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Abstract. This study investigated the relationship between the parameters of the DLP manufacturing process and the structure of photopoly-
merizable acrylic resins. Four different process parameters were established to produce different thin-walled acrylic sample series: exposure
time, layer thickness, area offset, and number of transition layers. The structure and the surface of the obtained samples were examined with the
use of the FTIR–ATR method and an optical microscope, respectively. It was proved that extension of the exposure time increases the density of
crosslinking and sample thickness. A decreasing crosslinking density due to rising layer thickness is observed. The area offset affects only the
dimensions of the sample, predictably reducing the dimensions of the sample as the compensation increases. The absence of transition layers
proved unfavorable in many respects, both structurally and geometrically.
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1. INTRODUCTION
Currently, rising consumer expectations for the quality and
comfort of life require the production of multifunctional and
complex products that are convenient to use. To meet such
expectations, it is often necessary to miniaturize products,
which are common in all areas of life [1–3]. The trend to-
ward miniaturization can especially be seen in the electronics
industry [4–6]. In systems made up of very small parts, spe-
cial attention should be paid to the dimensional accuracy of
the parts to ensure long-term cooperation. One of the impor-
tant types of parts are thin-walled parts in which one of the
dimensions does not exceed 1–2 mm [2, 7]. Because of their
small dimensions, the production of thin-walled products using
conventional methods is a challenge due to many defects that
can occur in the final parts, such as nonconformity of the prod-
uct geometry, insufficient strength properties, warpings, and
welding lines [7–9]. Even with additive manufacturing, not all
methods facilitate the precise production of small parts, espe-
cially those with complex shapes [10]. One of the methods that
avoid most of these problems and obtain complex thin-walled
parts is Digital Light Processing, customarily called DLP print-
ing [11,12]. DLP is an additive manufacturing technique, where
high-resolution light engines are used to cure a thin layer of the
material with a precision of less than 100 micrometers [13].
This method is used to obtain complex and detailed parts made
from each engineering material, such as ceramics [14], met-
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als [15], or polymers [16]. The first two are mainly used to ob-
tain composites with polymer matrix [14,17,18]. Therefore, the
most important group of materials used in DLP printing is pho-
tocurable polymers. During the printing process, a beam of UV
light is projected onto the polymer layer to cure it in one expo-
sure. Curing occurs through activation of the photopolymeriza-
tion reaction [19–21]. For the DLP printing process, the most
common photopolymerizable resins used are epoxy and acrylic
resins; however, there is ongoing work to introduce alternatives
to polymers obtained from non-renewable resources [22, 23].
Polyacrylates belong to the most interesting photocurable poly-
mers. Due to their specific properties, they find application in
many industries [24], such as pharmaceutical [25], automo-
tive [26], and microelectronics [27]. Certain types of products,
such as microneedles with drug content, require the use of very
fine geometries [28, 29]. Moreover, the content of expensive
additives (e.g., drugs) doped into the photocurable resin in-
duces the need to minimize the total amount of mixed material
throughout the DLP process, which was the authors’ motivation
to evaluate the smallest amount of resin necessary to print the
designed samples.

Structures formed in acrylic parts have a characterizing pa-
rameter called crosslinked density, which is related to cross-
linked structure in polyacrylates that results from a linking of
the monomers due to the double bond conversion (DC) [30–32].
The crosslinking density specified by the DC rate is expressed
by the segments of polymer chain density that connect two parts
of the polymer net [33]. The crosslinking density influences the
vast majority of properties of the photocurable resin part, such
as mechanical parameters (tensile strength, hardness, impact
strength) or physicochemical parameters (characteristic temper-
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atures, thermal stability, flame retardancy, viscosity). The proof
of this is several studies that determined the crosslinking den-
sity to assess its impact degree on the performance properties of
the material. In [34] Memon H. et al. studied the correlation be-
tween the thermal and mechanical properties of a novel epoxy
vitrimer resin and its crosslinking density. The results showed
that a decrease in the crosslinking density entails a reduction
in the tensile strength and Young’s modulus values, and sur-
prisingly, an increase in strength retention efficiency. Thermal
properties such as the temperature of degradation and percent-
age of charring improved after raising the crosslinking density.
Similarly, Y. Du et al. in [16] proved that the value of crosslink-
ing density is connected proportionally to the thermal stabil-
ity, flame retardancy, and impact strength under the condition
that the critical value is not exceeded by the crosslinking den-
sity. Above this value, properties will deteriorate. Yu J.W. et
al. [35] concluded that the glass transition temperature and ten-
sile strength of epoxy resin, functionalized by graphene oxide
co-curing agents, is improved with an increase in crosslink-
ing density. Their results confirmed this claim for the studied
natural flavonoid-based epoxy resins. Lesser J.A. [36] proved
that the overall resistance to damage and residual compres-
sive strength of epoxy resin-based composites steadily grow
as crosslinking density increases. Meng J. et al. [37] devel-
oped a multilayer tubular microstructure with high crosslinking
density, which resulted in improved mechanical properties and
provides strong fire resistance without flame retardants in bio-
based furan epoxy resins. Bandyopadhyay A. et al. [38] con-
ducted a simulation on the molecular dynamics and mechanics
of epoxy polymers. The results clearly showed the glass transi-
tion temperature growth, enhancement of the elastic properties,
and decrease in the thermal expansion coefficient with increas-
ing crosslinking density. Choi J.H. et al. [18] worked on de-
veloping a heat-conductive epoxide material with carbon nan-
otubes. Interestingly, they found that the density of crosslinking
affected positively or negatively the conductivity depending on
the content of nanotubes in the resin structure. Hu K. et al. [39]
confirmed that the growth of crosslinking density has a posi-
tive effect on tensile strength and reduces the elongation break,
increasing the viscosity of the acrylic resin.

In order to receive the material with the designated degree
of crosslinking by using the DLP method, it is necessary to
choose the optimal process parameters. Finding the relation
between parameters and properties of a final product was an
important aspect for the authors. The influence of the printed
layer thickness on mechanical properties, especially the flexu-
ral strength of dental acrylic resin and composite material con-
sisting of ZrO2 and ATZ, were studied in [40] and [41]. Fur-
thermore, Seprianto D. et al. [42] proved that layer thickness
is the main parameter that influences impact strength of the
samples made from UV Resin Anycubic material. Saed A.B.
et al. [43] studied the influence of dye concentration and expo-
sure time on dimensional inaccuracy, porosity and compressive
strength of poly-L-lactic acid samples. They showed that as ex-
posure time increased, the samples were more geometrically
accurate, less porous, and more resistant to compression. Fur-
thermore, Qi G. et al. [44] proved that the curing depth of the

porous acrylic-based ceramic samples increases with the expo-
sure time increase. Guerra A.J. et al. [20] claimed that resin
parts have a strong influence on cure depth of printed parts, as
well as exposure time, which in general induces the growth of
the cure depth with the time extension. The postprocessing cur-
ing influence on mechanical and thermal properties of acrylic
dental parts was investigated by Redutko J.et al. [45]. They
showed that there is an optimal time of post-curing for a par-
ticular resin. Shen M. et al. [46] and Hanon M.M. et al. [47]
carried out a study regarding the printing angle influence on
mechanical properties, such as flexural strength or dynamic co-
efficient of friction of resin-based ceramic composite parts. The
results showed that samples printed at a printing angle of 45◦

have the lowest flexural strength and lower dynamic coefficient
of friction values. In the study [48] Du Y. et al. showed that
different types of photoinitiators make different thicknesses of
cured layers in hydroxyapatite-acrylic scaffolds possible. More-
over, the exposure time extension resulted in the rise of the layer
thickness value.

As can be seen, a lot of effort goes into research regarding
the effect of the DLP process parameters and the crosslink-
ing density on the properties of various materials. However,
only a few publications referenced in this study were related
to acrylic resins. The majority of these publications are related
to materials based on epoxy resins. To the best of the authors’
knowledge, there are no studies where the connection between
DLP printing process parameters and the material structure, es-
pecially acrylic resin, was discussed. Obtained results will be
useful in predicting material properties obtained by DLP, and
could potentially reduce the need for destructive tests, such as
tensile testing and impact testing. This study shows the influ-
ence of curing time, layer thickness, area offset and the num-
ber of transition layers on the crosslinking density of photocur-
able acrylic resin during the production of thin-wall parts in
the DLP printing process. The goal was to minimize the use
of non-renewable polymers to increase the method application
potential in the industry. The novelty of this study includes the
use of one of the most modern types of printing machine, the
Phrozen Sonic Mini 8K, with high printing resolution on the
order of 22 µm [49]. Phrozen equipment is also in use by other
researchers [50], which could help to implement the DLP print-
ing method as a means of obtaining reproducible, high-quality
parts in the future.

2. MATERIALS AND METHODS
2.1. Materials
Acrylic, photocurable Phrozen Aqua Gray 8K Resin (Phrozen
Technology, Taiwan) was used in this study. Its properties are
shown in Table 1. The resin consists of the following monomers
and additives: urethane acrylate, dipropylene glycol diacry-
late (DPGDA), epoxy acrylate, acryloyl morpholine, tris (2–
hydroxy ethyl) isocyanurate triacrylate (TIT), diphenyl (2,4,6–
trimethyl benzoyl) phosphine oxide (TPO), silicon dioxide, ti-
tanium dioxide, and carbon black [49]. The quantities of each
part were not made available by the manufacturer except for
TPO – 1–10%, TiO2 – < 1% and C – < 1%.
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Table 1
Chemical and physical properties of Phrozen Aqua Gray 8K Resin [49]

Property Values

Appearance and color Gray viscous liquid

Flash point > 110◦C/230◦F

Specific gravity 1.18 g/cm3 at 25◦C/77◦F

Viscosity 320–350 cps

Solubility in water Insoluble

Organic solvents solubility Soluble

Electric conductivity Dielectric

2.2. Sample preparation
The 31 rectangular samples were made from acrylic resin and
characterized by dimensions of 10×8×1 mm. One corner was
chamfered to allow evaluation of visual aspects and the repeata-
bility of the printing process. The sample drawing can be seen
in Fig. 1. The designed part does not have supports, which be-
cause of its small dimensions and easy geometry, is preferred
in the DLP process. After printing, the samples were cleaned in
alcohol.

Fig. 1. Sample drawing

2.3. Methods
A Phrozen Sonic Mini 8K printer was used in this study. To pre-
pare the printing process, including setting the process param-
eters, Chitubox PRO (CHITUBOX, China) software was used.
The base parameters of the printing process are shown in Ta-
ble 2.

2.4. Measurement and characterization
To determine the crosslinking density of specimens by DC
ratio, the Jasco FT/IR–4600 spectrometer was used. During
FTIR–ATR measurements, the surface of the sample that ad-
hered to the working table was tested due to its better surface
quality. The process was carried out with parameters including
64 scans, a resolution of 2 cm−1, and in the range of 4000–
400 cm−1. The percentage of acrylic double bond (C=C) con-
version was calculated by equation (1):

DC (%) =
(A1407/A1722)0 − (A1407/A1722)t

(A1407/A1722)0
×100, (1)

where (A1407/A1722)0 and (A1407/A1722)t are relative absor-
bance (peak–area ratio) of double bonds in the structure before
curing and after curing in a given t time [30–32].

Table 2
Base printing parameters

Parameter Value

Layer height 0.03 mm

Bottom exposure time 35 s

Transition layer count (TL) 6

Bottom layer count 6

Exposure time 2 s

Transition type linear

Rest time before lift 0 s

Rest time after lift 0 s

Rest time after retract 4 s

Bottom lift distance 6 mm

Lifting distance 6 mm

Bottom lift speed 150 mm/min

Bottom retract speed 150 mm/min

The Insize ISM-PM200SB microscope with magnification of
245×, a micrometer and caliper were used to examine the sur-
face and dimensions of the samples.

3. RESULTS AND DISCUSSION
The samples obtained in this study were manufactured using a
model with dimensions of 10× 8× 1 mm with an accuracy of
0.05 mm. To check how much resin is needed to produce a sam-
ple, in the beginning, the amount of resin in the resin tank was
3 ml. At this amount, 9 samples were obtained without chang-
ing parameters; however, defects were found in the 10th sample,
which indicates too little resin was in the resin tank (unprinted
layers). When 2 ml of resin was used, a second sample in the
series could not be obtained. The activities described indicate
there is no need to cover the whole area of the resin tank bot-
tom to make parts with small dimensions.

3.1. Structure analysis
The composition of the acrylic resin, except for C, SiO2 and
TiO2 is shown in Fig. 2. The urethane acrylate was the main
acrylic monomer, while DPGDA and epoxy acrylate acted as
the crosslinking agents. The acryloyl morpholine and the tris
(2–hydroxy ethyl) isocyanurate triacrylate were solvents. The
TPO was an initiator of photopolymerization of the resin by the
radical system mechanism due to breaking of the bond between
carbon and phosphorus in the compounds under UV light. The
resulting radicals started a series of chemical reactions that
caused the crosslinking of acrylic monomers and crosslinking
compounds, facilitating the formation of a highly crosslinked
structure. The remaining compounds, such as SiO2, TiO2, and
C, did not take part in the photopolymerization process, but
acted as a coloring agent, stabilizer, and opacifier.
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Fig. 2. Molecular structure of the compounds: a) urethane acrylate, and photoinitiator f) TPO. b) epoxy acrylate, c) DPGDA,
d) acryloyl morpholine, e) TIT

The FTIR–ATR spectrums of the uncrosslinked and cross-
linked resin are presented in Fig. 3. The characteristic absorp-
tion bands of (–OH), (C=O), and (C=C) bonds were specified
based on [30] and [51–54]. According to studies, the bands at
1644, 1407, 808, and one at 1612 cm−1 are related to aliphatic
(acrylic) and aromatic double bonds, respectively. The inten-
sity of the aliphatic bands decreased after the crosslinking pro-
cess confirmed the photopolymerization process occurrence.
The absorption band at 763 (for uncrosslinked resin), 1635, and
the wide band observed at 3000–3600 cm−1 are characteristic
of the (–OH) functional group [54, 55]. For uncrosslinked resin
current (–OH) groups are related to TIT presence, while for the
crosslinked sample they are also connected to the appearance of
emerged water trapped in the structure of resin or new chemi-
cal compounds formed as a result of intensified contact of resin
with oxygen from the air by too small amount of the resin in
the resin tank. The inhibition of photopolymerization caused by
oxygen, and the emerging compounds were studied in [56–58].
However, Zhang L. et al. [59] proved that oxygen can be a cata-
lyst of photopolymerization, which is why influence of oxygen
on the polymerization process induced by UV light is still un-
explored, especially for the complex chemical composition of
the resin; therefore, more research is needed in this area.

Equation (1) characterizes how many of the double bonds
present in the acrylic monomers and crosslinking compounds
have converted, which illustrates the degree of crosslinking of
the resin. The peak areas associated with (=CH2) acrylic bonds
needed to be used in the calculations. In these studies, due to
the changing bandwidths for 1644 and 808 cm−1 caused by the
presence of the (–OH) band at 1635 and 791 cm−1, the band
areas for 1407 cm−1 were used in the calculations. The (C=O)
band at 1722 cm−1 was used as the internal standard.

Figure 4 shows the values of crosslinking density in each
successive sample with attention to the moments of change of
a given parameter (layer thickness, exposure time of bottom
layers, number of transition layers, and area offset). As can
be seen for the first 14 samples, the DC values fluctuate sinu-
soidally and approach the average value of 87±2%. The reduc-
tion of DC values was a result of the layer thickness increase,
which can be caused by the difficulty in crosslinking the printed
layer top. Furthermore, the carbon and TiO2 which absorb the
UV light could be a barrier.

Shortening the exposure time to 8 s significantly reduced the
DC value, which increased back for the following samples.
Therefore, a parameter change caused a temporary destabiliza-
tion of the process. The higher value of DC was reached for 35 s

Fig. 3. FTIR–ATR spectrum for uncrosslinked and crosslinked resin (sample 3) [30, 50–53]
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Fig. 4. Crosslinking density of the sample depending on the thickness
of the printed layer (0.03 or 0.05 mm), bottom layer cure time (8, 20,
25, 35 s), number of transition layers (0, 3, 4 TL) and value of area

offset (0.100–0.450 mm)

exposure time, which is in accordance with the manufacturer’s
recommendations. When the exposure is shorter, for instance,
20 or 25 s, the structure is less crosslinked.

The absence of the transition layers caused a notable reduc-
tion in DC value, which was a result of testing the top layers
of the sample in the FTIR–ATR test, which had a much shorter
crosslinking time (2 s) than the bottom layers. This is confirmed
by an additional measurement carried out by the authors, in
which for the sample tested by the surface of the working ta-
ble (bottom layers), DC was 85%, and 71% by the side of the
resin tank (top layers). Therefore, the samples differ in prop-
erties at thickness. The change in the area offset of the bottom
layers did not affect the crosslinking density.

3.2. Dimensional and visual analysis
The dependence of sample thickness on parameters for individ-
ual samples is shown in Fig. 5. No relationship between sam-
ple thickness and crosslinking density can be observed. The
sample thickness rose and stabilized for the first 9 samples,

Fig. 5. Thickness of the sample depending on the thickness of the
printed layer (0.03 or 0.05 mm), bottom layer cure time (8, 20, 25,
35 s), number of transition layers (0, 3, 4 TL) and value of area offset

(0.100–0.450 mm)

and reached the value of 0.82 mm, which is not within the as-
sumed dimensional accuracy. The value of sample thickness of
1.07 mm can be noticed for sample 13, which resulted from the
use of a coarser gauge (0.33 mm instead of 0.11 mm) for cali-
bration. The change in printed layer thickness induced a jump
in the thickness value to 1.18 mm, which then decreased to 1.09
and 1.1 mm for the 16th and 17th samples, respectively. Again,
a parameter change caused a process destabilization. When
the exposure time was extended, there were non-characteristic
changes in sample thickness caused by a simultaneous change
of the area offset of 0.45 mm for dimensions in the OX and OY
axes, which also influenced dimensions in the OZ axis. There-
fore, the increase in the crosslinking time seemingly did not
affect the thickness of the sample. Due to parameter changes,
it can be observed that decrease in the crosslinking time for
samples 21 and 22 reduced the thickness of the sample, while
the rise of the compensation for samples 22 and 23 decreased
the thickness and other dimensions of the sample. The absence
of transition layers caused the sample thickness to increase to
1.2 mm, which is undesirable. For samples 26 to 31, a rise in
the sample thickness can be noticed, just like for samples 1–9;
however, due to the compensation used, it has a slightly differ-
ent character. The growth in the value of compensation caused
a decline in thickness; however, the unexplained increase in
sample thickness with each printed part caused the thickness
value to be almost constant instead of decreasing.

Figure 6 shows the effect of increasing the compensation of
bottom layer dimensions on their geometry. The a and b images
clearly show the larger dimensions of the bottom layers (right
side) in comparison to the top layers (left side) of the sample.
When the compensation was increased from 0.100 to 0.225 mm
(photos from a to d), a 10× 8× 1 mm sample was obtained,

Fig. 6. Images of sample a) 23. with area offset of –0.120 mm, b) 25.
with area offset of –0.100 mm, c) 28. with area offset of –0.150 mm
and d) 30. with area offset of –0.225 mm and with marked top, transi-

tion and bottom printed layers
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Fig. 7. Selected images of surface of printed samples

which was the authors’ goal. It was not possible to eliminate
the growth of the dimensions of the bottom layers with each
successive printed layer, which can be seen as a bevel. Based on
Fig. 6b, it can be concluded that for sample 25 with no transition
layers, bottom layers were printed instead of transition layers,
which turned out to be highly unfavorable for both geometric
and practical reasons – a step change in the structure of the
sample induces a step change in properties, which can result in
faster destruction of the sample (e.g., delamination).

Figure 7 shows microscope photos of various defects appear-
ing in samples printed by DLP. Trapped air and unprinted lay-
ers are shown in images a, b and c. Various types of inclusions
(fibers, microparticles) are shown in d and e. The f photo shows
the effect of light scattering, which can be caused by bleeding
pixels or the photopolymer itself [29]. Some of the listed de-
fects can be prevented by parameter changes or more attentive
actions by the authors; however, some defects should be fixed
by the manufacturers of the software or the printing device. This
represents a broad field of research.

4. CONCLUSIONS
The DLP printing process made it possible to produce thin-
walled acrylic samples with expected geometric parameters.
This study has an indicative nature because of too few samples
affecting the relevance of inference for changing the process pa-
rameters. However, some conclusions can be drawn, including
that with shorter exposure time, less structure is crosslinked.
For the studied acrylic resin, the threshold was 35 s. Further-
more, rising values of printed layer thickness caused a decrease
in the DC value. Shortening of the exposure time and enlarging
of the area offset resulted in the decline of the sample thickness.

For both crosslinking density and thickness of the sample,
any change in parameters caused a temporary destabilization of
the printing process.

The sample thickness increase with each printed sample
without changing the parameters can be observed. Furthermore,
undesirable compounds containing (–OH) functional groups
were detected in the printed sample structure. Further research
is needed to determine the cause and eliminate the process de-
fects.

The DLP process has great potential for implementation in
many industrial applications where small and precise parts need
to be produced, it seems to be almost wasteless, and is a rela-
tively fast and low-cost manufacturing process. There is still
much to be explored in this area. This is especially true for
acrylic photopolymer materials that are doped with additives.
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