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TECHNOLOGY FOR CREATING THE TOPOLOGY OF PRINTED CIRCUIT
BOARDS USING POLYMER 3D MASKS

The subject of research is the influence of factors of exposure of two-dimensional images on the topology of conductors in the
manufacture of printed circuit boards by the method of three-dimensional polymer photomasks. The purpose of the work is ensuring
the accuracy and preservation of the geometric dimensions of the conductors of printed circuit boards during LCD exposure of masks
on the work piece. To achieve this goal, it is necessary to solve the following tasks: to analyze photolithography technology and types
of polymer 3D printing; to develop a technological process for exposing photopolymer masks to a printed circuit board blank using
3D printing technologies; to conduct experimental studies to determine the optimal exposure parameters; on the basis of the empirical
results obtained, to calculate the correlation coefficients of the factors for recall; to construct a linear regression model of the
dependence of the deviations of the geometric dimensions of the printed conductors on the parameters of solutions for etching and
exposure conditions. Results: The constructed regression models will become the basis for creating a software database that optimizes
the initial images of the topology of printed conductors in the automated production of printed circuit boards. This will simplify the
process of developing the topology of printed circuit boards, taking into account the real influence of the parameters of the
technological operations of etching and exposure on the thickness of the tracks of the conductors of the printed circuit boards, which
will reduce the proportion of rejects in the manufacture of single- and double-sided printed circuit boards. Conclusions: an LCD
exposure technology and a method for studying the effects of exposure factors on the quality of printed circuit board topology are
proposed, which provide sufficient empirical data to create regression models for calculating the influence of technological factors on
the final dimensions of conductive paths in the production of printed circuit boards. Further development of the proposed technology
will make it possible to manufacture rigid and flexible printed circuit boards completely, with conductive paths, a dielectric base,

electronic elements that can be used in various devices.

Keywords: printed circuit boards; exposure; polymer photomasks; etching solution; LCD printing; regression analysis;

topology; conductor image adaptation.

Introduction

Problem statement and research purpose

Modern development of technologies in the field of
instrument making is aimed primarily at miniaturization of
devices and integration in one device of a large number of
modules, which in turn leads to the need to miniaturize
both products as a whole and their individual components,
components and printed modules [1]. Miniaturization of
the device involves both reducing the size of electronic
elements and the dimensions of printed circuit boards
(PCBs) [2]. The process of manufacturing boards using
photolithography technology is time consuming and
requires additional costs of materials and equipment to
create stencils, the use of which in turn does not
allow you to quickly adjust production to create new
products. Modern automated production is characterized
by the lack of such flexibility, which is their significant
disadvantage. One of the ways to solve these problems
can be the development of methods for adaptation and
optimization of technological parameters of exposure of
the topology of the PCB, using additive 3D printing
technology, in the manufacture of single-sided and
double-sided PCB, made on the basis of foil fiberglass and
getinax blanks without the use of photoresist films. Thus,
this approach can provide not only a solution to the
problem, but also provide the necessary parameters of the
product, such as:

- preservation of geometric dimensions of the PCB
topology;

- accuracy of positioning of conductors;

- ensuring the electrical reliability of PCBs;

- preservation of mechanical stability of conductors;

- avoidance of defects in the PCB topology.

The main task of the study is to develop a technology
for creating a conductive topology of printed circuit
boards using SLA and DLP 3D printing technologies. To
solve this problem, it is necessary to perform the
following:

- to assess the capabilities of traditional technologies
for the production of printed circuit boards;

- to analyze modern methods of 3D printing with
photopolymer resins - this will serve as a justification for
the new method proposed in this article;

- to develop on the basis of the analysis of 3D
printing technology and the principle of operation of the
device for LCD exposure;

- to conduct a series of experiments and identify the
dependence of the accuracy of the geometric dimensions
of the PCB topology on the technological parameters of
exposure;

- to compare the quality of PCB conductors made
with 3D masks and conductors made with a film
photoresistor.

The end result is to obtain empirical data on the basis
of which a correlation-regression model of the influence
of technological parameters of printing on the preservation
of the initial geometric dimensions of the topology of
printed conductors is built.

Research and analysis of the obtained results

At the initial stage of the photolithography process,
the treated surface is covered with a photoresist, which is
applied with an aerosol, or by gluing a photosensitive
polymer film. Then through the photomask, with the set
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topology of the board, the photoresist is illuminated.
Next, the exposed areas are removed in the developer. The
obtained pattern on the photoresist is used for further
technological stages: etching, electrodeposition, vacuum

spraying or others. After one of these processes, the
remnants of the photoresist in the development are also
removed (fig. 1).
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Fig. 1. Simplified photolithography scheme for printed circuit boards
Exposure can be performed both with the use of a  automation is required, which ensures control and
photo template and without it (hon-mask lithography). In  synchronous operation of all main and auxiliary
the latter case, the image on the photoresist is formed equipment.

directly by the movement of the laser spot, or by an
electron beam or a group of them focused on the surface
of the photoresist. When using photo templates, projection
exposure methods are more often used, when the image
from the photo template is transferred to the photoresist,
using a system of optical lenses.

Thus, the process of photolithography consists of
successive stages: the application of a photoresist on the
product and the subsequent exposure of the photomask on
the treated surface, followed by etching. Each stage
requires highly specialized equipment and consumables.
Expensive, difficult to maintain, dimensional machines
(such as installations for direct exposure) cannot be used
in the production process of small businesses.

In mass production, each stage takes a significant
amount of time, for example, when applying a photoresist
by aerosol requires time to dry the products. Also, as a
result of an operator error or technical failure of the
equipment, defects in the product may occur at each stage.
To minimize these negative factors, a higher level of
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Fig. 2. Types of photopolymer 3D printing technologies
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In addition, at the stage of etching, geometric
deviations of the obtained image from the original PCB
topology are possible, for example, etching of conductor
tracks.

The advent of additive manufacturing technologies
(3D printing) allows a new look at the solution to this
problem. Photopolymer printing technologies can be used
to mask certain areas of the foil dielectric and subsequent
etching of the conductor system. This equipment allows
quick readjustment for the production of new products,
while ensuring high manufacturing accuracy [2].

One of the most popular printing technologies for
precision prototyping is printing technology with
photopolymer resins and powder materials, which in
comparison  with  other  additive  manufacturing
technologies allow to produce parts for various purposes
with high accuracy and detail.

There are several technologies for illuminating the
polymer in photopolymer printers. From them it is
possible to define the three basics (fig. 2) [3]:

LSD

Liquid Crystal Display
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1) SLA technology (Selective Laser Sintering). The
method of additive production (3D-printing) called
"stereolithography" is the sequential polymerization of
thin layers of liquid photosensitive polymer by a low-
power ultraviolet laser beam. In the working capacity of
the 3D printer there is a platform immersed in liquid resin.
Initially, the platform is near the surface of the polymer,

build platform

cured resin

resin tank
UV curable I |

-

lens laser

laser beam

mirror for XY
coordination

Fig. 3. Scheme of SLA printer operation

Under the influence of a laser, the power of which is
relatively small, which makes the printer cheaper than
devices working with powder materials SLS, SLM, etc.,
the polymer hardens, forming the walls of the future
product. Thus, the model is created entirely layer by layer.
If it has hinged elements, then supports are built for them
from the same polymer, which are then mechanically
removed. Support in the model is provided and created in
CAD-programs at the design stage of the model.

The advantage of this technology: the ability to build
large models; high accuracy; the ability to build models of
any shape and design; low percentage of material
consumption; low operating noise [3].

Disadvantages: the use of photopolymer, which is
more expensive than other materials; high cost of the
printer; the need to ensure a high class of accuracy when
building a printer (ensuring the correct angle of the

Stage

Photopolymer

Built vat

Projector

Fig. 4. Scheme of DLP printer operation

covered with a thin layer of 20 microns to 150 microns, on
which the laser begins to form a layer of detail [4-5].

The model is cut into thin layers equal to the
resolution of the printer along the vertical axis. After
creating one layer, the printer immerses the platform in
the thickness of the new layer of the model (from 10 pum
to 150 um) and creates the next layer (fig. 3).

mirror); the need for precise mechanics (accuracy of the
location of the bath at the level of one layer from the
surface to the platform); the need for frequent printer
maintenance;

2) DLP technology (Digital Light Processing). The
principle of operation of 3D printers using 3D printing
technology DLP is similar to the operation of the projector
[5-6]. The polymer turns into a solid form under the action
of light of the visible spectrum and the whole layer is
illuminated at once. The light flux is modulated by
micromechanical mirrors, each of which is controlled
separately. Depending on the position of the mirror, the
light either passes to a given point of the layer or not.
Thus, the machine has a fixed logical extension - the
number of points in the XY coordinates. Their physical
size depends on the distance from the radiation source in
the system of micro mirrors is the model (fig. 4).
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The disadvantage of this technology is the
dependence on the working area of the projector and the
accuracy of the XY axis. Such projectors have a high
price, which is also a disadvantage. Use only with a
personal computer or microcomputer that controls the
projector and control board. It can be large with a small
work area to provide the required distance from the
projector lens to the bath.

Build plate platform

Supports

LCD panel

Image projection window

Digital Micro-mirror

Fig. 5. Scheme of LCD printer operation

The photopolymer is illuminated by an LED matrix,
the image is formed due to the LCD display, which
displays the cross section of the molded part frame by
frame. If the differences between classic SLA technology
and DLP and LCD are obvious, then DLP and LCD
lighting technology are often confused, which is incorrect,
because each of these technologies has its own
characteristics that affect the capabilities of the printer,
print quality.

The disadvantage of this technology is the
dependence of the work area on the screen size, accuracy
depends on the screen and its size, today there are no more
than 10 inch screens on the market, and with such a screen
even with 8K resolution less than 50 microns’ pixel size is
impossible. Also a relative disadvantage is finding the
screen directly under the bath. The bath consists of an
aluminum body and a film with a thickness of 50-150

Table 1. Comparison of SLA, DLP and LCD technologies [9-10]

The advantages are: low cost compared to SLA
technology; the need for less accurate manufacturing of
components; high print speed due to high projector lamp
power [7].

3) LCD technology. The printer with illumination of
a photopolymer by a light-emitting diode UV matrix with
use of the LCD display as a mask (fig. 5).

Cured Resin

Resin

VAT (tank/reservoir)

microns, which with minor mechanical damage can pass
photopolymer resin, which will get on the screen and
electronics and lead to possible fire or damage to the
printer [8].

The advantages of this technology are low cost, ease
of maintenance and extensive upgrade options. Compared
to DLP technology, the advantage is the absence of image
distortion on the work area.

As a result of comparison it is possible to draw a
conclusion that these three kinds of technology today have
a wide field of use, each of which occupies the niche in a
life and production. But LCD technology today has the
greatest development, thanks to which it has great
scientific interest in research and improvement of
technology and its use. In the table 1 SLA, DLP and LCD
technologies are compared [7-8].

Technology

Features

1. XY print area size

SLA Not limited, the higher the print area, the lower the speed (the beam must have time to "run around" a large area)

DLP Unlimited, the higher the print area, the lower the print speed and the lower the printer resolution

LCD The print area is tightly tied to the size of the LCD display

2. Print speed

SLA The slowest of the three technologies. This is due to the consistent illumination and low power of the laser

DLP The fastest is due to the high power of the projector

LCD "Average" print speed. Print speed is related to the power of UV matrices. The power of the matrix can not be
increased indefinitely, because powerful matrices require powerful cooling and begin to "punch" the "stencil"
from the LCD display
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The end Table 1.

3. Parasitic illumination along the Z axis

SLA Minimal

DLP Maximum. High illumination is associated with both the high power of the projector lamps and the greater share
of long-wave actinic radiation in the spectrum

LCD Average

4. Parasitic illumination along the XY axis

SLA Minimal

DLP Properly focused, it is minimal, but higher than SLA

LCD Maximum. Strong parasitic illumination is associated with the illumination of neighboring pixels due to the

imperfection of the focus of the UV matrix system (more precisely, with its complete absence of light on the
mask falls at different angles). This shortcoming is likely to be corrected in the future.

5. Factors affecting the resolution (in addition to the properties of the polymer and the thickness of the layer)

SLA 1) Laser spot diameter and spot positioning accuracy. Typical values from 100 microns to 200 microns (for a
laser spot), from 40 microns to 20 microns (positioning accuracy)
2) on 3D printers with SLA technology you can print, for example, objects with very thin - vertical walls with a
thickness of only 100 microns, a horizontal layer - about 30-50 microns

DLP/LCD 1) Pixel size and focus accuracy. Typical resolution - 1920x1080, respectively, the pixel size depends on the
print area on XY
2) Lower resolution compared to SLA printers, because the image in them is formed through a pixel matrix
(from 33 um to 47 um), which does not allow to achieve smoother contours of the part compared to SLA
technology

6. Price

SLA In the range of $2500-5300, "professional” - from $5300 and above

DLP $ 4,000 and up

LCD $ 400-700

The use of these 3D printing technologies will create
a camouflage layer on the foil dielectric for further
etching. Photopolymer resins, which are chemically inert
to most herbalists, are used as masking material. Thus,
due to the technologies of photopolymer 3D printing, it is
possible to create a fully finished mask of the required
thickness and configuration.

The use of 3D-printing will allow to produce PCBs
that meet the requirements of accuracy classes DSTU
53429-2009 (table 2) from the first to the seventh, on the
indicator "Width of conductors”, and from the first to the
fifth class on the indicator "Distance between conductors”,

examples are microcontroller boards based on Arduino
and Raspberry. Such limitations are due to the very
physics of the processes used in 3D printing technology.

For the practical implementation of the considered
technologies it is necessary to develop software that
allows to control the exposure process, to adapt the
topological pattern of the PCB taking into account the
technological parameters and possible manufacturing
defects.

Let’s consider the process of photoexposure using
DLP technology and the proposed design of the "mask"
printer (fig. 6).

Table 2. Accuracy class of printed circuit boards according to DSTU 53429-2009

Name of the parameter

The smallest nominal size values for the accuracy class

1 2 3 4 5 6 7

Conductor width 0,75 0,45 0,25 0,15 0,10 0,075 0,050
The distance between the conductors 0,75 0,45 0,25 0,15 0,10 0,075 0,050
Warranty belt contact pad 0,30 0,20 0,10 0,05 0,025 0,020 0,015

The presence of a metal coating

The maximum dimensional deviation produces the figures for the accuracy class

1 2 3 4 5 6 7
Without coverage +0,15 +0,10 +0,05 +0,03 +0,03 +0,02 +0,015
Coated +0,25-0,15 | +0,15-0,10 +0,10 +0,05 +0,03 +0,02 +0,015
Type of printed circuit board Position tolerance of the location of the printed conductor for the accuracy class

1 2 3 4 5 6 7
UPCB, BPCB, MPCB (outer layer) 0,20 0,10 0,05 0,03 0,02 0,01 0,005
MPCB (inner layer) 0,30 0,15 0,10 0,08 0,05 0,02 0,01
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Fig. 6. The design scheme of the "mask" printer based on DLP technology: 1 - vertical axis carriage;2 - carriage of the horizontal axis;
3 - stepper motor of the horizontal axis; 4 - the engine of the rotary mechanism;5 - the basis of the mechanism for capturing boards; 6
- gripping mechanism; 7 - blank; 8 - photopolymer resin;9 - bath for photopolymer; 10 - box for polymerized blanks; 11 - ball-screw
transmission (KGP); 12 - stepper motors of vertical axes; 13 - transparent film of the bottom of the bath; 14 - optical system of

mirrors; 15 - DLP projector.

The horizontal carriage (2), on which the gripping
mechanism (6) is mounted, captures the foil getinax or
fiberglass blank (7), moves along the horizontal axis by
means of KGP (11) and stepper motor (3).

Reaching the desired horizontal position and
descending by means of KGP (11) and stepper motors of
the vertical axis (12), the carriage transfers the work piece
(7) to the bath (9) with photopolymer resin (8), lowers the
work piece to a depth of 20 um from the transparent
bottom baths (13). Then the DLP projector with UV
radiation (15) is turned on, through the optical system of
mirrors (14) the image is fed to the transparent bottom of
the bath (13). As a result of resin polymerization, under
the action of radiation, the illuminated areas of the
topology harden and stick to the work piece, thus creating
a stencil of the future board. The carriage with the
polymerized work piece rises up. The rotary mechanism

(4) tilts the work piece several times smoothly, at a small
angle, so that the excess uncured resin flows into the bath.
The finished work piece is moved to a container (10) with
isopropyl alcohol for purification from liquid polymer
residues. At the next technological stage, the blanks of the
boards are etched, after which the photopolymer masks
are removed from the blanks.

The use of these 3D printing technologies will create
a masking layer on the foil dielectric for further etching.
Photopolymer resins, which are chemically inert to most
herbalists, are used as masking material. Thus, due to
photopolymer 3D printing technologies, it is possible to
create a fully finished mask of the required thickness and
configuration.

When using photopolymer 3D-printing technologies,
it is possible to simultaneously perform the stage of mask
application and exposure (fig. 7).

Classic stages of photolithography

Z-App“cation of 3. Exposure 4. Etching S. Cleaning
1. Blank the photoresistor
Foil blank Photoresistor Mask . ' . . . . . . ' '
L B P 00

- N RITRY

Exposure with SLA, DLP, LCD technology

Photopolymer

_—

Fig. 7. Stages of 3D exposure of masks

This approach can be implemented using SLA or
LCD printing technologies and has the advantages of:

- the installation directly exposes the set topology on
the work piece, without prior application of photoresist
films or aerosols;

o [l = il

- there is no need for two separate installations for
drawing a photoresist and exposure - everything is carried
out simultaneously on one installation, it allows to unload
production areas;

Screen
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- since the exposure time of the photopolymer is
from 6 to 14 seconds, which is less than the exposure time
of the photoresistive films, thus increasing the
productivity.

Exposure with LCD technolgy

Based on this, an experiment was conducted to
manufacture a PCB using LCD technology. The created
3D topology of conductors (PCB 40 x 40 mm) was
transferred to foil fiberglass (brand SF DSTU 10316-78)
and etched in a solution of ferric chloride (FeCI3) (fig. 8).

Surface preparation
O, 40,

‘@ Etching G Cleaning

-»Q-»ﬁ

Fig. 8. Manufacturing of PCB topology using LCD printer

Plexiwire Resin Basic Orange Transparent
photopolymer resin was used to make the sample, which
was chosen due to its high mechanical and technological
parameters: short exposure time; minimum layer
thickness; no harmful effects on staff; slight shrinkage
during polymerization; high resistance to chemical
reagents.

In the first experiment, the adhesion of the
photopolymer resin to the foil blank was tested. The result
shows the resistance of the photopolymer resin to the
effects of ferric chloride and high-quality adhesion to the
surface, but there is a deviation of = 0.06 mm at a base
conductor size of 2 mm.

This is due to the long duration of illumination of the
photopolymer in the first experiment, namely 17 seconds.
The obtained result allowed to make the following
assumptions:

1) there is a linear dependence of the geometric size
of the conductors on the duration of illumination. The
longer is the illumination time, the greater is the deviation
of the size to the larger side, respectively, at a shorter
illumination time - the deviation is less [12];

Table 3. Deviation of geometric dimensions

2) at low light intensity, the photopolymer resin may
not be sufficiently polymerized. Thus, insufficient
ultraviolet radiation can lead to poor adhesion to the work
piece, which can lead to etching of the conductors and
reduce the size of the conductors [12-13];

3) the greater is the height of the base layer of the
photopolymer mask, the greater is the gap between the
screen and the work piece, which can lead to greater
diffraction of light flux, in accordance with the greater
parasitic illumination of the conductors [12].

To verify these assumptions, 40 measurements of the
deviation of the obtained dimensions from the original
geometric were performed and a linear regression model
was built taking into account the following parameters:

- duration of illumination of resin - from 7 to 16
seconds;

- radiation intensity: maximum - 2800 Im and
minimum - 1600 Im;

- the thickness of the base layer is 20 um and 50 um.

The results of measuring the deviations of the
obtained dimensions from the original geometric
dimensions, to build a model of linear regression, are
shown in the table 3.

Layer thickness, 20 um
Intensity of a light stream, 1600 Im
Polymerization time, s 7 8 9 10 11 12 13 14 15 16
Deviation, mm 0,008 | 0,010 | 0,011 | 0,012 | 0,014 | 0,017 | 0,026 | 0,032 | 0,046 0,052
Layer thickness, 20 um
Intensity of a light stream, 2800 Im
Polymerization time, s 7 8 9 10 11 12 13 14 15 16
Deviation, mm 0,009 | 0,01 | 0,012 | 0,013 | 0,015 | 0,021 | 0,028 | 0,035 | 0,048 0,057
Layer thickness, 50 um
Intensity of a light stream, 1600 Im
Polymerization time, s 7 8 9 10 11 12 13 14 15 16
Deviation, mm 0,009 | 0,011 | 0,012 | 0,012 | 0,016 | 0,022 | 0,029 | 0,036 | 0,052 0,061
Layer thickness, 50 um
Intensity of a light stream, 2800 Im
Polymerization time, s 7 8 9 10 11 12 13 14 15 16
Deviation, mm 0,01 | 0,013 | 0,015 | 0,018 | 0,024 | 0,03 | 0,037 | 0,055 | 0,063 0,067

We enter the obtained data to perform basic linear
regression analysis of exposure parameters in the program
IBM SPSS Statistics. Fig. 9 graphically shows the

dependence of the deviation of the basic dimensions of the
PCB conductors from the exposure time [14-15].
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Fig. 9. The results of deviations of the geometric dimensions of the PCB with increasing values of the parameters: a) a graph of the
deviations from a series of experiments; b) diagram of the normal distribution

Using the calculations "Summary for the model", we
obtained the value of the coefficient of determination "R"
- 0.936. This indicator corresponds to the values

For greater accuracy of the test, the obtained result is
listed on the model with non-standardized predicted
values (fig. 10, a) and the correlation of deviation

calculated by the model (linear regression) and the results  parameters from standardized values (calculated
obtained during experimental studies. deviations) is calculated (fig. 10, b and 10, c).
Model summary
Standard Statistics change
Adjusted R- error of Change R Significance
Model R R-square square estimation square Change F st.1 st.2 change F
1 19367 877 B67 0065548 877 85585 3 36 ,000
a. Predictor: (constant), Intensity, Thickness, Time
a)
Normal P-P Plot of Regression Standardized Residual
i Dependent Variable: Deviations
@
(]
08
2
o L
T Correlation
£ 06
3 Unstandardiz
5 loe ot ed Predicted
2 Deviations Yalue
o 04 -
2 Deviations FPearson correlation 1 836
w
°° Significance (two-way) | | ,0oo
02 fo00® N 40 40
® " Unstandardized Pearson correlation ,936“ 1
.' Fredicted Value =
Significance (two-way) | ,ooo |
%0 02 04 08 08 10 M 40 A0

Observed Cum Prob

b)

** Correlation iis significant atthe level 0,01 (two-way).

c)

Fig. 10. The results of calculations of coefficients: a) consolidated models; b) regression line; c) correlation of values

The value of "R" in the recalculation is equal to
0.936, which proves that there is a correlation between the
obtained and predicted values.

The coefficient of multiple determination "R?" is
equal to 0.877. This means that the parameters included in
the system, 87.7% affect the result. The adjusted

coefficient "R?" is equal to 0.867 or 86.7%. The standard
estimation error is 0.0065548.

According to the table ANOVA (fig. 11) we test the
hypothesis of equality "R?' = 0. Since the level of
"Significance" <0.05, it confirms the accuracy of previous
results.
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ANOVA?
Sum of Medium
Model squares st. square F Significance
1 Regression 011 3 004 85,585 000"
The remaider 002 36 ,000
Total 013 39

a. Dependent variable: Deviations
b. Predictors: (constant), Intensity, Thickness, Time

Fig. 11. Results of significance calculations

factors. To search for "Beta-coefficients”, the calculation
will be performed using standardized values of "Z-points".

This is necessary to make sure that the standardized
values and the non-standardized one’s match (fig. 12).

To determine the weight of each variable, we use the
"Beta-coefficient”, which shows how much the value of
the parameter changes from an increase of one of the

Coefficients?®

Standardized
coefficients

Non-standardized coeficients Bela Correlations
Standard
Modd B error T Significance Zero order Partly Component
1 (Constant) 2 456E-16 ,058 ,000 1,000
Zscore(Time} 913 058 913 15,621 ,000 913 934 9213
Zscore(Thickness) 164 058 164 2,798 008 164 423 164
Zscore(Intensity) 130 ,058 130 2,219 033 130 347 130

a. Dependent variable: Zscore(Dewvations)

Fig. 12. Results of calculations of "Beta-coefficients"

Based on the level of significance of the coefficients,
it is possible to compare whether the "Beta-coefficient™ of
this factor differs from zero. In this case, all values of
"Significance" are less than 0.05, which proves that all the
factors that are included in the model are true.

The results of the Pearson correlation of response
factors are shown in fig. 13.

Correlations

Deviations Time Thickness  Intensity

Deviations  Correlations Pearson 1 91 3" 164 130

Meaning (doudle-sided) ,000 313 425

N 40 40 40 40

Time Correlations Pearson 91 9y 1 000 000

Meaning (doudle-sided) ,000 1,000 1,000

N 40 40 40 40

Thickness  Correlations Pearson 164 000 1 000

Meaning (doudle-sided) 313 1,000 1,000

N 40 40 40 40

Intensity Correlations Pearson 130 ,000 ,000 1
Meaning (doudle-sided) 425 1,000 1,000

N 40 40 40 40

**_Correlation Is significant at the level 0,01 (douhle-sided).

Fig. 13. The results of Pearson's correlation calculations

Conclusions

Experiments show that when using the technology of
photopolymer 3D printing, it is possible to transfer the
image of the topology on the PCB, combining the
processes of photoresist application and exposure of the
topology simultaneously in one installation. In the course
of experiments and construction of a linear regression

model, in contrast to the results of classical photoresist
films, good adhesion of the polymerized photopolymer to
the surface of the PCB blank was observed, as a result of
chemical etching avoided etching of track ends (fig. 14).

a) b)

Fig. 14. Comparison of the results of the ends of the tracks after
etching PCB a) the ends of the tracks of the conductors using a
photopolymer mask; b) the ends of the conductor tracks using
photoresist film
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Based on the obtained values of "Beta-coefficients" it
is possible to make conclusions:

- an increase of one unit of time affects the increase
in the value of the deviation of the dimensions by 0.931;

- an increase of one unit of radiation intensity affects
the increase in the value of the deviation of the
dimensions by 0.130;

- an increase of 30 units of thickness affects the
increase in the value of the deviation of the dimensions by
0.164;

This proves that the most important factor in 3D
exposure is time. That is, the regression equation is as
follows:

Y =hy +byxg +by%, +byxg = _ 1)
=0,11+0,931x, +0,130x, +0,164x, '

where Y is a factor of deviation of geometric dimensions of
PCB topology; by, b, b,, by — coefficients of linear

regression of the influence of parameters on the factor; x,,
X,, X3 — parameters of influence on the factor.

However, in further research, it will be possible to
include additional factors in the model and build a more
accurate regression model that can be used in the
development of software for 3D-exsonation of PCBs.

Graphs of the dependence of the influence of
technological parameters on the geometric dimensions of
the conductor topology are shown in fig. 15.

Thus, the use of additive 3D printing technologies
allows:

- significantly simplify and reduce the cost of
manufacturing PCBs, eliminating from the production
process the stage of applying a photoresist to the work
piece;

- use production areas more efficiently;

- adapt the original PCB topology, taking into
account the influence of technological factors (in the
presence of appropriate software);

- to achieve high accuracy of manufacturing of
conductors.

Further development of the proposed technology will
allow to manufacture rigid and flexible PCBs completely,
with conductive tracks, dielectric basis, electronic
elements that can be used in various devices.
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TEXHOJIOT'ISI CTBOPEHHSA TOHOJIOTTT IPYKOBAHMX ILTIAT 3A
JOITOMOI'OIO ITOJIIMEPHHUX 3D MACOK

[peamerom 10ciHKEHHS € BIUTUB (PaKTOPiB €KCIIOHYBAHHS IBOBHMIPHUX 300pa)KeHb Ha TOIOJIOT1IO MPOBIAHUKIB IPU BUTOTOBJICHHI
JIPYKOBaHHX IIaT METOAOM TPHBHMIPHHX IoiiMepHHX (oromacok. Mera poboTn — 3abe3nedeHHS TOYHOCTI Ta 30epexeHHS
TEOMETPUIHUX PO3MIpIB IPOBIMHUKIB ApyKoBaHUX IutatT pu LCD ekcrioHyBaHHI Macok Ha 3aroToBKy. I JOCSATHEHHS ITOCTaBIEHOT
METH HEOOXiJHO BUPIIINTH HACTYIHI 3aBJAaHHS: IPOAaHAII3yBaTH TEXHOJIOTiIO QoToiitorpadii Ta Buam momiMepHoro 3D mpyky;
PO3pOOUTH TEXHOJIOTIYHUH IIpOLEeC €KCIOHYBaHHS (OTOIOJIIMEPHHX MAacOK Ha 3arOTOBKY IPYKOBAHOI IUIATH, BHKOPHCTOBYIOUH
texHoinorii 3D npyky; mpoBecTH eKCIepUMEHTaNbHI AOCHIIKEHHS A BU3HAUCHHS ONTHMAIBHHUX MapaMeTpiB €KCIOHYBaHHS; Ha
OCHOBI OTPUMAaHHX EMIPHYHUX PE3yJbTATiB po3paxyBaTH Koe(illieHTH Kopemswil (akTopiB Ha BiAryk; moOyIdyBaTH IiHiHHY
perpeciiiHy MoJenb 3aleXHOCTI BIIXWIEHb I'€OMETPUYHUX PO3MIpIB APYKOBAaHMX MPOBIIHHUKIB BiJl HapaMeTpiB PO3UUHIB IS
TpaBJCHHS 1 yMOB CKCIOHYyBaHHA. Pe3yjbTaTu: moOymoBaHi perpeciiiHi MoJeni AaloTh MOXIIHMBICTh CIPOTHO3YBAaTH BIUIMB
TEXHOJIOTIYHAX MapaMeTpiB eKCIIOHYBaHHS HA TOYHICHI MOKa3HUKH T€OMETPHYHHX PO3MIpIB TOIOJOTIi HPOBITHUKIB JPYKOBAHUX
wiatr npu 3D macounomy BurotoBneHHI npu LCD excroHyBaHHI, ONTHMIi3yIO4OTO BHXIiIHI 300pa’keHHs TOIOJOTII APYKOBaHUX
IIPOBIHUKIB IIPH aBTOMAaTH30BaHOMY BHPOOHHMIITBI IpyKOBaHUX wIaT. Lle cnpocTrTs mporec po3poOKH TOMOIIOTIT IPYKOBAaHHX IIAT 3
YpaxyBaHHSIM peaJbHOTO BIUIMBY IIapaMeTpiB TEXHOJOTIYHUX OIlepamiii TpaBiIeHHS i EKCIOHYBaHHS HA TOBIIUHY JOPIKOK
MIPOBIAHUKIB APYKOBAHUX ILJIAT, [0 3MEHIIUTH YacTKy OpaKy IpH BUTOTOBJICHHI OJJHOCTOPOHHIX Ta ABOCTOPOHHIX JPYKOBaHMX ILIAT.
BucHoBku: 3anpornonoBana texHosoris LCD ekcrioHyBaHHS Ta METOJ JOCIIDKEHHS BIUTHBIB (paKTOPIiB €KCIIOHYBaHHS Ha SIKICTh
TOMOJIOTi] JPYKOBAaHMX IUIAT, SKi JAIOTh JOCTATHI €MIIIPUYHI NaHHI Ui CTBOPEHHS PETPECIHHUX MOJIENCH pPO3paxyHKY BIUIUBY
TEXHOJIOTIYHUX (DaKTOPiB Ha KiHIEBI pO3MIpH MPOBIAHUKOBUX JAOPIKOK MPH BUPOOHUNTBI IpyKOBaHHUX IUIaT. [loganpmmii po3BUTOK
3aIPOIIOHOBAHOI TEXHOJIOTI] JI03BOJIMTh BHUTOTOBJIATH JKOPCTKI Ta THY4Ki JIIl TOBHICTIO, 31 CTPYMONPOBIAHUMH JOPIXKKAMH,
JeIEKTPHYHOI0 OCHOBOIO, Pa/IiOCIEKTPOHHUMH €JIEMEHTaMH, SIKI MOXKYTh 3aCTOCOBYBATHCS B Pi3HUX MPUCTPOSIX.

KunrouoBi ciioBa: 1pykoBaHi IuIaTH; eKCHOHYBaHHS; MoTiMepHi GoTomacky; po3unny Juist TpasieHHs; LCD npyk; perpeciiuuit
aHaJTi3; TOTIOJIOTIsA; ajanTallis 300paXeHHs MPOBITHUKIB.

TEXHOJIOI'MA CO3JAHUSA TOITOJIOT'MA TIEYATHBIX IIVIAT C IOMOIIbIO
MHOJIMMEPHBIX 3D MACOK

IIpenMeToM ¥cciie1oBaHus SIBISETCS BIMSHAE (PAKTOPOB SKCIIOHUPOBAHUS IBYMEPHBIX H300paKCHUH HA TOIOJIOTHIO TIPOBOIHUKOB
IIPY M3TOTOBJIECHHUM TI€YATHBIX IUIAT METOAOM TPEXMEpPHBIX MoIuMepHbIX (oromacok. Ienas paboTsl — obecrieueHne TOYHOCTU H
COXPAHEHUSI T€OMETPHYECKUX Pa3MEpOB IPOBOJHUKOB He4aTHbIX MiaT npu LCD 3KCIOHMpOBaHMM MAacoK Ha 3aroToBKy. [l
JOCTIDKCHUS TIOCTaBICHHOH 1€ HEOOXOANMO PEIINTh CIeAYIOIINe 3aJaHus: IPOAHATU3UPOBATh TEXHOIOTHIO (oTomuTorpadhun u
Bubl nonmuMmepHoi 3D mewartw; pa3paboTaTh TEXHOJIOTWYECKHH MPOIECC SKCIOHUPOBAHUS (HOTOMOIMMEPHBIX MAcOK HAa 3arOTOBKY
NeyaTHOM IUIaThl, HMCHONB3ys TexHoiormu 3D medaTH; NpoOBECTH OKCHEPHMEHTAJbHBIE HCCIENOBAaHUS IS  ONpPEACIICHUS
ONTHMAJIBHBIX IAPaMETPOB JKCIOHHMPOBAHMS; HA OCHOBE MOJIyYEHHBIX SMITUPHYECKUX PE3yJIbTATOB PAaCCUUTATh KOIPPHIHMEHTHI
KOppeJsiMU  (pakTOPOB Ha OT3BIB; MOCTPOHUTH JIMHEHHYIO PErpecCHOHHYI0 MOJENb 3aBHCHMOCTH OTKJIOHEHUH TI'€OMETPHYECKHX
pa3MepoB IMEYaTHBIX IMPOBOJHHKOB OT IIapaMeTpOB PAcTBOPOB MJIsI TPaBIEHUs U YCIOBUM SKCIIOHUpOBaHUA. Pe3yabTaThbl:
IMocTpoeHHBIE pETrpecCHOHHBIE MOJENH CTaHYT OCHOBOW U CO3MaHUS 0a3bl JAHHBIX IPOTPAMMHOTO  OOECHedeHWUs,
ONTHMHU3HPYIONIETO HCXOJHBIE H300paKeHUsI TOMOJIOTMH IEYaTHBIX IPOBOAHHKOB MPH aBTOMAaTH3MPOBAHHOM IIPOHM3BOJICTBE
MEeYaTHBIX IIIaT. DTO YIPOCTHT IPOIECC Pa3padOTKM TOMOJNOTMH TEYaTHBIX IUIAT C YYeTOM pPEeaJbHOTO BIHMSHUS IapaMeTpoB
TEXHOJIOTHYECKUX ONEpariii TPaBICHUS M SKCIIOHMPOBAHMS HA TOJIIHHY JOPOXKEK IPOBOAHUKOB MEYATHBIX IUIAT, YTO YMEHBIIUT
J0JTI0 Opaka IMpH W3rOTOBJICHHH OJJHO- U IByCTOPOHHHX IeYaTHBIX Iiat. BeiBoabl: npemioxena texuonorus LCD skcnonnpoBaHus
U METOJ WCCIIeOBaHUsS BO3JICHCTBHII (DAaKTOPOB AKCHOHMPOBAHHMS Ha KAuyeCTBO TOMOJOTHHM IIEYAaTHBIX IUIAT, KOTOpBIE NaloOT
JOCTAaTOYHbIE SMIMPHUYECKHE NaHHBIC JJI CO3JaHHs PErpecCHOHHBIX MOJeNeil pacuera BIHMSHHS TEXHOJOTHUECKHMX (aKTOPOB Ha
KOHEYHbIE pa3Mepbl MPOBOAIINX AOPOKEK NPH MPOU3BOACTBE MEYaTHHIX IUIaT. JlanpHeillee pa3BuTHe MpelaraeMoil TeXHOJIOIUU
TIO3BOJIUT M3TOTABIMBATH JKECTKHE M TMOKHE IeYaTHBIE IUIATH IOJHOCTBIO, C TOKOMPOBOSIIMMH JOPOXKKAMH, THIIEKTPHIESCKOI
OCHOBOH, PaNO3IEKTPOHHBIMHI IEMEHTaMH, KOTOPBIE MOTYT IPHMEHATHCS B PA3INYHBIX YCTPOUCTBAX.

KnroueBble cjI0Ba: medaTHBIE IUIATH; SKCHOHMPOBAHHE; IMONMMEpHBIE (OTOMAcKH; TpaBWIBHBIM pacTBop; LCD medars;
PETPeCCHOHHBII aHAIN3; TOTIOJIOTHS; aJaNTAIHs H300paKeHHs IIPOBOTHUKOB.
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