cure test. Fabricating overhang structures using the VPP method remains challenging, particularly
when the top angle is almost parallel to the build plate. As shown in Fig. 7a, the resin trapped in the structure
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causes an additional photopolymerization reaction due to UV transmission, causing an over-curing problem.
As the size of the structure decreases, the inside is clogged, and a sizeable dimensional error occurs.

IP(8:2) resin with a suitable viscosity for the DLP system was selected based on the resin recoating test.
Furthermore, the first layer adhesion test performed in the third sequence confirmed that the initial exposure
condition for stable attachment to the build plate was 2500 ms. Exposure time conditions were selected by refer-
ring to the working curve of the first sequence. The experiment was conducted with exposure time conditions
set at 200-ms intervals from 1200 to 2000 ms. In the 2000-ms condition, up to five times the exposure energy
can be produced compared with the laminate thickness.

A 3x3x3 mm?’ lattice structure with a line width of 500 um was fabricated under the conditions of a layer
thickness of 100 pm, z-lift speed of 100 mm/min, and first-layer exposure time of 2500 ms. The fabricated lattice
structure was washed with IPA and post-processed for 3 min in a UV oven with a wavelength of 405 nm. The
thickness of the upper frame of the manufactured lattice structure was measured using an optical microscope
(MS-12Z-L1215, SEIWA Optical), as shown in Fig. 7b,c.

The results for each condition are shown in Fig. 7d. Under the 1200-ms condition, as the exposure energy
was insufficient to cause a photopolymerization reaction, the fabrication was unsuccessful. In contrast, at the
2.000-ms condition, over-curing of up to 1.6 times the design thickness of 500 um occurred owing to excessive
exposure energy. Therefore, the optimal exposure time was 1400 ms, 5% of the design thickness was overcured,
and this value was the optimal overlap condition.

However, under these process conditions, despite reducing over-curing, the strength and durability of the
structure immediately after fabrication were low because the bonding force between each layer was weak. Thus,
post-processing in a UV oven after IPA cleaning was essential to improve the low strength and durability. UV
curing also induced a complete reaction of the photoinitiator remaining on the structural surface. Therefore,
UV curing improved strength and durability and reduced the biological toxicity.

Evaluation and application. The optimal process conditions for the developed resin were obtained
through SPO, as previously described. The test artifact for confirming manufacturability was designed to evalu-
ate whether the obtained conditions were suitable, as depicted in Fig. 8a. The test artifact was divided into eight
sections from A to H to confirm manufacturability. Section A confirmed the manufacturability of the overhang
structure according to the x—y aspect ratio, and Section B evaluated the fabrication precision according to the
angle. The production of cylinders and square pillars according to the x—y aspect ratio was verified in Section C.
Section D confirmed the implementation of the engraved pattern according to the width, and section E evalu-
ated the manufacturing precision of the spherical shape. Section F evaluated the fabrication of the cone shape
according to the angle, and section G confirmed the manufacturability of the cantilever beam according to the
angle.

In the VPP method, cleaning after manufacturing is also important and must be carefully performed because
damage may occur in microstructures during cleaning. The removal of the uncured resin remaining on the
structure safely and accurately without damage was performed through a three-step cleaning process, as depicted
in Fig. 8b. A well plate or sample bottle was prepared to contain the fabricated structure and IPA for washing.
The first wash removed most of the resin on the surface, the second wash was performed by transferring the
structure to an uncontaminated IPA, and the same method was used in the third wash to remove the uncured
resin inside the structure.

Although vibration using ultrasonic waves facilitates cleaning, excessive vibrations can cause damage to
the structure and require care. The structures cleaned in the third step were cured using UV light. Because the
microstructure before post-UV curing is not durable, it may be damaged when wiping the IPA on the surface.
Therefore, post-UV curing was performed with the microstructure immersed in IPA or deionized (DI) water to
complete the final curing process without damage or distortion, as depicted in Fig. 8b.

Figure 8c shows a test artifact manufactured using the process conditions derived from the proposed SPO. A
test artifact manufactured with a layer thickness of 100 pm was produced without problems in most areas. How-
ever, a low resolution was observed in slanted or curved structures (e.g., sections B, E, F, and G) owing to the high
layer thickness. The resolution was improved by generating a test artifact with a layer thickness of 50 pm. Process
conditions with a layer thickness of 50 pm were inferred from the first and last sequences. Figure 8d illustrates
the manufactured test artifact, where the resolution of the slanted or curved structure was improved. The process
conditions obtained by the SPO were suitable for fabricating a complex 3D structure, as depicted in Fig. 8e-g.

Biocompatibility test. Additional experiments were conducted using a commercial photocurable resin to
confirm whether the proposed SPO is universally applicable. Spot-HT-blue (Spot-A Materials, Barcelona, Spain)
and OrmoComp (Micro-resist Technology GmbH, Germany) were used as commercial materials. OrmoComp
lowered the viscosity by mixing with Ormothin (micro-resist technology GmbH, Germany) in a 3:1 ratio. The
process conditions for both commercial materials were derived by applying the SPO, as shown in Table S3, con-
firming that both the developed and commercial resins could be successfully manufactured in the DLP system
using SPO.

The scaffold was fabricated with the DLP system using three resins along with IP(8:2) as the development
material. L-132 cells, which are normal lung cells, were cultured on a well plate with the three types of scaffolds.
L-132 cells were seeded in 500 uL at a concentration of 5 x 10* cells/cm® After culturing for 24 h, the sample was
treated with 800 pL dimethyl sulfoxide (Sigma-Aldrich). A treatment with 20 pL of MTT (Sigma-Aldrich) was
performed for 4 h. The absorbance was measured at 540 nm using a microplate reader (Asys UVM 340; Biochrom
Ltd., Cambridge, UK) to confirm cell viability>°.
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Figure 8. (a) Test artifact for verification of process conditions. (b) Conceptual diagram of three-step cleaning
of DLP production sample. Test artifacts of (c) 100-um layer and (d) 50-um layer thickness conditions. (e) Dabo
tower scaled down to 6/10,000. (f) Surface vertex centroid structure. (g) 3D microfluidic chip.

A live/dead cell assay (BioVision, CA, USA) was used to observe cell adhesion and cytotoxicity in the devel-
oped materials. L-132 cells (5x 10* cells/mL) were cultured in Spot- HT blue, IP(8:2), and OrmoComp for 3 days.
In sequence, cells were treated with Live-Dye, a cell-permeable green fluorescent dye, and propidium iodide, a
non-permeable red fluorescent dye. The cells were observed using a Nikon Eclipse TS100led Trinocular fluo-
rescence microscope (Nikon Corporation, Tokyo) with a band-pass filter (detect fluorescein and rhodamine),
as shown in Fig. 9b.

The cell viability of the resin is shown in Fig. 9a. The cell culture images of Spot-HT, IP(8:2), and OrmoComp
resin were produced using the DLP system. IP (8:2), an isosorbide-based resin, exhibited a high cell viability of
95.5%, confirming the biocompatibility of the developed resin. The values of OrmoComp and Spot-HT_blue were
lower than those of IP(8:2). The environment for cell incubation of IP(8:2) was better than that of the other two
structures. As shown in Fig. 9b, live and dead staining was performed to investigate the cell adhesion and cyto-
toxicity of the developed materials for 3D cell culture. The results indicated that the IP(8:2) materials increased
cell adhesion compared to the Spot-HT blue and OrmoComp surfaces. In addition, living cells were observed
in cells cultured in the pillars of the IP(8:2) scaffold. No dead cells were observed in the IP(8:2) scaffold. This
suggests that IP(8:2) does not cause damage to cells, and the material is biocompatible. In contrast, the Spot-HT
blue scaffold showed a few living cells, but almost no attached cells in pillars of the scaffold. Furthermore, the
OrmoComp scaffold had dead cells. Our findings indicate that the developed IP(8:2) materials can be potentially
used for 3D cell culture, regeneration, and drug screening in biomedical fields.
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Figure 9. (a) L-132 cell viability results according to photopolymerization resin. (b) Cell observation results of
the 3D scaffold of resins: Spot-HT blue, IP(8:2), OrmoComp.

Conclusion

This study derived process conditions using the SPO for application in the DLP system of an isosorbide-based
biocompatible photocurable resin. The three typical problems in the DLP system are (1) initial adhesion, (2)
poor resin recoating, and (3) over-cure and incomplete curing caused by inappropriate exposure conditions.
Prevention of the identified problems is essential for the successful use of the DLP system. SPO is constructed
to minimize trial and error by considering the representative problems in advance.

In the first sequence, a dataset of the photopolymerized resin thickness according to the exposure energy
was obtained. In the second sequence, the resin behavior during the recoating process according to the resin
viscosity and build plate movement was analyzed mathematically. Moreover, the availability of the resin and the
required time were determined. The low-viscosity resin has high manufacturability and is advantageous for rapid
manufacturing. In the developed IP(8:2) resin, 5.9 s were required for a one-layer cycle when manufacturing at a
build plate speed of 100 mm/min in the DLP system used in the experiment. In the third sequence, the adhesion
conditions of the first layer to the build plate were quantitatively evaluated using a direct method. At a processing
speed of 100 mm/min for the IP(8:2) resin, the appropriate first layer exposure time was 2500 ms. Appropriate
first-layer adhesion conditions prevented excessive adhesion and deformation problems.

In the last sequence, the appropriate level of overlap conditions required for additive manufacturing was
confirmed. At a processing thickness of 100 um, the over-cure required a minimum exposure time of 1400 ms
to fabricate a 500-um thick overhang structure. Three-step cleaning and UV curing were used as post-processing
methods to prevent damage to the fabricated structure and increase durability.

A test artifact was generated to evaluate the derived process conditions. Furthermore, the biocompatibility
of the developed resin was confirmed through cell experiments, and the applicability of the SPO to commercial
resins was guaranteed.

Logical and efficient optimization of workflows in the manufacturing field reduces the possibility of process
failure and waste of time and money. In this study, an SPO applied to an overall DLP system was proposed. The
proposed method reduces process failure in the DLP system, as well as the waste of resources and time, thereby
increasing its range of applications. In the future, it is necessary to add a system that heats high-viscosity resin
so that it does not affect the manufacturing speed of the DLP system. The advanced SPO considering the heating
system, is expected to increase the possibility of using high-viscosity resin in the DLP system.

Data availability

All data generated or analyzed during this study are included in this published article and its supplementary
information files. The datasets used and/or analyzed during the current study are available from the correspond-
ing author on reasonable request.
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