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This study’s object is those factors that affect the defects of
photopolymer 3D models. The task addressed relates to identify-
ing the factors that cause the appearance of surface defects and
deviations in geometric dimensions in photopolymer 3D models.

The influence of the photopolymer resin temperature on the
surface defects appearance and deviations in geometric dimen-
sions, as well as the layers exposure parameters influence on the
photopolymer resin temperature, has been revealed. At the final
stage of the study, it was found that the exposure parameters of
the photopolymer model layers affect the photopolymer resin tem-
perature, which, in turn, increases the likelihood of defects and
geometric deviations in the finished model. Provided that the pho-
topolymer resin temperature is kept within the range of 18-26°C,
the model dimensions geometric deviation decreases by 0.054 mm
along the XY axis and by 0.006 mm along the Z axis. A linear
dependence of the size deviations on the exposure parameters and
the photopolymer resin temperature has been established.

The process of heat transfer from a UV radiation source to
a photopolymer resin has been described. A thermodynamic
scheme for controlling the resin temperature based on modeling
the heat transfer between the exposed layers and the resin vol-
ume, considering the exposure time and UV radiation intensity,
has been devised, which makes it possible to predict a critical tem-
perature increase and minimize defects.

While devising a method for controlling products during pho-
topolymer 3D printing, the photopolymer temperature parame-
ter was considered as one of the factors affecting the quality of
parts and the level of rejects. Thus, the proposed method for con-
trolling products during photopolymer 3D printing could be used
to improve the technological process of manufacturing parts by
reducing the number of defects and improving the finished prod-
ucts quality
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1. Introduction

The introduction of additive technologies into serial and
mass production is becoming an increasingly relevant and prom-
ising area. This is becoming possible due to three main factors.

Firstly, modules for exposing parts in 3D prototyping
machines are being improved. More reliable and cheaper ra-
diation sources are being used, which allow for the formation
of a model with higher resolution and have a higher radiation
throughput, which makes it possible to faster polymerize parts
of the model.

Secondly, every year a larger range of photopolymer res-
ins with different properties for the manufacture of various
products appears on the market, for example, photopolymer
resins for template molds of products; jewelry photopolymers;
dental, and others. All this has created conditions for the
emergence of new manufacturers of photopolymer resins,
which, within the framework of competition with each other,
produce resins in different price ranges.

In general, photopolymer printing products are used to
produce master models for casting in jewelry, the medical
industry (dental or bone prostheses), in design, mechanical en-
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gineering (elements of robotic systems), microelectronics (sten-
cils), architecture (layout). However, photopolymer additive 3D
manufacturing, as in any other molding technology [1-3], has
its limitations and nuances, namely mass production, and the
number of defects. Whereas mass production is enabled by the
number of machines, the improvement of specific machine
modules, and the use of photopolymers with a shorter exposure
time, the issue related to printing defects is more difficult to solve.

Defects can form because of a number of reasons such as
machine settings; photopolymer features; printing parameter
settings. Whereas the first two factors are quite easy to deal with,
determining the influence of photopolymer exposure settings is
quite a difficult task because the relevant literature does not fully
address the physical features of their occurrence. Identifying
factors that cause the appearance of surface defects and devi-
ations in the geometric dimensions of photopolymer products,
as well as devising methods to prevent their formation, would
reduce the number of defects and reduce production costs.

Photopolymer 3D prototyping technologies are becoming
an increasingly promising area. The issue of improving manu-
facturing accuracy, quality, and minimizing product defects is
becoming increasingly acute. The relevance of the topic is due




to the prevalence of defects that occur during photopolymer
3D printing, in particular at the layer exposure stage. Insuffi-
cient stability of printing parameters, in particular tempera-
ture conditions, often leads to the formation of defects, which
complicates the use of this technology for the precise manu-
facture of complex parts. Understanding the physicochemical
processes that accompany the curing of photopolymers un-
der the influence of radiation is a necessary prerequisite for
further improvement of production processes. This creates
a need for scientifically based approaches to reduce defects and
increase the reproducibility of printing results.

2. Literature review and problem statement

The scientific literature [4-8] describes three main tech-
nologies of photopolymer 3D prototyping. One of the first
technologies was Stereolithography (SLA), the principle of
which is the sequential polymerization of thin layers of liquid
photopolymer resin with a low-power ultraviolet laser beam [4].
The disadvantage of this technology was the high cost and com-
plexity of maintaining the machine.

The principle of operation of the Digital Light Process-
ing (DLP) technology is similar to the operation of a projector,
which uses light to project an image of the model layer. The
issue of increasing the efficiency of DLP technology was
considered in [5]. In the work, in general, the problems of
reducing product defects and decreasing printing time were
solved by a hardware method, using the technology of digital
micromirror devices. The hardware approaches described in
the work are based on the use of digital micromirror devices,
which have proven efficient for SLA and DLP technologies.
In SLA technology, they are used in the scanner system for
positioning the laser beam, in DLP technology - for focusing
the projection of the product layer. But such an idea is only
suitable for DLP technology and is a rather expensive solution
that could increase the printing speed but does not improve
the surface quality of the products. Due to the hardware mod-
ernization of the machines, it is possible to achieve the accu-
racy of manufacturing the product within + 0.02 microns. But
the hardware solution is quite expensive, so advanced systems
based on digital micromirror devices are available for profes-
sional machines, which could cost from USD 5000.

Liquid Crystal Display (LCD) technology, which is de-
scribed in detail in [6], is very similar to DLP technology. But
it is based on the use of an LCD screen, with the help of it and
a UV matrix, the layers of the model are reproduced: under
the action of the UV matrix, the photopolymer is polymerized,
and the screen serves to form a cross-section of the product
layer. The main disadvantage of this technology is a large
number of defective products due to its critical dependence
on suboptimal printing parameters.

The model is built only from the bottom up; the screen
is located directly under the photopolymer bath. The screen
displays the entire layer of the model, revealing bright areas-
pixels through which ultraviolet radiation from the LED ma-
trix passes and illuminates the photopolymer.

It is necessary to note some advantages of LCD technolo-
gy, which were analyzed in [6], namely:

—low cost compared to other photopolymer 3D printing
technologies. The initial cost of the machine starts at USD 250
on average;

—ease of maintenance and wide possibilities for mod-
ernization. Most of the electronic components are available

and standardized; therefore, they are easily replaced and are
relatively cheap;

- compared to DLP technology, there is no distortion of the
image displayed on the working area. This is due to the fact that
the shape of the layer is formed using a screen that fits tightly to
the transparent bottom of the bath, which reduces the diffrac-
tion of light, thereby reducing the likelihood of defects on the
samples and reducing the quality of their surface [7].

The main disadvantages of LCD technology include:

— the dependence of the working area on the size of the
screen, the accuracy depends on the screen and its size. Today,
there is no screen larger than 10 inches on the market, and
even with such a screen with an 8K resolution, it is impossible
to obtain a pixel size smaller than 50 microns;

— the location of the screen directly under the bath. The
bath consists of an aluminum body and a film 50-150 microns
thick, which, if slightly damaged, could leak photopolymer
resin. This in turn would get on the screen and electronic com-
ponents, which could lead to possible damage to the printer.

To address the issues of improving the technology and
enhancing the quality of products, a comprehensive approach
was already considered in [5] with the possibility of using this
approach for all photopolymer 3D printing technologies. The
proposal was based on the use of ketocoumarin as a photo-
sensitizer in the photopolymer resin. Based on the authors’
conclusions, such a modification of the photopolymer mate-
rial increases the resolution of the material to 23 microns and
makes it possible to print at a speed of 5.1 cm/h. These are
quite high indicators, but this approach does not explain the
very nature of the occurrence of product defects. A similar
concept of improving the composition of the photopolymer
material for printing is described in [8, 9]. Modification of the
photopolymer with the addition of bimolecular photoinitiat-
ing particles makes it possible to improve the polymerization
process of photopolymer molecules, carry out the polymer-
ization process of molecules only in more intense radiation
zones. But improving the material cannot solve the problems
of defects at the technological and physical levels.

The software approaches described in [5] are based on
solving the problem of improving algorithms for construct-
ing contours and analyzing model attachment elements for
SLA, DLP, and LCD technologies. And although this is also
an effective approach to solving the problem of the quality of
photopolymer printed products, the task of eliminating the
factors causing model defects is not solved. The basic problem
of the image exposure method is in the physics of the light
exposure process, namely diffraction phenomena. Since this
phenomenon cannot be avoided in the exposure process, ap-
proaches to reduce this influence were considered.

But all these approaches in the above works do not take
into account the fact that another factor appears in the print-
ing process that affects the appearance of product defects. All
these methods consider the manufacture of a photopolymer
model as a static process, in which there are only constant
manufacturing parameters and non-variable optical phenom-
ena that equally affect the printing process. In our work, it is
considered that in the printing process, due to the influence
of printing parameters and model dimensions, another factor
arises, namely, heating of the photopolymer material after
each layer of the product is illuminated. Due to the fact that
during the exposure process, the energy of the UV matrix
radiation goes not only to the polymerization of the photo-
polymer but is also spent on heating the photopolymer, this
leads to thermal volumetric expansion of the photopolymer



resin. And this process affects the accuracy of the exposure
of the layers.

There were also software approaches to solving the prob-
lem of improving the quality of photopolymer products, which
were based on improved algorithms for preparing a 3D model
for printing [10]. The process of manufacturing a photopoly-
mer model could be divided into the following stages:

- construction of a 3D model in a CAD system (Fusion 360,
Blender, AutoCAD, SketchUp, Tinkercad, and others);

— conversion of the model into a format for stereolithogra-
phy (stl*., obj*., 3mf*., amf*., and others);

- processing the model in software for dividing it into lay-
ers and setting the parameters for printing the sample (such
programs are called “slicers”; NanoDLP or Chitubox programs
are usually used for photopolymer 3D printing). The main
task of such programs is to describe the sequence of com-
mands and printing parameters in the form of a "G-code” code
for a 3D printer in order to produce the required model;

- preparation of the printer and printing the product.

Although the process of manufacturing photopolymer
products is inherently quite simple and consistent, as in any
technological process, defects and product shortages are possi-
ble, which could become a significant problem in the produc-
tion process of parts.

As follows from our review of the literature [11-13], there
are quite a lot of reasons for the occurrence of such defects on
products, but they can be systematized as follows:

-lack of photopolymer. This factor could cause the
following defects: non-adhesion to the platform; increased
exposure time of the layer; poor adhesion between the layers
of the model;

— failure of printer components. This factor is quite exten-
sive and depends on which component has failed, and which
photopolymer printing technology is used. In general, the
problems could be divided into failure of electronic compo-
nents and wear of mechanical components of the machine.
It was also found that in LCD technology, the formation of
model defects directly depends on the quality of the LCD
screen [11]. The appearance of dead pixels would directly affect
the detailing of the model and the formation of parasitic illu-
mination of the model or the formation of sinks on the model.

To prepare the photopolymer for printing according to [12],
the following requirements are put forward: cleanliness of the
photopolymer bath; absence of bubbles in the photopolymer
resin; room temperature of the resin 20-22°C before printing.
The adhesion of layers and the formation of shells on the sur-
face of the model depend on this.

Incorrect setting of the printing parameters of the model
is one of the most critical factors because due to incorrect
setting of the printing parameters, there is the greatest proba-
bility of defects and product failure, as stated in [13].

Also, the setting of the printing parameters of the model is
influenced by such factors as [8, 9]:

- features of the geometry of the product. The more hinged
elements in the shape of the product, the greater the need
to create additional supports (supports) for these hinged ele-
ments. The location of the model on the platform and the angle
of overhang of the elements are also very important;

- features of the photopolymer resin. Each photopolymer
resin has its own regulated values of the exposure time of the
base and main layers, layer heights, and photopolymer polym-
erization wavelength;

- features of the photopolymer printing technology. Each
photopolymer 3D printing technology has a different source

for exposing the layer and a different method of building the
layer, therefore, the layer setting parameters may be different.

For example, in DLP and LCD technologies, the entire
cross-section of the layer is exposed simultaneously, and it is
only necessary to specify the exposure time of the base and
main layers. And in SLA technology, the laser beam passes
along the entire contour of the cross-section of the model
layer gradually, therefore, it is necessary to specify the speed
of the laser beam.

The printing parameters that affect the preservation of
the geometric dimensions of the model, adhesion of layers,
and the formation of defects on the surface include exposure
time of the base and main layers, s; layer height, zzm; radiation
intensity, Lm.

Papers [12, 13] indicate that there are quite a lot of reasons
for the formation of defects, and it is quite difficult to clearly
grade them because the appearance of one type of defect
could be influenced by one or more factors.

Practical experience in the production of photopolymer
products revealed that most of the causes of defects and prod-
uct defects are associated with problems in setting printing
parameters [12]. To combat most model defects, the following
methods could be used: replacing printer elements; selecting
a different photopolymer resin; optimizing the model for the
features of the printing technology.

Therefore, to correctly set the printing parameters of the
model, it is necessary not only to take into account the fea-
tures of the photopolymer resin, the machine, and the print-
ing technology, but also to understand the physical nature of
the occurrence of photopolymer printing defects.

But despite these differences, the polymerization of the
photosensitive material occurs with the help of light, which is
why light diffraction occurs. This phenomenon occurs in both
photolithography and photopolymer printing, and product
defects are usually associated with the diffraction of radiation
during photopolymerization. The problem of light diffraction
was considered in particular detail in [14]. In it, the problem of
light diffraction is considered in the process of stencil exposure
of the topology image of a multilayer printed circuit board.
A similar problem exists when using photopolymer 3D printing.

In photopolymer printing, the appearance of such surface
defects as the deposition of excess photopolymer and the for-
mation of surface artifacts is associated with the phenomenon
of light diffraction, in other words, the light transmission of
the model layers. This phenomenon is explained by the inter-
ference of waves at the edges of opaque objects or when waves
pass through inhomogeneities between different media. This
could be seen most clearly on the example of LCD printing.

The scattering of a light wave is influenced by the following
factors: wavelength; width of the gap through which the light
flux passes; optical medium through which the light flux passes.

In the case of LCD technology, the radiation source is
a UV matrix that emits ultraviolet light with a wavelength
of 405-435 nm. To polymerize the photopolymer, the radiation
passes through four media that have different optical trans-
mittance and air thickness. This is the distance between the
UV matrix and the LCD screen, the LCD screen (0.00135 m),
the film of the bottom of the photopolymer bath (0.000125 m),
and the photopolymer resin (0.015 m).

The optical transmittance of these media is different,
which could also affect the angle of radiation divergence.
But for the appearance of pronounced printing defects, the
exposure time plays a greater role. This could be explained by
the fact that the photopolymer resin polymerizes faster with



coherent (directional) radiation than with diffraction radia-
tion. Since the phenomenon of diffraction occurs due to the
passage of radiation through all these media, with the diver-
gence of the wave at its edges, the radiation intensity will be
lower, or in other words, the energy for polymerization of the
photopolymer resin will be lower. Therefore, for the appear-
ance of large deviations in size in areas of excessive polym-
erization, a longer exposure time of the photopolymer resin
is required. Usually, in order to reduce the effect of radiation
diffraction, the exposure time and layer height are reduced.
With print settings selected taking into account the character-
istics of the printing technology and material, these deviations
in size do not exceed 100 microns for small models. But when
printing large-sized models with a long printing time (from
6 hours), the values of size deviations could reach 2-3 mm.
Surface defects of the model also appear at the same values of
the printing parameters, so the appearance of defects by light
diffraction alone is not enough to explain.

Therefore, it is necessary to consider another physical
phenomenon that could cause significant defects in the print-
ing of the model, namely the thermal volumetric expansion
of the photopolymer resin during the exposure of the layers.

A detailed consideration of the principle of operation of
photopolymer technologies indicates a certain systematicity.
All three of these technologies use light radiation, the energy of
which is not only directed to the polymerization of the necessary
areas of the photopolymer. Part of the energy goes to heating the
photopolymer resin itself, in particular due to the temperature
coefficient of volumetric expansion of the material (TCVE) [15].

As is known, the temperature coefficient of volumetric ex-
pansion of a material («) determines how its volume changes
when the temperature changes and is measured in units of
1/°C (or 1/K). It shows how many units the volume of the
material will change due to a change in temperature by 1°C.

The temperature coefficient of volumetric expansion
could vary depending on the type of material. The influence
of TCVE during the formation of each layer of the model is
extremely important since at high temperatures of the resin
the coefficient of expansion of the material increases. This
could lead to geometric deviations in the layers of the model
and cause problems such as parasitic lighting of the layers.

Therefore, it could be considered that all these values of
the parameters of the exposure of the layers, to some extent,
directly affect the temperature of the heating of the resin
during printing, namely TCVE. This causes the appearance of
surface defects in the printing and deviations of the dimen-
sions of the product from the initial CAD model.

Based on our review of three main photopolymer 3D
printing technologies, it has been shown that the main
defects of products are associated with incorrect printing
parameters, optical distortions, and physical properties of
the photopolymer. However, the nature of the appearance
of defects caused by light diffraction and thermal volumetric

Photopolymer resin  Bj|{ platform
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expansion of the resin remains insufficiently clarified, which
is due to the complexity of comprehensive consideration of
optical and thermodynamic effects within the framework of
traditional approaches. These limitations could be overcome
by constructing more complex models that combine physical,
optical, and technological aspects of the printing process.
A similar approach is considered in [14], but it is not directly
related to 3D printing. All this indicates the feasibility of
further research aimed at modeling and optimizing the pa-
rameters of exposing model layers, taking into account wave
and thermal effects.

3. The aim and objectives of the study

The aim of our research is to devise a method for con-
trolling photopolymer products by determining the influence
of the photopolymer resin temperature parameter on the
printing process to reduce the risk of surface defects and
geometric deviations of products. This will make it possible to
develop optimal exposure modes for photopolymer layers of
the model during 3D printing of large-sized products.

To achieve this aim, the following objectives were accom-
plished:

- to determine the influence of the photopolymer resin
temperature on the appearance of surface defects and devia-
tions of geometric dimensions;

- to determine the influence of the layer exposure parame-
ters on the photopolymer resin temperature;

- to design a system for controlling the photopolymer resin
temperature during exposure of product layers.

4. The study materials and methods

The object of our study is the factors that affect the defects
of photopolymer 3D models as the appearance of surface de-
fects and deviations in the geometric dimensions of the photo-
polymer model negatively affect the quality and functionality
of the products.

The hypothesis of the study assumes that temperature is
one of the main factors that could affect the appearance of
product defects and deviations in its geometric dimensions.
This hypothesis is based on the assumption that during the
exposure of the product layers, part of the energy from the UV
matrix goes to heating the photopolymer resin. This, in turn,
changes its temperature coefficient of volumetric expansion.

The principle of operation of the photopolymer 3D printer
using LCD technology, described above, used in our research,
is shown in Fig. 1.

The occurrence of product defects may be caused by op-
tical phenomena, in particular light diffraction. This process
can be schematically depicted as follows, Fig. 2.

Polymerized
photopolymer
resin

UV source

UV radiation

[
Light areas of LCD screen matrix

Fig. 1. LCD printer operation diagram
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Fig. 2. The principle of printing defects due
to light diffraction: 1 — ultraviolet matrix; 2 — ultraviolet
radiation; 3 — opaque pixels of the liquid crystal screen;

4 — transparent pixels of the liquid crystal screen; 5 — film
of the bottom of the photopolymer bath; 6 — diffraction of
ultraviolet radiation; 7 — polymerization of the photopolymer
layer; 8 — zone of excessive polymerization due to
diffraction; 9 — polymerized photopolymer; 10 — liquid
photopolymer resin; 11 — photopolymer bath;

12 — platform for building a model

Fig. 3 shows the basic printing defects that could occur
during the manufacture of parts using the photopolymer
printing method, obtained during our study.

However, the values of deviations in the geometric di-
mensions of the model cannot be explained only by optical
phenomena that occur during the exposure of the layers and
printing parameters. One of the hypotheses of our study is
that the printing parameters and the time of manufac-
turing the model affect the change in the temperature
of the resin, thereby creating a new factor for the
appearance of surface defects and deviations in the
geometry of the product. This process is schematically
shown in Fig. 4.

To assess the influence of the temperature coef-
ficient of volumetric expansion on the deviation in
geometric dimensions and the emergence of prod-
uct defects, it is necessary to investigate the fol-
lowing [15]:

—the degree of influence of the temperature of
the photopolymer resin on the appearance of model
defects;

- changes in the temperature of the photopolymer
resin depending on the layer exposure parameters.

Platform

Revelations

screen

To solve the first task, it was decided to controllably heat
the photopolymer before printing the model and print this
model at constant layer exposure values. The exposure time
of the base layers is 30 s, the exposure time of the main resin
layers is 7 s, the layer height is 50 zm, the radiation intensity
is 2800 Lm. The model smoothing level and the screen pixel
gray level are set to 4, and the time interval between layer
exposures is 6 s.

The values of the exposure time and layer height were
chosen in such a way as to exclude the possibility of the
model peeling off the platform, insufficient layer exposure
time and pressing the model into the bottom of the bath. The
technological parameters of printing are adjusted using the
Chitubox software, and their values were chosen based on the
characteristics of the Elegoo Standard Photopolymer Resin
brand photopolymer resin, which is used in our study. The
polymerization wavelength is 405 nm, the shrinkage coeffi-
cient is from 2.76-3.54%, the layer exposure time is 5-10 s, the
exposure time of the base layers is 15-40 s. The layer thickness
should be 35 x#m and 50 xm, the radiation intensity: 1600 Lm
and 2800 Lm.

For photopolymer resins, the manufacturers recommend
a printing temperature of the product from 18°C to 22°C.
In this study, the temperature range varies from 18°C to 40°C,
with a temperature increase of 2°C for each measurement.
Heating of the photopolymer resin before printing is carried
out using a drying chamber.

L1>12 Model

TI>T2

: 1111 femission
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2800Lm 1600Lm

T1, T2 - photopolymer resin temperature;
L1, L2 - modelling deviations.

Fig. 4. Scheme of defects caused by overheating
of the photopolymer resin

For the convenience of measurements, a test model
of a cube with dimensions of 20 X 20 X 20 mm was se-
lected, which includes various control elements — holes,
grooves, and additional geometric shapes (Fig. 5, a). The
photopolymer 3D printer using LCD technology Anycu-
bic Photon Mono X6Ks and test samples were used for
our study (Fig. 5, b).

S

Fig. 3. Defects and rejected parts at photopolymer 3D printing:
a — sample peeling off the platform; b — bubbles on the surface of
the model; ¢ — pressing the model into the bottom of the bath;
d— underprinting of elements; e — layer stepping;

f— layer delamination

a b

Fig. 5. Test samples for experiments:
a — test cube; b — test samples



During our study, the following parameters were measured:

- deviation of dimensions along the XY coordinates (the
dimensions of the model along the X and Y axes are set by the
resolution of the pixels of the LCD screen, namely the pixel
size. In this printer, the pixel size is 16 X 16 um, therefore, the
deviation of the dimensions of the model along these axes
should be the same. For the convenience of processing the val-
ues, we use the average deviation value, taking into account
the possibility that the location of the model may be shifted
relative to the pixels of the LCD screen);

- deviation of dimensions along the Z coordinate (the ac-
curacy of this axis depends on the pitch of the platform screw
and is usually considered a constant value, but the tempera-
ture value could also affect the size of the model layer);

- the emergence of a special defect in the model, namely
bubbles on the surface of the model; underprinting of elements;
step-wised layers; influx of layers; delamination of layers;

- formation of artifacts on the model.

To process the statistical data of the research results, a regres-
sion-correlation model was built in the IBM SPSS 26 program.

5. Results of devising a method for controlling
photopolymer products

5.1. Results of determining the influence of the tem-
perature of the photopolymer resin on the emergence of
defects and the geometry of products

Table 1 gives the results of studying the deviations in size
and the emergence of model defects.

It should be noted that some samples have several
defects at the same time. Fig. 6 shows obvious defects
of samples at different values of the temperature of the
photopolymer resin.

It can be observed that the hypothesis about the
influence of the temperature of the photopolymer resin
on the deviations in size and the emergence of model
defects does make sense. With increasing temperature,
the geometric dimensions of the model increase (Fig. 7).

According to these charts and the results of ob-
servations, it could be determined that the optimal
temperature range of the photopolymer resin, at which
defects and deviations in the dimensions of the model
are minimal, is in the range from 18°C to 24°C.

Such an increase in the values of deviations in the
dimensions of the samples with increasing tempera-
ture could be explained by an increase in the TCVE
coefficient of the photopolymer resin.

Deviation, mm

0.0800

0.0600

0.0400

0.0200
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Fig. 6. Defects of test samples: @ — model surface at 22°C;
b — model surface at 18°C (crack in the base layers); ¢ — model

surface at 26°C (layer collapse inward); d — model surface
at 34°C (layer bending); e — model surface at 28°C (layer
deposition); f— model surface at 20°C (gap); g — model
surface at 30°C (element deposition); #— model surface
at 38°C (gaps); /— model surface at 40°C (sagging)

Mean deviation
XY, mm
[[IDeviation Z, mm

18 20 22 24 26 28 30 32 34 36 38 40

Temperature, °C

Fig. 7. Chart of sample size deviations versus photopolymer

resin temperature

5.2.Results of determining the
influence of the parameters of expo-

sure of the product layers on the tem-
perature of the photopolymer resin

Table 1
Measurement results at different photopolymer temperatures
Tempera- Dimensipnal deviation by ]?imensional devia'— Emergence of a special
No coordinates XY, mm tion at the Z coordi-
ture, °C defect
X Y Mean nate, mm
1 18 0.013 | 0.013 | 0.013 0.004 Crack in the base layers
2 20 0.013 0.013 0.013 0.006 Gap
3 24 0.018 0.018 0.018 0.007 -
4 26 0.022 | 0.024 | 0.023 0.009 Layer collapse inward
5 28 0.034 | 0.033 | 0.0335 0.011 Layer surfacing
6 30 0.04 0.042 | 0.041 0.011 Element surfacing
7 32 0.049 0.049 0.049 0.013 Element surfacing
8 34 0.054 | 0.056 | 0.055 0.014 Bending layers
9 38 0.07 0.071 | 0.0705 0.015 Voids
10 40 0.078 | 0.076 | 0.077 0.015 Sagging

Based on the overall dimensions of
the reference model, its volume was
calculated, which is 8 X 10 m3. The vol-
ume of the manufactured experimental
samples was also determined in a sim-
ilar way.

To determine the TCVE coefficient (/3)
for different printing parameters, it is nec-
essary to determine the change in the
temperature of the photopolymer resin
for each series of the experiment AT:



AV

b=y ar

@

where AV is the change in volume upon heating, m3; V; is the
initial volume at temperature Ty, m® AT is the change in
temperature, °C.

The initial temperature was 16°C, with a subsequent in-
crease of 2°C for each subsequent measurement.

TCVE values may vary depending on the composition
of the photopolymer resin, the purpose, and desired charac-
teristics set by the manufacturer, namely: main monomers;
photoinitiators; additives (plasticizers, stabilizers, pigments,
and dyes); fillers; crosslinkers.

Also, the degree of polymerization of the photopolymer
resin could significantly affect the presence of defects and de-
viations in geometric dimensions, so these values may differ
for different brands of photopolymers, which is why the coef-
ficients must be selected for each brand separately.

Thus, a chart of the TCVE dependence of the photopoly-
mer resin on temperature was constructed; Fig. 8.
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Fig. 8. TCVE dependence on 3D printing temperature

At the next stage of our study, the degree of influence
of printing parameters on the heating of the photopolymer
resin and the change in the temperature of the photopoly-
mer resin depending on the layer exposure parameters was
determined.

For this purpose, an average model with dimensions of
21.5 X 21.5 x 36 mm was selected, Fig. 9, which is printed with
different parameters of layer exposure, namely:

- resin illumination time: in the range from 2 s to
10 s, with a step of 1 s for each test;

- time interval between layer exposure — 6 s and 10s;

- number of base layers for all samples - 8;

- exposure time for base layers — 30 s;

- layer height - 50 m;

- maximum radiation intensity: at values of 2800 Lm
and 1600 Lm.

These values were selected depending on the tech-
nical characteristics of the photopolymer resin. In this
case, only those parameters that could directly affect
the temperature of the photopolymer resin during
printing are changed.

The initial temperature of the photopolymer res-
in before printing is within 20°C, with a tolerance
of + 0.4°C. This temperature value was selected based
on the first study because in the range from 18°C
to 24°C, the deviation of the model dimensions is min-
imal and there are no clear surface defects.
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Fig. 9. Test samples: a — manufactured samples;
b — sample control points
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To check the deviation in the model dimensions, two con-
trol points were used: at a distance of 3 mm and 25 mm from
the base of the model, which help determine how much the
deviation of the dimensions changes at the beginning and at
the end of printing.

The chart of dependence of the heating of the
photopolymer resin on the printing time of the sample
is shown in Fig. 10.

In Fig. 10, the following patterns are observed:

- with an increase in the values of the exposure
time, radiation intensity, and time interval between
exposure of layers, the average heating of the pho-
topolymer resin increases. On average, the tempera-
ture changes:

-at a radiation intensity of 1600 Lm with an
interval between exposures of 6 s, the photopolymer
resin heats up by 0.86°C with an increase in the layer
exposure time;

- at a radiation intensity of 1600 Lm with an in-
terval between exposures of 10 s, the photopolymer
resin heats up by 0.82°C with an increase in the layer
exposure time;

- at a radiation intensity of 2800 Lm with an interval be-
tween exposures of 6s, the photopolymer resin heats up by
0.95°C with an increase in the layer exposure time;

- at a radiation intensity of 2800 Lm with an interval be-
tween exposures of 10 s, the photopolymer resin heats up by
0.77°C with an increase in the layer exposure time.

The results of measurements at the control points of the
model are shown in Fig. 11.

40

Intensity 1600 Lm Intensity 2800 Lm Intensity 1600 Lm Intensity 2800 Lm
Interval beetwen layers 6 second _  Interval beetwen layers 10 second

N
N

—_

[\
N

N
N

[\
s

[\e)
[oN)
O

N
)
—

91
981
60¢
1474

—_ = D W
~N O Nl
@S9 N o

1254
LST
08¢
¥0€

Printing time, min

Fig. 10. Dependence of photopolymer resin temperature
on printing time
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Fig. 11. Dependence of the influence of the temperature of the photopolymer resin on the deviations in model dimensions:
a — chart of deviations in the sample dimensions at the first control point; b — chart of deviations in the sample
dimensions at the second control point

According to the results of statistical processing of our
data, the following conclusions are drawn [15, 16]:

- the heating and cooling of the photopolymer resin is
most affected by the exposure time of the layer (correlation
coefficient 0.726) and the interval between exposures of the
layers (correlation coefficient —0.54): the longer the time be-
tween exposures, the less the photopolymer heats up);

- the photopolymer temperature parameter really signifi-
cantly affects the deviation of the dimensions at the control
points of the model. For the first control point, the correlation
coefficient is 0.952 and 0.955 for the second control point. The
smaller value of the coefficient for the first point compared
to the second is explained by the fact that at the beginning of
printing the photopolymer resin has not yet heated up enough.

It should also be noted that with increasing temperature of
photopolymer resin, various defects appeared on the surface
of the model, shown in Fig. 12.

From the presence of defects and deviations in the sizes of
the samples, it could be clearly judged that with a longer time

between exposure of layers and lower values of exposure time
and radiation intensity, overheating of the photopolymer res-
in is less, which, in turn, reduces the probability of deviations
in the size of the model and surface defects.

As the temperature of the photopolymer resin increases, the
value of the average deviation of the product dimensions in-
creases. This is especially observed at the second control current:

—at a radiation intensity of 1600 Lm with an interval
between exposures of 65, the average deviation at the first
and second control points is 0.043 mm and 0.045 mm with an
increase in the layer exposure time;

—at a radiation intensity of 1600 Lm with an interval
between exposures of 10 s, the average deviation at the first
and second control points is 0.026 mm and 0.027 mm with an
increase in the layer exposure time;

—at a radiation intensity of 2800 Lm with an interval
between exposures of 65, the average deviation at the first
and second control points is 0.057 mm and 0.06 mm with an
increase in the layer exposure time;



—at a radiation intensity of 2800 Lm with an interval
between exposures of 10 s, the average deviation at the first
and second control points is 0.032 mm and 0.033 mm with an
increase in the layer exposure time.

e

Fig. 12. Defects on the surface of samples at the second
stage of research: a — reference surface of the model
at temperatures ranging from 29°C to 32°C (14% of test
samples); b — surface of the model at temperatures ranging
from 33°C to 37°C — "fuzzy contour” (36% of test samples);
¢ — surface of the model at 37°C — "layer deposition" (11% of
test samples); d — surface of the model at temperatures
ranging from 41°C to 42°C — "surface chips" (5.5% of test
samples); e — surface of the model at temperatures ranging
from 38°C to 40°C — "wave" (8.3% of test samples)

5. 3. Results of designing a photopolymer resin tem-
perature control system

From a physical point of view, the process of heating the
photopolymer resin and the occurrence of a temperature
coefficient of volumetric expansion could be considered
a problem of heat transfer in a three-layer wall. The layers
of this wall fit tightly to each other, due to the ideal thermal
contact on the surfaces at the points of contact they have the
same temperature. Considering the features of photopolymer
3D printing using LCD technology, let us analyze in detail the
structure of the three-layer wall, as shown in Fig. 13 [16].

UV lamp Screen Foil Resin
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Fig. 13. Heat transfer in the photopolymer LCD 3D printing
process

This wall consists of three tightly adjacent layers with
the following thicknesses: d; (thickness of the LCD screen),
d, (thickness of the film), and d3 (thickness of the liquid
photopolymer resin). Each of these layers has its own thermal
conductivity (1, A, and 43, respectively).

The temperatures of the outer surfaces t; and t, are also
known. The thermal contact between the layers is ideal, without
mutual gaps and, accordingly, without air gaps. The temperatu-
res at the contact points of the layers are designated as t, and t;.

Since the temperatures of the outer surfaces are constant,
the heat flux is constant, therefore, the amount of heat passing
through the machine per unit time is unchanged. Under the
stationary mode, the specific heat flux Q is constant and the
same for all layers. In order to simplify the heat flux equation,
we calculate the multilayer wall as a single-layer wall with
thickness dg; (the sum of all layer thicknesses). In this case, the
equivalent thermal conductivity coefficient 4., is introduced
into the calculation, which is determined from the condition

h—ty Aeq
Q=——"—"—=—"2(t; - t,). )
ﬁ+%+$ da”(l 4)

Mo h K

Such a description of the heating process is quite simpli-
fied since in this model there is only one heat source, which
does not correspond to the real technological process of
printing. It is necessary to additionally take into account the
following factors of heating and cooling of the photopolymer
resin, such as [17]:

- heating from the electronic components of the ma-
chine (Qep);

- heating and cooling from the external environment (Q,))
and (Qp);

- heating from radiation during exposure (Qrcp) and (Qgiod (1)

- convection inside the machine (Q.op)-

The differential equation, which includes all heat flows
and relates their effect to the temperature of the photopoly-
mer, takes the following form [18]

T
mpgCr E = Qdiod(t) - Qlcd + Qel + Qcon - Qv - qu’ (3)

where my is the mass of the photopolymer resin in the bath, kg;
cg is the specific heat capacity of the photopolymer resin.

The dynamic model of the process of heating the photo-
polymer resin during printing could be expressed using the
electro-thermal analogy [19, 20]. The circuit has 5 resistors
(media through which heat flux losses occur) and four ca-
pacitors (media that gradually heat up during the process of
exposing the topology image); Fig. 14.

Owing to the components Qyey, Qp and Qgioq(t), it is pos-
sible to control TCVE of the photopolymer resin. The main
heating element is the UV matrix, which generates UV radi-
ation. To reduce the risk of overheating of the photopolymer,
the diodes on the UV matrix could be turned on in pulses,
creating intervals between switching on and off [21]. This
allows the resin to cool down, reducing the likelihood of over-
heating and high TCVE values. Therefore, automated control
is carried out through the control over the heat flux Qgjpq(t).

To test the photopolymer resin heating control system, it is
proposed to make the increase in time between exposure of lay-
ers adaptive, namely different for different areas of the model.

Based on previous experiments, at the beginning of print-
ing, the photopolymer heating is slow (due to the fact that
the heat flux has not yet had time to heat all the media), thus
the deviations in size and the number of defects are minimal.
Critical values of deviations and the emergence of defects are
observed inside and at the end of printing (when all the ther-
mal media have warmed up evenly).
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Fig. 14. Electrothermal heat exchange scheme between the photopolymer resin and the heat sinks: Q.,,1 — heat inflow from
the room, W; Q.2 — heat inflow from the machine body, W; @, — heat inflow from natural ventilation, W; Q,.; — heat inflow
from the general internal heating of the UV matrix, W; Q¢ — heat inflow from the electronic components of the machine, W;
@y, — heat inflow due to air infiltration, W; Q,s(#) — heat inflow from one UV diode, W; 7, — temperature outside the machine, °C;
T;» — temperature inside the machine, °C; 7, — temperature between the UV matrix and air, °C; 73 — temperature between the
air and the LCD screen, °C; C, — heat capacity of the photopolymer resin in the bath, J /K; C; — heat capacity of the materials
of the machine body, J/K; C, — heat capacity of the fixing lens, J/K; C; — heat capacity of the LCD screen, J/K; Ry — thermal
resistance of the housing materials, K/W; R, — thermal resistance of the lens material, K/W; R; — thermal resistance of the
air between the lens and the LCD screen, K/W; R, — thermal resistance of the LCD screen, K/W; Rs — total thermal resistance

Based on this observation, it is possible to make the time  val between exposure of layers is increased by 3 s. Fig. 15 shows
between exposure of the first layers less than the time be-  the results of printing test samples.
tween exposure of the final layers. This approach will reduce
the total printing time than under the condition of constant
time, when regardless of the stage of printing the model, the
time between layers is the same. Such an approach is more
optimized in terms of the total printing time and deviations
and defects of the model.

So, the temperature control system will work as follows.

A thermistor is immersed in the photopolymer bath,
which polls the temperature of the photopolymer resin every
1000 ms and remembers the initial temperature of the pho-
topolymer resin. The optimal temperature that the system
should maintain is in the range of 18°C to 23°C. At the begin-
ning of printing, the interval between layers is minimum 3 s
to 6 s, which makes it possible to quickly print the base layers
of the model. As soon as the temperature of the photopolymer
resin has increased by more than 1°C from the initial tempera-
ture, the time between exposures of layers increases by 3 s
and the cooling fans of the LCD screen turns on. Thus, with
the help of air cooling, there is additional heat removal from
the screen and the bottom of the photopolymer bath, which
eventually cools the photopolymer resin itself. As soon as the
temperature has dropped again by 1°C, the exposure time
between layers decreases again and the cooling is turned off.

Thus, using a similar scheme of operation, it is possible to
optimize the printing time of products and the heating of the
photopolymer resin.

To check the system’s performance, two samples with
overall dimensions of 18.75 X 30 x 28.75 mm and with small
topological elements were printed. One model was printed
without temperature control, the other with control. The

printing conditions and parameters for these two models are Fig. 15. Results of testing the operation
the same: exposure time of the base layers - 20 s; number of of the photopolymer resin temperature control system:
base layers - 4; time interval between exposure of layers — 6 s; a — CAD model of the sample; b — sample without
exposure time of the main layers - 7 s; layer height — 35 um; photopolymer resin heating control; ¢ — sample with
radiation intensity — 1600 Lm; initial temperature of the pho- photopolymer resin heating control
topolymer resin — 21°C.

The printing control conditions for the second model are The tested photopolymer samples show greater detailing

a maximum temperature increase of 0.4°C from the initial one. = of small elements of the product and symmetry of the struc-
At a temperature of 21.4°C, cooling is turned on and the inter-  ture. Also, compared to samples manufactured at critical



photopolymer resin temperatures, there is no delamination of
the product layers when using a temperature control system.

6. Discussion of results based on examining the
influence of temperature characteristics of the
photopolymer resin during the exposure of layers
on the quality indicators of the product

Our results demonstrate the influence of changing the
temperature of the photopolymer resin on the quality of the
product and the accuracy of the geometric parameters of the
model. In particular, it has been experimentally confirmed
(Table 1 and Fig. 7) that with increasing temperature of the
photopolymer resin, the number of defects on the surface of
the product and the values of dimensional deviations along the
XY coordinates increase. This is explained by the fact that an
increase in temperature leads to an increase in the temperature
coefficient of volumetric expansion of the resin TCVE (Fig. 8),
which causes deformations in the polymerized volume.

Also, our experiments (Fig. 10,11) showed that during
printing the model, the temperature of the resin changes de-
pending on the duration of exposure, radiation intensity, and
the interval between the illumination of the layers. This is
confirmed by the results of measurements of 36 test samples:
in the cases of increasing exposure time and radiation inten-
sity, the average heating of the resin is up to 0.95°C, which is
critical for models with parts less than 0.5 mm.

The optimal exposure parameters (time 2-10s, interval
10 s, intensity 1600 Lm) allowed us to minimize the heating
of the resin and, accordingly, reduce the probability of defects.
Correlation analysis (coefficients 0.726 and -0.54) confirmed
that the exposure time and the interval between printing
layers have the strongest impact on temperature fluctuations
and on the accuracy of the product (Fig. 10 and Fig. 11). The
presence of defects and deviations in the size of the samples
makes it possible to conclude that increasing the time be-
tween exposure of layers and reducing the exposure time and
radiation intensity contribute to less overheating of the pho-
topolymer resin. This, in turn, reduces the probability of di-
mensional deviations of the model and defects on its surface.

One of the advantages of the proposed method of product
control, which is based on changing the temperature of the res-
in of photopolymer products, is that the problem of printing de-
fects is considered at the physical and technological levels. The
method is based on a comprehensive approach that simultane-
ously takes into account optical phenomena of diffraction [14]
and thermal processes occurring during polymerization. This
approach is more systematic and effective as it makes it possible
to minimize the number of defects without significant costs.

Our devised method of product control is based on a com-
prehensive approach to analyzing the causes of defects, taking
into account not only optical phenomena that occur during
the exposure of product layers but also the temperature prop-
erties of the resin. The implementation of such a method is
less expensive compared to previous approaches to solving the
problem of the quality of photopolymer products.

Unlike hardware solutions [4], which require the use of
expensive digital micromirror systems (equipment cost from
USD 5000), the proposed approach makes it possible to avoid
significant costs for modernization of the machine. It does not
require changes in the printer design or improvement of the
material, as in the cases described in [6, 7]. Also, unlike soft-
ware methods [5], focused on optimizing contours or building

hinged elements, without taking into account variable physical
factors, the proposed method is based on thermal heating of
the resin during printing. This makes it possible to explain the
emergence of defects even with a correctly configured expo-
sure algorithm. At the stage of literature review, it was deter-
mined that most existing approaches to improving the quality
of photopolymer 3D printing ignore dynamic changes in the
physical state of the material during printing of the product.
The proposed solution, which involves controlling the heating
of the photopolymer resin, partially eliminates this drawback.

Taking into account the thermal effect that accumulates
during long-term printing (especially for large-sized products,
Fig. 11, 12) makes it possible to explain the causes of devia-
tions that cannot be eliminated by conventional approaches.
Thus, our study not only resolves the identified problem but
also offers a practical way to overcome it through dynamic
temperature control.

In further studies, it is planned to determine and collate
a temperature change in photopolymer resin for other photo-
polymer 3D printing technologies. The designed temperature
control system for LCD technology could already be used for
the production of photopolymer models.

Based on the results of designing a photopolymer resin
temperature control system, it could be judged that the pro-
posed method is effective in reducing the likelihood of surface
defects in the model. This is explained by the fact that by
increasing the time between exposure of layers and additional
cooling of the bottom of the photopolymer bath, the photo-
polymer resin has the opportunity to cool down to suitable
printing parameters. At these temperature values, minimal
deviations in dimensions are observed and the likelihood of
surface defects in the product is reduced.

Therefore, a method for product control has been pro-
posed, taking into account resin heating, which involves in-
creasing the time between exposure of layers with an increase
in temperature of more than 23°C and forced heat removal
from the photopolymer bath. Although the appropriate con-
trol system could increase the total printing time (4 h 53 min -
printing time without temperature control compared to 5h
27 min - with control of photopolymer resin heating), it mini-
mizes the occurrence of defects or even product failure, which
would reduce costs in the production process.

One of the limitations of our study is that the influence of
temperature phenomena identified in this work is relevant for
large-sized products with a long printing time of 12 hours or
more. On small models with a short printing time, the photopoly-
mer resin does not have time to heat up the photopolymer criti-
cally, so temperature could already insignificantly affect the emer-
gence of surface defects and deviations in the size of the product.

In our study, one could note a drawback relating to the fact
that additional checks are required for other photopolymer 3D
printing technologies, such as SLA and DLP, since they have
certain differences in image exposure. Therefore, the heating
values of the photopolymer resin may differ from the results
reported here. In addition, the devised method requires fur-
ther improvement with a larger sample of experiments.

7. Conclusions

1. Based on the results of our research, it was determined that:

- during printing of the product, the parameters of the
exposure of the sample layer have a significant impact on the
emergence of model deviations and printing defects;



- the temperature of the photopolymer resin could be
attributed to external factors that affect the failure of the pho-
topolymer product.

2. Most of the UV radiation during exposure of the model
layer goes to heating the photopolymer, which in turn af-
fects TCVE. Thus, physical thermodynamic factors are added
to existing methods for improving the quality of photopolymer
products (hardware, chemical based on the improvement of
the photopolymer resin, and software approaches). Based on
our results, it is possible to draw the following conclusion that
the deviation of the geometric dimensions of the test samples
is significantly affected by the use of a photopolymer tempera-
ture control system. Without controlling the overheating of the
photopolymer resin, the size deviations average 0.04 mm along
the XY coordinate.

3. According to the results of analysis of our data, it could be
assumed that the control of the printing temperature of photo-
polymer resin is a rather important parameter. The studies prove
the assumption that with an increase in the exposure time of a
photopolymer product, the phenomenon of not only the overex-
posure of layers occurs, caused by light diffraction, but also the
expansion of the photopolymer resin during the exposure of the
layer. The energy from the ultraviolet radiation source is spent
not only on polymerization but also on heating the photopoly-
mer resin itself, which causes the emergence of surface defects
and deviations in the geometric dimensions of the product. The
effect of temperature could be especially critical not only for
small elements of the product but also under the condition of
long-term printing of large models, in particular with a printing
time of more than 10 hours. Thus, under the condition of using
a photopolymer resin overheating control system, the deviations
in the dimensions of the product are on average 0.032 mm, i.e.,
the deviations in geometric dimensions are reduced by 20%.
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