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A b s t r a c t

The paper presents a method of conversion of GCODE files designed for additive manufac-
turing in 3D printers to a format which may be conveniently visualized. In the investigations 
three different 3D models were created: a) shell model (a casing); b) solid model (a gear); c) model 
with curvilinear elements (a screw). All these models were converted to GCODE files. Next the 
reverse engineering was applied and GCODE files were converted to points sets. These points 
represent particular locations of the print head. In the developed algorithm the linear interpolation 
was added to obtain intermediate points between locations of the print head for longer sections.  
The final part shows an attempt of applying Poisson Surface Reconstruction in order to obtain the 
original geometry. The main motivation to develop a new software resulted from the observation 
that sometimes the original solid model is no longer available, while there is a need to change some 
geometry details or settings before production stage.
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Introduction

Nowadays the additive manufacturing (3D printing) are very popular and 
their importance grows every year. They are used in many areas of mechanical 
engineering (shahi 2016), material engineering (szebényi et al. 2017), civil 
engineering (shaTornaya et al. 2017, Tay et al. 2017), architecture (MaThur 
2016), chemical sciences (Parra-cabrera et al. 2018), electronics (Xu et al. 2016), 
medicine (hangge et al. 2018, TaPPa et al. 2017), food industry (goDoi et al. 
2016, PiTayachaval et al. 2018) and others. To obtain any printed object, in the 
first place its geometry, considering the limitations of the additive manufacturing 
technology, must be defined. To reach this aim, any software destined for 
preparing 3D geometry (in the STL file format) may be used. At this stage 
the assumptions related to the material used must be taken into account, too.  
It is also very important to note that virtual geometry cannot be printed directly 
with the use of a 3D printer. The geometry must be first converted to a set  
of instructions which will be sequentially read and executed by the printer (Fig. 1). 

Fig. 1. Data flow from a solid model to the finished product

In particular, the movement of the print head and the material feeding speed 
must be specified. Here, a specific programming language, the so-called GCODE, 
is usually used (also RS-274; KraMer et al. 2000). GCODE is a standardized 
command language that is used to operatenumerically controlled devices (CNC) 
(ISO 6983-1:2009). The main motivation to develop a new software resulted 
from own practical experience. It turns out that sometimes the original 3D solid 
model is no longer available, but a need arises to change some details of the 
geometry or settings of the printing process. Two options are possible in such  
a case: creation of the solid model from the beginning or converting the existing 
GCODE file to a format, which may be modify. The hereby paper is a try  
to apply the second approach. The possibility to save the time needed to prepare 
a second solid model is the main advantage of the idea presented.

The methodology applied covers four steps: 
– preparing exemplary geometries in the STL format; 
– converting STL files to GCODE files; 



Technical Sciences 23(2) 2020

 Geometry extraction from GCODE files destined for 3D printers 117

– decoding GCODE files to obtain a points set representing the subsequent 
coordinates of positioning the print head; 

– surface reconstructing on the basis of the points set.
It should be noted that there are publications related to data conversion 

from STL files to GCODE files (so-called slicing) (guerrero-De-Miera et al. 
2015, hu 2017, ToPçu et al. 2011) or printing quality (bauMann et al. 2016, 
Wang et al. 2014) as well as articles on reverse engineering dealing with the 
use of 3D printers and scanners (baronio et al. 2016, DúbravčíK, KenDer 
2012, eslaMi 2017). However, among them the papers related to decoding  
of the GCODE language are very rare. Apparently, to the best of our knowledge, 
there is only one paper alluding to this issue (bauMann et al. 2017). In this 
paper a reconstruction algorithm is briefly presented. The Authors use similar 
methodology to ours, but the tools applied by them are different and they illustrate 
the algorithm with only one example. In particular, the software for slicing  
a STL model was different (Slic3r, v. 1.2.9 and the main programming language 
was Python). We tried to compare our code with the software developed by 
them, but it turned out, that the webpage indicated by the Authors in the paper 
(bauMann et al. 2017) is not available.

Materials and Methods

Materials

The object of analysis is a set of three files in the GCODE format which 
are intended for the execution of selected geometric objects with the use of 3D  
printing technique. Three basic types of shapes were taken into account  
(i.e. flat, solid and curved) and the most important instructions used in source 
files for 3D printers.

GCODE programming language

The GCODE language is a standardized command language that is very 
oft used to operate numerically controlled (CNC) devices (ISO 6983-1:2009).  
The source code in GCODE language consists of a series of individual instructions 
which, depending on the device, are able to make details by subtractive  
(e.g. CNC milling machine) or additive (3D printer) manufacturing. The GCODE 
commands (Tab. 1) can be created by using the following methods: 

– creating a list of commands in a text editor; 
– preparing the code using CAM software; 
– entering commands directly via the control panel of the device. 
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In practice, due to the complexity of the geometry of the processed model, 
it is mainly the software dedicated to a given device class that is used. In the 
context of the paper important is, that programs “cutting” three-dimensional 
objects mainly use the commands of simple linear motions. They do not use G2 
and G3 commands that use circular motion. The cutting software treats each 
arc as a set of straight sections.

Table 1
Examples of GCODE language commands used in 3D printers

Command Description Sample
G0 Fast movement G0 X12
G1 Work movement by linear interpolation G1 X90.6 Y13.8 E22.4
G2 Circular motion in a clockwise direction G2 X90.6 Y13.8 I5 J10 E22.4
G3 Movement around the circle counter-clockwise G3 X40.6 Y11.7 I5 J10 E72.4

G28 Axis reset G28

Source: based on habraT (2007).

Poisson Surface Reconstruction

There are two groups of surface reconstruction methods based on a points 
set: explicit methods, in which the surface must pass through all points of the 
set, and implicit ones in which the surface is approximated on the basis of on 
the points locations (norlanDer 2017). However, due to the drawbacks of the 
explicit methods (which are usually based on the Delaunay algorithm) such as 
high sensitivity to data quality and high demand for computing power, there 
were developed implicit methods, such as MarchingCubes (lorensen,	cline 
1987) or Poisson Surface Reconstruction (KazhDan et al. 2006), that are most 
commonly used since they are more resistant and faster.

The Poisson Surface Reconstruction is based on calculating the so-called 
indicator function X (a scalar function), whose value is one (inside the surface) 
and zero (outside the surface). If this function is known, then the reconstructed 
surface may be obtained by extracting an appropriate iso-surface. In the Poisson 
method an oriented points set can be treated as a sampling of the gradient 
of the indicator function. In the consequence, the discrete points set may be 
used to define a continuous vector field �⃗�𝑉   representing the gradient field of the 
indicator function. Solving the indicator function X then amounts to finding the 
scalar function whose gradient best matches �⃗�𝑉  . To reach this aim, the Poisson 
equation must be solved:

 Δ𝑋𝑋 = ∇ · �⃗�𝑉   (1)
where:

�⃗�𝑉   – the smoothed normal field.



Technical Sciences 23(2) 2020

 Geometry extraction from GCODE files destined for 3D printers 119

Results and Discussion

Solid models

The aim of the first stage of investigations is to create a set of models of three-
dimensional objects, taking into account the most common geometric features 
of elements made on 3D printers. For testing, one thin-wall structure (casing – 
Fig. 2a), one full structure (gear – Fig. 2b) and one structure containing curved 
sections (screw – Fig. 2c) were prepared. The geometries were created in the 
SolidWorks program and then saved in the form of STL files. The dimensions 
of objects in the context of this study are irrelevant.

Fig. 2. 3D models used in investigations; a – casing, b – gear, c – screw

Generation of sample GCODE files

Having prepared the geometry of selected objects in the form of STL files, 
in the second stage of the investigations three GCODE files were created – one 
for each geometry. These files were prepared with the use of the MatterControl 
program (MatterControl Home Page 2019). This is a free Open Source application 
that is used to construct 3D objects for 3D printing. The preparation of the 
GCODE file requires a number of parameters characterizing a specific device as 
well as the properties of the 3D printing process itself, such as the layer height 
or wall thickness. A typical GCODE source file contains the following sections:

– header – consists of several lines of comments (always beginning with  
a semicolon) informing about the version of the software used, the wall thick-
ness of the model, the width of the extruded path and the diameter of the beam  
of the material being fed;

– pre-processing data – consists of commands informing about the type 
and location of the centre of the coordinate system used and of commands used 
to prepare the print head and working platform (e.g. heating up to the set 
temperature);
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– work area – consists of rows which specify the next positions of the print 
head and the current material feeding speeds;

– print completion area – consists of commands to be made after printing 
the model, such as axis homing, turning off the print head heaters and the work 
platform;

– footer – consists of lines informing about print parameters, such as material 
feeding speed, type and density of the model filling and many others.

Fig. 3. Fragment of the GCODE language code for printing a model of a gear

Typically, for one specific printing device, the information necessary for the 
preparation and completion of printing is entered once (Tab. 2). This information 
is then duplicated for the subsequently generated GCODE files. In the context  
of the current article, it is important to emphasize that individual sections do not 
have any markers defining their scope. The beginnings and ends of the section 
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are determined by analysing the instructions of the following lines. An initial 
part of a source file taken from one of the examples described in the further 
part of the paper is shown in Figure 3. In this figure, the work area begins with 
the 27th line of code (highlighted).

Table 2
Parameters characterizing the generated GCODE files

Name Value
Layer height 0.3 [mm]
Infill 20 [%]
Type of infill grid an angle 45
Permiters 2
The number of bottom layers completely filled 4
The number of top layers completely filled 4

A characteristic feature of GCODE files is that full objects are usually printed 
in the form of a shell filled with a lattice structure (with different shapes of such 
structures). This saves the material and significantly speeds up the printing 
process. An example of a model of a gear with a truss type fill is shown in Figure 4  
(mid-model view).

Fig. 4. View of the gear model in the MatterControl program
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Geometry extraction

Currently available computer programs allow the visualization of GCODE 
files (jView 2020, NC Viewer 2020). However, they show usually not the geometry 
of the three-dimensional object but the trajectory of the printing head. For this 
reason they are not enough functional, if the User want re-select individual 
3D printing parameters (e.g. specify the type and type of filling or change the 
height of the model layer).

In order to reproduce the geometry of an object for 3D printing based on  
a GCODE file, the coordinates of the subsequent positions of the print head 
must be known. Other parameters, such as filler temperature or feed speed, do 
not matter, but they can be useful for locating characteristic code fragments.  
The basis of the algorithm used in this investigation is to search for and then 
store the X, Y and Z coordinate values in the subsequent lines of code. To realize  
this, subsequent lines of the source code are read (as individual text variables), 
and then by means of text functions of a given programming language,  
the existence of specific sequences of characters in these lines is checked.  
The search starts with a line containing the “LAYER: 0” sequence (denoting 
the beginning of printing of the first layer) and ends with the line of the “M104 
S0” sequence (which means switching off the heating of the print head, and 
consequently the end of the printing process). The numbers of these lines are 
denoted by variables nstart and nstop, respectively. It is important to note that 
the Z coordinate of the first layer (denoted by Z0 symbol) may be sometimes 
defined before the nstart line. Therefore, it should be always checked if this  
is the case and remember the initial value of this coordinate.

Scanning a single line of the code, understood as a multi-character text 
variable, includes the following steps: 

– checking if the coordinate mark (X, Y or Z) is present in the line; 
– finding and saving the characters located between the coordinate mark 

and the nearest space or between the coordinate mark and the end of the line; 
– converting characters into numbers and saving the result. 
It is important to make sure that each line of the code is checked several 

times in order to find the current coordinate values X, Y and Z one by one.  
If the coordinate mark does not exist in the line being scanned, then the current 
coordinate value is taken as the previously read value. This means that the 
print head moves parallel to one of the Cartesian coordinate axes. In such 
cases, there is no need to duplicate the same coordinate, so that the files have 
a smaller volume. The values of read variables can be saved directly to a file or 
can be stored in indexed variables. The size of such variables can be determined 
on the basis of the knowledge of nstart and nstop.

A Fortran (GNU Fortran Home Page 2019) code was written to decode GCODE 
files, using internal SCAN and INDEX text functions. The first function allows 
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to determine the position of a single character in a text string (e.g. character X ), 
the second function determines the position of a particular character subsystem 
(e.g. the “LAYER: 0” sequence). The resulting data, i.e. the coordinates of all 
points found, were saved in the form of ASC and VTK files (The Visualization 
Toolkit 2019). The code that is intended to read the X coordinate value in a given 
line of the GCODE file has the following form:

!if the line in the GCODE file begins from G0 or G1:
if((index(line,’G0’)/=0).or.(index(line,’G1’)/=0))then
 !find position of X sign (0 means that this sign do not exists in this line):
posX=scan(line,’X’)
 !if the X sign exists:
 if(posX>0)then
 !find the position of a space occurring after the X sign:
posNull=scan(line(PosX:),char(32))
 !save all signs from the X sign to a next space located in the same line:
lineX=line(posX:posX+posNull-1)
 !extract the numbers occurring after the sign X:
 write(tmp,fmt=’(A)’)lineX(2:)
 !assign the read out number to the current X coordinate:
 read(tmp,*)x(lp)
	!remember	the	last	known	value	of	the	X	coordinate:
xw=x(lp)
 !if the X sign do not exists:
 else
 !assign the previous value to the current X coordinate:
 x(lp)=xw
endif
endif

The meaning of variables is as follows: “line” – a character variable containing 
the current line of the GCODE file; “posX” – an integer variable containing the 
position of X sign in the variable “line”; “posNull” – an integer variable containing 
the position of a space in the variable “line” (here the space located after X sign); 
“lineX” – a character variable containing a substring of the variable “line” 
(here X sign together with numbers occurring after this sign); “lp” – counter 
of points in the model; “x(lp)” – a float variable containing the current value  
of the X coordinate; “xw” – a float variable containing the last remembered 
value of the X variable.

In addition to the three basic GCODE files, during the development of the 
algorithm, other variants of these files were also tested. The variants were 
obtained with different settings of the MatterControl program. Depending  
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on the settings, the movement of the print head can be described with instructions 
G0 or G1 (see Table 1). Another difference appears in the length and content 
of the GCODE file header or footer, in particular the method and location of 
the Z0 coordinate. The program has been written to take into account as many 
possible differences as possible.

In Figures 5a, 6a and 7a there are examples of visualization of subsequent 
positions of the print head obtained after decoding the selected GCODE files. 
Visualizations were made in the ParaView (ParaView Home Page 2019) with the 
use of the automatically generated VTK files. The overall shape of the object is 
visible, but some walls are clearly missing. This effect results from the fact that 
if the print head moves along a straight line (regardless of its length), only the 
coordinates of the beginning and end of this line are saved in the GCODE file. 
To improve the reproduction quality of the original geometry with a pointsset,  
it is preferable to insert intermediate points. In the developed program, in 
relation to straight lines, this stage consists of the following steps:

– length calculation of the section between the current (i) and previous (i – 1) 
location of the print head:

𝑙𝑙 = √(𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑖𝑖−1)2 + (𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑖𝑖−1)2 + (𝑧𝑧𝑖𝑖 − 𝑧𝑧𝑖𝑖−1)2 ;

– calculation of the number of intermediate points:

𝑛𝑛𝑙𝑙 = NINT ( 𝑙𝑙
𝑑𝑑𝑙𝑙) ,

where dl is the maximum spatial step defined by the user;

– calculation of increments of individual coordinates:

𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑖𝑖 − 𝑑𝑑𝑖𝑖−1
𝑛𝑛𝜄𝜄

, 𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑖𝑖 − 𝑑𝑑𝑖𝑖−1
𝑛𝑛𝜄𝜄

, 𝑑𝑑𝑧𝑧 = 𝑧𝑧𝑖𝑖 − 𝑧𝑧𝑖𝑖−1
𝑛𝑛𝜄𝜄

. 

In the last step the coordinates of intermediate points are calculated:

𝑥𝑥𝑗𝑗 = 𝑥𝑥𝑖𝑖−1 ∙ 𝑗𝑗 ∙ 𝑑𝑑𝑥𝑥 , 𝑦𝑦𝑗𝑗 = 𝑦𝑦𝑖𝑖−1 ∙ 𝑗𝑗 ∙ 𝑑𝑑𝑦𝑦 , 𝑧𝑧𝑗𝑗 = 𝑧𝑧𝑖𝑖−1 ∙ 𝑗𝑗 ∙ 𝑑𝑑𝑧𝑧 ,

where j denotes the sequence number of the intermediate point, whereby 𝑗𝑗 ∈ ⟨1, 𝑛𝑛𝑙𝑙⟩ .
Before preparing the output files, the data should be also checked for any 

duplicate points. If they are found, such points should be removed.
The disadvantage of inserting intermediate points is a significant increase 

in the number of points representing the geometry of the object. For dl = 0.5 the 
total number of points for the casing, gear and screw increased from 52,926 
to 186,910, from 64,447 to 233,981 and from 11,151 to 12,776, respectively.  
This is 3.532, 2.127 and 1.146 times more points, respectively. This condition 
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can lead to difficulties in visualizing such a large points set. The effect deepens 
with the decrease of dl. It should be added that difficulties in visualizing large 
sets of points (a long waiting time for a program to response) occurred only  
in the ParaView software. The MeshLab program (MeshLab Home Page 2019), 
described later in the article, worked much faster.

In Figures 5b, 6b, 7b the final results are visible. They were prepared in 
the ParaView software with the use of the “glyph” tool. This tool allows to draw  
a simple 3D object (arrow, cone, box, cylinder, line, sphere) in every point with 
a specified location. In the figures mentioned, cubes (Fig. 5 and 6) and spheres 
(Fig. 7) were used to prepare the visualisation. In such a way a set of points may 
be visualized as a sets of solids. Such a result may be saved, among others, in 
the STL file format. Unfortunately, such a file consists of many separate objects 
(cubes and spheres) and cannot be applied directly in the same way as the original 
STL file. All tries of merging these objects into one surface or solid body failed.

Fig. 5. Example of visualization of print head positions  
without interpolation (a) and with interpolation, at dl = 0.2 (b)

Fig. 6. Example of visualization of print head positions  
without interpolation (a) and with interpolation, at dl = 0.2 (b)
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Fig.7. Example of visualization of print head positions  
without interpolation (a) and with interpolation, at dl = 0.5 (b)

The results obtained from the extraction of geometry, in the version with 
interpolation of intermediate points, were also saved in the form of text files 
in the ASC format. This format consists of only three columns of numbers, 
containing the X, Y and Z coordinates of all the points of the set.

Poisson Surface Reconstruction

The previously mentioned MeshLab (MeshLab Home Page 2019) application 
was used to carry out the next stage of work. The choice of this particular 
application was dictated by the fact that it allows to load data in many different 
file formats, among others in the ACS format. What is more, the program 
can be used, for instance, to perform the earlier mentioned Poisson Surface 
Reconstruction.

In the case of dense points sets, such as those obtained in the previous 
stage, the local number of points should be reduced. It may be done by selecting 
an appropriate tool from the main menu: “Filters – Cleaning and Repairing – 
Merge Close Vertices”. Now the normal vectors to the surface in all points of the 
current set may be calculated by selecting the following from the main menu: 
“Filters – Normal, Curvatures and Orientation – Compute normals for points 
sets”. The last step is to select the Poisson Surface Reconstruction tool from the 
main menu. This is done as follows: “Filters – Remeshing, Simplification and 
Reconstruction – Screened Poisson Surface Reconstruction”. It should be added 
that few constants have to be defined while using these tools. The best results 
were obtained for the parameters that were listed in Table 3.
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Table 3
Surface reconstruction parameters in the MeshLab program

MeshLab Filter Casing Gear Screw

Cleaning and Repairing Merge Close Vertices perc on 150 100 180

Normal, Curvatures 
and Orientation

Compute normals for 
points sets

Neighbour num 10 10 50

Smooth Iteration 0 0 0

Remeshing, Simplifica-
tion and Reconstruction

Screened Poisson 
Surface Reconstruction

Reconstruction 
Deepth

10 8 8

Minimum Number 
of Samples

10 4 3

Integration Weight 4 10 6

In Figure 8a there is the starting points set for the casing model, and to the 
Figure 8b the reconstructed 3D object is visible. Unfortunately, despite many 
attempts, it was not possible to reconstruct the surface in such a way that  
it would accurately represent the output objects. In particular, it was not possible 
to obtain STL files that could be later modified and reused in the printing 
process. Figures 9 and 10 show the reconstruction of the gear model and screw.

It is clearly visible, that the geometry visible in Figures 8, 9 and 10 do not 
correspond with the original 3D models (Fig. 2). It means, that the Poisson 
Surface Reconstruction is not a good method to obtain a file, which may be 
again used as the input file in printing process. The investigation should focus 
rather on the problem described in the previous section, consisting of merging 
many separate objects into one surface or solid body.

Fig. 8. Casingmodel; a – pointsset, b – reconstructed model 
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Fig. 9. Model of the gear in the form of the starting pointsset (a) and the reconstructed area (b)

Fig. 10. Screw model; a – pointsset, b – reconstructed model 

Summary

The main observations and final conclusions are as follows:
– It is possible to transform a geometry saved in a GCODE file to a points 

set. In turn, this points set may be visualised (and saved in the STL file format) 
by the use of appropriate software, e.g. ParaView.

– The movement of the print head must be interpolated to reconstruct filled 
structures.

– Duplicates of points in points sets should be detected and removed.
– The decoding process is hindered by the fact that from one geometry many 

differing GCODE files may be obtained (it depends on settings of the algorithm 
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converting the STL files to the GCODE files). This problem sometimes results  
in the situation when the points appear outside the original geometry. It is 
difficult to develop a universal algorithm to filter such points which could be 
applied to all possible variants of GCODE files.

– The quality of the reconstructed surface depends on the parameters 
introduced in the MeshLab program. There are no universal parameters that 
reproduce all models in the same way (each model has a different geometry and 
needs different parameters).

– On the current stage the algorithm described may be used only to view the 
geometry saved in a GCODE file. The main advantage is, that the source code 
of the developed software is very short and concise and may be easy modify. No 
access to the Internet is needed, too.

– Resulting files with coordinates of points belonging to a point cloud are 
usually very large in volume (in the order few hundred of MB). It causes that 
many software crashes during manipulation with such a files. This problem do 
not occurs in the developed software.
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A b s t r a c t   

Cyclone separators are commonly used in the oil system of aircraft gas turbine engines  
to separate air from oil. The major advantages of cyclone separators are simple structure and high 
reliability that eliminate the need for frequent inspections. The efficiency of a cyclone separator 
has a decisive impact on oil quality, which directly affects the efficiency of the oil system. The new 
generation of engines requires more compact separator designs to reduce weight and minimize 
project costs while maintaining (and often increasing) an engine’s efficiency and reliability.  
To meet these requirements and optimize the separator structure, the flow of the air-oil mixture has 
to be modeled in the design process. The aim of this study was to present a numerical simulation 
of an aircraft turbine separator with the use of the volume of the fluid model.
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Introduction

A cyclone separator is a component installed inside the main engine oil 
tank (Fig. 1). The major advantage of a cyclone separator is its simple structure 
which does not require maintenance or frequent inspections. A cyclone separator 
separates air from oil. The air-oil mixture is generated during the lubrication 
process inside engines, bearings, sumps and gearbox cavities. A separator’s 
efficiency has a decisive impact on oil quality, and it directly affects the efficiency 
of the oil system. Increased air content in oil decreases pressure in the system and 
induces higher-pressure fluctuations, which in turn affects improper lubrication 
and cooling of engine components (bearings, gears, splines, accessories). Aircraft 
cyclone separators have to meet many more requirements than typical industrial 
cyclone separators. Varied operating conditions during flight missions cause 
changes in parameters such as the air/oil ratio, oil tank level, pressure, attitude 
and position. High swirling flow inside the separator is frequently encountered, 
and it is not stable. Unstable distribution of the flow field determines separation 
performance.

This paper analyzes a numerical model of an air-oil separator under a single 
operating condition. The flow field in the separator is complex, and swirling and 
anisotropy phenomena are sometimes taken into consideration in the relevant 
analyses. According to some authors (chang 2016, DelgaDillo 2005, escue 
2010, gao 2012, ruDolF 2013, Wang 2015), the Reynolds Stress Model (RSM) 
or the Large Eddy Simulation (LES) technique should be applied, but these 
advanced models are not suitable for developing optimization algorithms in future 
investigations. The above models are time-consuming and quite challenging 
in terms of the required calculation hardware. In the industrial approach, two 
equation models are more commonly used (szWarc 2019). The RNG k-ε model 
with a swirling option was applied in this study. The model can recreate the 
flow characteristics of a cyclone separator, which can be useful for designing 
and optimizing this engine component (Wang 2010). The impact of different 
turbulence models on the solution will be studied in the future. In the presented 
preliminary analysis, turbulence was modeled with the two equation RNG k-ε 
model that speeds up calculations (Wang 2010) (two equations vs. seven equations 
in the RSM). Two-phase flow was simulated with the volume of the fluid model. 
This model accounts for the free surface effect (hirT 1981) in the oil tank, which 
also considerably influences the separator’s performance (KrisToFFersen 2017). 
Gas-liquid separators (e.g. arPanDi 1996, erDal 1998, KrisToFFersen 2017) 
and other aircraft engineering applications (e.g. easTWicK 2006, FiliPPone 
2010) have been widely studied and discussed, but there is a general scarcity  
of research into cyclone separators in an aircraft engine oil system. The typical 
cases reported in the literature involve cyclone separators for the oil and gas 
industry which have a different geometry or air/oil ratio and are difficult  
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to compare with aircraft applications. Other publications describe cyclone 
separators with a similar geometry to that analyzed in this paper (chang 
2016, ruDolF 2013), but those devices are used in the mineral industry with 
different fluid types or fluid and solid mixtures.

The aim of this study was to analyze a numerical model of two-phase fluid 
flow. The main goal was to develop a numerical model for implementation in the 
optimization procedure. The results were used to formulate recommendations 
for designers of air-oil separators. 

Fig. 1. Simplified scheme of an aircraft oil system

Oil lubricates and cools the components of a gas turbine engine, including 
bearings, gears, spline joints and dynamic seals. In the lubrication process, oil 
is aerated in sumps and gearboxes. The force of gravity drives oil to the lower 
parts of the engine where it is taken up by the scavenge pump and directed 
to the oil tank. The efficiency of the oil separator has a decisive impact on oil 
quality. A decrease in its parameters affects the operation of lubrication and 
cooling circuits. The optimal two-phase model has to be selected in analyses  
of computational fluid dynamics (CFD). The choice of the appropriate mathematical 
model depends on the type of flow at the separator inlet. This is a crucial 
requirement for simulating separation processes. A preliminary selection can 
be made based on two-phase flow maps (szWarc 2019).
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Numerical model

Geometry and boundary conditions

The geometry of the calculation domain was created based on the geometry 
of the test bench where a separator was installed in a cylindrical tank shown 
in Figure 2. The air-oil mixture flowed into the tank tangentially, and a swirl 
was generated inside the separator. Oil was directed towards the walls, and 
it flowed down into the tank. The separator had two outlets: one in the upper 
part and one at the bottom. Air was extracted from the separator through the 
upper outlet, and the presumably clear oil flowed through the bottom outlet. 
At the inlet, the mass flow rates of both air and oil were applied as boundary 
conditions. Uniform velocity with normal direction to the inflow cross-section 
was assumed. The mixture had constant temperature. Pressure conditions were 
specified at the outlets.

The experimental data were used to develop the simulation model. The test 
bench supports measurements of the inlet mass flow rate of each fraction at the 
inlet and the outlet, whereas pressure and temperature are measured only at 
selected points. Oil quality defined by Equation 1 was measured at the outlet 

Fig. 2. A separator with the test tank
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line by checking the volume fraction of each phase. Standard aviation oil for 
gas turbine engines was applied in the simulations. The volumetric air/oil ratio 
was 1.3 at the inlet. Numerical schemes for the analysis were selected based on 
the results reported by (Wang 2015). A coupled scheme with a pseudo transient 
option was selected as the solution algorithm for pressure-velocity coupling.  
For the preliminary numerical analysis, first-order upwind schemes were set 
for turbulent kinematic energy and the dissipation rate.

The boundary conditions at the outlets which enabled the determination 
of the prevailing conditions in the test stand were identified. The aim of the 
calculations was to determine separator performance which was described by 
two coefficients. The first coefficient denoted the amount of gas flowing through 
the oil outlet, whereas the second coefficient indicated the amount of oil flowing 
through the air outlet. These values were measured during the experiment. 
The oil quality coefficient (OQ) was defined as the volume fraction of oil at the 
oil outlet:

 𝑂𝑂𝑂𝑂 =  ( �̇�𝑉𝑜𝑜
�̇�𝑉𝑎𝑎 + �̇�𝑉𝑜𝑜

)
oil outlet

   (1)

Separation efficiency ηs was defined as the ratio of the difference between 
the volume rate of oil at the inlet and the volume flow rate at the outlet to the 
volume rate of oil at the inlet:

 𝜂𝜂𝒔𝒔 =
�̇�𝑉o,inlet − �̇�𝑉o,vent

�̇�𝑉o,inlet
  (2)

The determination of the optimal boundary conditions is a major challenge 
in the simulation process. Since air and oil masses were measured and mixed 
before entering the separator, the mass flow rate with a homogeneous distribution 
of the second phase was selected.

Pressure values were determined at both oil and air outlets. These boundary 
conditions are set to control the separation process. Other possible types  
of boundary conditions which are based on mass flow could not be applied at the 
outlets because the mass flow rates should be determined in a computational 
analysis. The dimensions of the test bench are presented in the Table 1.

Table 1
Dimensions of a cyclone with a tangential inlet

Dimensions
Cyclone 
height 

(H )

Vortex 
finder 
height 

(h)

Cyclone 
diameter 

(D)

Vortex 
finder 

diameter 
(d)

Inlet  
tube 

height 
(a)

Inlet  
tube 

width 
(b)

Tank 
height 

(W )

Tank 
diam. 
(Dt)

Parameter 
value (a) 3.2 1.4 3.6 1.3 1 1.6 12 3
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Mathematical model of two-phase flow

The separation phenomena in an air-oil mixture are simulated with 
the Volume of the Fluid (VoF ) model. This model supports tracking of the  
air-oil interface. The VoF is used to model the flow of two immiscible fluids.  
The following continuity equation is solved:

  
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌) + ∇ ∙ (𝜌𝜌�⃗�𝑣) = 0  (3)

where: 
�⃗�𝑣  – the velocity vector, 
ρ – the mixture density calculated from:

  𝜌𝜌 = 𝛼𝛼𝑎𝑎𝜌𝜌𝑎𝑎 + (1 − 𝛼𝛼𝑎𝑎)𝜌𝜌𝑜𝑜  (4)
where: 

ρa – air density,
ρo – is oil density, 
a – is the volume fraction of air which, in this case, represents the second 

phase. 

The interface between the phases is tracked with a continuity equation for 
the volume fraction of air:

 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝛼𝛼𝑎𝑎𝜌𝜌𝑎𝑎) + ∇ ∙ (𝛼𝛼𝑎𝑎𝜌𝜌𝑎𝑎�⃗�𝑣𝑎𝑎) = �̇�𝑚𝑜𝑜𝑎𝑎 − �̇�𝑚𝑎𝑎𝑜𝑜  (5)

where: 
�̇�𝑚𝑜𝑜𝑜𝑜 , �̇�𝑚𝑎𝑎𝑎𝑎 are the mass flow rates from oil to air and air to oil, respectively. 

The volume fraction equation is not solved for the oil phase (primary).  
The oil-phase volume fraction is computed based on the following constraint:

 𝛼𝛼𝑎𝑎+𝛼𝛼𝑜𝑜 = 1  (6)

In this case, the volume fraction equation is solved with an implicit formula. 
A single momentum equation is solved for the entire domain, and the resulting 
velocity field is shared by the phases. The momentum equation 7 is dependent 
on the volume fractions of all phases, including mixture density ρ and mixture 
viscosity µ (ubbinK 1997):

 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌�⃗�𝑣) + ∇ ∙ (𝜌𝜌�⃗�𝑣�⃗�𝑣) = −∇𝑝𝑝 + ∇ ∙ [𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒(∇�⃗�𝑣 + ∇�⃗�𝑣𝑇𝑇)] + 𝜌𝜌�⃗�𝑔 + �⃗�𝐹  (7)

where: 
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇 + 𝜇𝜇𝑡𝑡  – dynamic effective viscosity, 
�⃗�𝑔  – gravitational acceleration, 
p – pressure, 
�⃗�𝐹  – the surface tension source term.
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Turbulence

The RNG k–ε model is derived from the instantaneous Navier–Stokes 
equations using a mathematical technique known as “renormalization group” 
(RNG) methods. This technique is based on the standard k-ε model with some 
refinements. An additional term in the ε equation improves accuracy for rapidly 
strained flows. As a result, the effect of swirl on turbulence is taken into account, 
which improves the accuracy of swirling flows. The RNG theory provides an 
analytical formula for turbulent Prandtl numbers, whereas the standard k-ε 
model uses user-specified, constant values (yaKhoT 1986).

The following equations for turbulence kinetic energy k and dissipation rate 
of turbulent kinetic energy are solved:

 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌𝜌𝜌) +

𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝜌𝜌𝜌𝜌𝑈𝑈𝑖𝑖) =
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

(𝛼𝛼𝑘𝑘𝜇𝜇𝑡𝑡
𝜕𝜕𝜌𝜌
𝜕𝜕𝑥𝑥𝑗𝑗

) + 𝐺𝐺𝑘𝑘+𝐺𝐺𝑏𝑏 − 𝜌𝜌𝜌𝜌 − 𝑌𝑌𝑀𝑀+𝑆𝑆𝑘𝑘  (8)

 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌𝜌𝜌) +

𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝜌𝜌𝜌𝜌𝑈𝑈𝑖𝑖) =
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

(𝛼𝛼𝜀𝜀𝜇𝜇𝑡𝑡
𝜕𝜕𝜌𝜌
𝜕𝜕𝑥𝑥𝑗𝑗

) + 𝐶𝐶1𝜀𝜀
𝜌𝜌
𝑘𝑘 𝐺𝐺𝑘𝑘 − 𝐶𝐶2𝜀𝜀𝜌𝜌

𝜌𝜌2
𝑘𝑘 − 𝑅𝑅𝜀𝜀  (9)

where:
k and ε – the inverse effective Prandtl numbers for k and ε, 
C1ε and C2ε – constant values of 1.42 and 1.68. 

The scale elimination procedure in the RNG theory produces a differential 
equation for turbulent viscosity. Effective viscosity µt for the limit of very large 
Reynolds numbers is given by:

 𝜇𝜇𝑡𝑡 = 𝜌𝜌𝐶𝐶𝜇𝜇
𝑘𝑘2
𝜀𝜀   (10)

where the value of Cµ = 0.0837 is derived with the RNG theory. Interestingly, 
the value of Cµ = is very close to the empirically determined value of 0.09 in the 
standard k-ε model (yaKhoT 1986).

Mesh

Separator geometry was divided into a tetra mesh generated with the 
Ansys Workbench tool 19.2. 3D geometry was meshed using a different number  
of elements, ranging from 512,000 to 1,527,000 tetra cells. The mesh was refined 
mainly in the regions close to the wall, and a moderate refinement was introduced 
in the central part of the separator domain. The quality of all 3D computational 
meshes with a different number of elements was checked before the simulation 
(see Tab. 2). Figures 3 and 4 show selected mesh overview.
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Table 2
Mesh quality 

Key factor Requirement Mean mesh quality
Aspect ratio 5:1 5.34

Orthogonal quality >0.01 (best cell closer to 1) 0.96
Skew below 0.95 0.82

  
 Fig. 3. Mesh at the cross-section  Fig. 4. Mesh at the bottom outlet 
 of the separator of the separator

An analysis of the results of the first coarse mesh revealed satisfactory OQ 
values, but very low stability of the solution. A mesh independence analysis 
was performed to determine the impact of the size of the numerical grid. Two 
parameters were considered to guarantee the stability of the analysis: air and oil 
mass imbalance. An imbalance is defined as the sum of mass flows (inlet mass 
flow – outlet mass flows). The amplitude of the air mass flow rate at the outlet, 
oil quality and oil volume in the domain were selected to determine the influence 
of the mesh on the analyzed parameters. The results are presented in Figure 5. 
An increase in mesh density did not exert a significant influence on oil quality 
(the maximum difference was 13%). The oil level inside the domain remained 
stable. An improvement was observed in the parameters related to the stability 
of analysis. Considering OQ as the only goal of analysis, the mesh independence 
analysis demonstrated that changes in mesh refinement were relatively small. 
Lower density would significantly contribute to the optimization process.
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Fig. 5. Normalized solution parameters vs. the number of nodes

When the appropriate mesh type and density have been selected, the 
separator’s geometry is optimized in the next step. Therefore, the selected mesh 
with 124k tetra cells guarantees the acceptable accuracy of the results and 
reasonable calculation time. This is an important consideration because a single 
case takes 1-2 weeks to compute with a computer cluster. 

Calculation results

The aim of this study was to propose a numerical approach to an analysis  
of a cyclone separator. Oil was the primary phase, and air was the secondary 
phase. The analytical process became complicated already at the stage  
of formulating the initial conditions. The definition of initial values was a very 
important step in the calculations. Incorrect initial values lead to convergence 
problems or solver crash. Incorrect inlet pressure creates reverse flow at both 
outlets, which affects solver convergence and leads to mass imbalance problems. 
Inlet pressure was set based on the experimentally determined pressure drop 
in the separator. The preliminary simulation involved a very coarse mesh  
to determine the optimal working conditions. The analysis was initialized with an 
empty tank which was filled until the achievement of a stable oil level. The solver 
crashed when the simulation was initialized with a filled tank (Figs. 6, 7, 8, 9).
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The location of the free surface in the oil tank is very sensitive to boundary 
conditions. This is an important factor which directly affects the formation  
of flow structures in the separator and, consequently, the separator’s efficiency 
as predicted by (KrisToFFersen 2017). This is a characteristic feature of open 
separators where the shape of the tank and oil level can impact performance. 
The main flow swirl in the cylinder causes oil separation, and oil is deposited 
on the separator wall. The main flow consisted of two phases. In the first phase, 
flow was parallel to the separator outlet, and in the second phase, flow occurred 
down the cylinder, creating a helical shape of streamlines (7 and 9). First-phase 
flow led to the accumulation of oil in the top corner of the separator, which is 
unlikely to occur due to recirculation with the incoming mixture. The second 
oil stream entering the tank influenced the oil free-surface. 

  
 Fig. 6. Contour of the oil volume faction Fig. 7. Contour of the oil volume faction  
  (bottom outlet of the separator)

The formation of oil film on the left wall is visible in Figure 6. The geometry 
of the inlet to the separation zone has a key impact on separation phenomena 
because it can rupture the formed film (Fig. 7). The axis of the vortex finder 
tube is not coincident with the outer diameter of the separator, which affects 
the formation of the inner swirl that flows directly to the vortex finder tube.  
The influence of the key geometrical features on flow structure will be investigated 
in the future after the numerical model has been validated.

The velocity distributions in the separator are visualized in Figure 8 and 9. 
The presented values were normalized by the values of average velocity at the 
cyclone inlet. Areas of both very low speed in the center of the separator (0-0.3) 
and high speed close to the walls (3-3.3) were observed. 
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 Fig. 8. Velocity contour Fig. 9. Velocity contour(bottom outlet  
  of the separator)

Table 3
Comparison of simulation results with test bench results

Parameter Simulation results Difference to test results
Normalized oil quality [%] 93.8 6.2
Normalized separation efficiency [%] 99.95 0.05

The experimentally determined values of oil quality OQ and separation 
efficiency ηs were compared with the results of numerical simulations.  
The difference in normalized oil quality reached 6.2% and in separation efficiency –  
0.05% (Tab. 3). The resulting accuracy is satisfactory.

Conclusions

A cyclone separator was analyzed with the use of the presented calculation 
scheme. The VoF model was characterized by acceptable accuracy, and it offered 
a consensus between accuracy, robustness and modeling time. The selected 
boundary conditions stabilized oil volume inside the separator. The calculated 
pressure decrease was comparable with the experimentally determined pressure 
drop. The RNG k-ε model revealed a swirl structure inside the core of the 
separator. As expected, the results of the calculations indicate that oil level  
in the tank influences flow formation inside the separator. The separator inlet 
impacts the formation of the oil fraction close to the wall as well as its interaction 
with the free surface of the oil inside the tank. The observed changes in flow 
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parameters indicate that flow field was unsteady inside the separator. The above 
was confirmed by the mass flow rate of oil shown in Figure 5. Preliminary 
results demonstrated satisfactory alignment between the modeled results and 
the experimentally derived values. The results of the calculations for different 
experimental conditions will be analyzed in the future.
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A b s t r a c t

Internal combustion engines have to be supplied with adequate amounts of fuel and air.  
The required amount of fuel and air is determined by the engine controller to guarantee that the 
fuel reaching the cylinder is burned effectively and that the composition of exhaust gas meets 
standard requirements. The air supplied to an internal combustion engine has to be adequately 
filtered because impurities reaching the engine can accelerate the wear of engine components. 
The air intake system features a filtering partition which captures impurities and prevents them 
from reaching the engine. However, the filtering process decreases the rate at which cylinders 
are filled with fresh air, which can compromise engine performance. Therefore, effective solutions 
are needed to ensure that the flow of filtered air does not significantly decrease the volumetric 
efficiency of cylinders. 

This study presents a design concept of a device for measuring pressure in the air intake sys-
tem in front of and behind the filtering partition. The proposed device can be useful for measuring 
filter wear. A prototype of the proposed device was built and tested on several air filters. To elim-
inate throttle valve impacts, the device was tested in a compression ignition engine. The results 
of the conducted tests demonstrated that the device correctly measured air flow. The conducted 
measurements also revealed that the presence of impurities in the air filter induced differences  
in pressure in the air intake system in front of and behind the filtering partition. The maximum 
air flow resistance in a clogged filter could be even 100% higher than in a brand new filter. 
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Introduction

Internal combustion engines are immensely popular around the world, and they 
are used main to power motor vehicles and machines. Long engine life and reliability 
are very important parameters because they minimize repair and servicing costs. 
The operating fluids in a vehicle should be characterized by adequate purity to meet 
the requirements of both engine designers and users. Vehicle fluids are purified 
by filtration. Internal combustion engines are equipped with three basic types  
of filters: the air filter, the oil filter, and the fuel filter. Depending on their structural 
characteristics, engines can also be equipped with other types of filters. 

The purity of the air drawn in by the engine significantly affects the engine’s life, 
performance and operating parameters such as the maximum power and torque.  
The quality and purity of operating fluids, including fuel and engine oil, are not 
regulated by universal standards, which is why impurities should be effectively 
filtered out during vehicle operation. Air is contaminated with impurities of both 
anthropogenic (industry, fuel combustion in power plants) and natural origin (such as 
volcanic eruptions) (chłoPeK,	JaKuboWsKi 2009). The presence of hard particulate 
matter in air can lead to the gradual degradation and loss of engine components 
due to mechanical friction. Particles with a diameter equivalent to the thickness  
of lubricant oil film which is formed at the point of contact between engine components 
pose the greatest threat (DziubaK 2016). Atmospheric particulate matter  
is composed mainly of hard particles that are deposited between interacting surfaces 
inside the engine (chłoPeK,	JaKuboWsKi 2010, chłoPeK 2012, DziubaK 2003, 
2006, DziubaK,	borcheT 2017). Other pollutants, including organic particulate 
matter, can also compromise engine performance. 

Air-borne impurities have to be filtered out before they reach the engine. 
However, every filter adds resistance to the flow of air and decreases the rate 
at which cylinders are filled with air. Various air filtering solutions for internal 
combustion engines have been proposed over the years. The optimal solution should 
be characterized by high filtering efficiency, low air flow resistance and a long 
service life. Every filtering partition adds resistance to the air drawn in by the 
engine. The higher the generated resistance, the smaller the quantity of air reaching  
the engine’s combustion chamber. Flow resistance is determined by the difference 
in air pressure in front of and behind the filter. The difference in air pressure on 
both sides of the filter can be measured to calculate flow resistance.

Types of air filters in internal combustion engines

The optimal air filter in an internal combustion engine should be characterized 
by high filtering efficiency (above 99%), the lowest possible air resistance, and  
a long service life. The filter should be reliable, small and light-weight (DziubaK,	
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szWeDKoWicz 2013). The flow resistance of an air filter directly influences the 
volumetric efficiency of cylinders. 

According to Polish Standard PN-B-76004:1996, the dust for filter efficiency 
tests should have the following composition:

– 72% of Arizona desert sand (mostly silica) with an estimated density  
of 2.7 g/cm3, where the majority of particles have a diameter of around 7.7 μm;

– 23% of soot;
– 5% of cotton linter.
Various air filters that differ in parameters and structure have been designed 

over the years. Mesh filters are composed of fine metal strips, metal rings  
or labyrinth strips enclosed by wire mesh. These filters have small dimensions, and 
they can be applied in motorcycles and low-power industrial engines (KorDzińsKi,	
ŚroDulsKi 1968). Another type of air filters are foam filters where air passes 
through a thin layer of liquid oil or thick oil foam. Foam filters are more efficient 
than mesh filters, but they are also characterized by higher flow resistance. 
Particulate matter is trapped in oil which has to be regularly replaced. Foam 
filters are large, and they are used mainly in heavy-duty machines. Dry filters 
containing absorbent paper are most popular. Machines that operate in a dusty 
environment are equipped with cyclone filters which are also known as centrifugal 
separation filters. Cyclone filters are characterized by low flow resistance. They 
can be coupled with dry paper filters and used as coarse filters in the first stage 
of the filtration process, which considerably prolongs the service life of the entire 
filtering system. 

Dry air filters

In dry air filters, air flows through a porous filtering layer which constitutes 
a structural partition. Air-borne impurities are trapped by fine fibers of the 
filtering material. The cartridges in dry air filters consist of absorbent paper  
or heavy polyester felt. Woven fabric made of natural material or polyester is rarely 
used. Filter cartridges (Fig. 1) remove impurities from air without the involvement 
of liquids to facilitate the process. The temperature under the hood of a car can 
reach 120°C; therefore, air filters have to be flame retardant. Phenolic resins 
are sprayed on the surface of dry filter cartridges to offer additional protection 
against heat. Most dry air filters contain cellulose fibers impregnated with resin 
(huTTen 2016). The average density of a cellulose fiber filter ranges from 110 g/m2  
in light panel filters to 210 g/m2 in two-layered composite filters. The engines 
of heavy-duty machines do not require highly efficient air filters, and filtering 
materials for this type of equipment are characterized by lower density in the 
range of 90-160 g/m2.

Modern filtering fibers have a gradient structure, where the packing density  
of fibers increases in the direction of air flow (Fig. 2) (DziubaK,	szWeDKoWicz 2014).
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Fig. 1. Examples of dry paper filters

Fig. 2. Filtering material with a gradient structure and increasing fiber packing density 
Source: based on DziubaK,	szWeDKoWicz (2014).

Fig. 3. Nanomesh layer applied to cellulose fibers: a – top view, b – cross-section. Nanofibers 
have a diameter of around 250 nm, and cellulose fibers have a diameter of around 10 µm 

Source: based on DziubaK,	szWeDKoWicz	(2014).
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Polymer nanofibers manufactured by the electrospinning technology are 
a novel filtrating medium. Electrospun fibers have a diameter of 1-2,000 nm. 
Nanofibers are formed in an nanomesh with a thickness of 1-5 µm. A nanomesh 
is composed of very densely packed fibers, and it can capture particles with  
a diameter of less than 5 µm; therefore, the generated flow resistance is minimal 
(DziubaK,	szWeDKoWicz 2014). However, nanomeshes have very low mechanical 
resistance, and they cannot be applied independently as filtering materials. 
A thin nanomesh layer is applied to conventional filtering materials such  
as absorbent filter paper or filter fabric. 

Cyclone filters

A cyclone filter relies on the principle of inertia to remove particulate matter 
from air. A cyclone filter does not contain a filtering partition or liquid to capture 
impurities. Air is fed into the centrifuge chamber where a spiral vortex is created. 
The force of inertia acts on dust particles which are thrown against the walls 
of the separating chamber. A cyclone filter which removes impurities through 
centrifugal separation is presented in Figure 4.

Fig. 4. A cyclone filter where impurities are removed through centrifugal separation.  
The direction of air flow is marked with arrows 

Source: based on KorDzińsKi,	ŚroDulsKi (1968).

Research objective

Air filters in internal combustion engines have to be regularly replaced.  
In some cases, the replaced filter is still fit for use, which generates additional 
and unnecessary costs. For environmental reasons, filters should be replaced 
only when they are clogged. Spent filters cannot be reused and they generate 
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additional waste, which has an adverse impact on the environment. An air filter 
should be replaced when air flow resistance exceeds the threshold value specified 
by the manufacturer. Air flow inside the filter and the degree of filter wear could 
be measured with a dedicated device to determine whether the cartridge should 
be replaced. Such a device could be used in automotive garages and repair shops 
to generate environmental benefits. 

The aim of this study was to design and build a device for measuring air 
flow resistance in an engine air filter. The device measures air pressure in front 
of and behind the filter. The designed device was tested by measuring air flow 
resistance generated by various types of engine air filters. 

Design assumptions for a device measuring air flow 
resistance in engine air filters

A dedicated device for measuring air flow resistance in an engine air filter was 
designed. Air flow resistance is determined by measuring the drop in air pressure 
on both sides of the filtering partition. Based on the adopted requirements, the 
proposed device should:

– consist of low-cost and widely available components,
– measure air pressure in front of and behind the air filter,
– be easy to use,
– be light-weight and portable,
– be compatible with various devices that generate air flow,
– operate without a power supply cable (powered by battery or PC via a USB 

port).
The designed device consists of a unit that measures the resistance of air 

flowing through the filtering partition and a unit that generates air flow. Air flow 
resistance was determined by measuring air pressure in front of and behind the 
filter. Air flow was generated by an internal combustion engine. The pressure 
in front of and behind the air filter was measured by sensors. A block diagram 
of the designed device is presented in Figure 5.

Fig. 5. Block diagram of the designed device for measuring air flow resistance generated  
by an engine air filter
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The device was equipped with plastic housing where the tested air filter 
was mounted. Static pressure sensors were installed inside the rigid housing.  
The device was connected to an internal combustion engine via a PVC pipe 
with an internal diameter of 60 mm. The structure of the proposed device 
supported testing and rapid replacement of various air filters, both brand new and 
used. The shape of the tested filter had to be compatible with the assembly site  
to guarantee tight connections between the spaces in front of and behind the 
filtering partition. For the device to operate with various devices that induce 
air flow, the connecting pipes should have compatible diameters and the device 
has to be supplied with power, for example from a laptop. Air flow resistance 
generated by the tested filter was measured in the following steps:

– the device for measuring air flow resistance was connected to the device 
that generates air flow;

– the tested air filter was mounted in the housing;
– the measuring device was supplied with power;
– both devices were activated;
– air pressure was read from the LCD display.
Pressure values were recorded and used to calculate air flow resistance with 

the use of the following formula:

P – Z – R,
where:

P – pressure in front of the filtering partition,
Z – pressure behind the filtering partition,
R – pressure drop.

The device was equipped with the Arduino MEGA electronic control unit which 
is highly popular and widely available in retail. This controller has the required 
number of ports for connecting the device, and it is compatible with the applied 
pressure sensors. The Arduino MEGA controller communicated with pressure 
sensors and the LCD display via the I2C interface with 4 pins: serial data line 
(SDL), serial clock line (SCL), positive power supply (VCC) and power ground 
(GND). Each device communicating with the I2C bus should have a different 
address. The designed device was equipped with two pressure sensors with 
different addresses: BMP 180 with address 0×67, and BMP 280 with address 
0×66. Two pressure sensors were used instead of a single differential pressure 
due to lower cost. When operated at a temperature of 0-65°C, sensor BMP 180 has  
a pressure measuring range of 950-1,050 hPa with an accuracy of ±1 hPa, 
and sensor BMP 280 has a pressure measuring range of 300-1,100 hPa with  
an accuracy of ±1 hPa (Bosch datasheet). Sensor BMP 180 has a sampling rate  
of up to 120 Hz, and sensor BMP 280 – up to 157 Hz. Sensor data were displayed 
on an LCD display with 4×20 characters. The circuit diagram of the designed 
device is presented in Figure 6.
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Measurements of air flow resistance in various types  
of air filters and discussion of the results

The operation of the proposed device was tested by measuring air flow 
resistance added by various types of air filters. Air flow was generated by  
a Volvo compression turbocharged compression ignition engine. The engine was 
mounted in a vehicle with a mileage of around 460,000 km. The technical 
specification of the engine is presented in Table 1.

Table 1
 Technical specification of a turbocharged compression ignition engine

Displacement 2.401 cm³
Fuel Diesel oil
Maximum power 163 KM (120 kW) at 4,000 rpm
Maximum torque 340 Nm at 1,750 rpm
Compression turbocharged
Engine layout DOHC
Number of cylinders 5
Cylinder configuration inline
Number of valves 20
Compression ratio 18.0 : 1
Injection common rail direct injection
Ignition compression ignition

The proposed measuring device before connection to the engine is presented 
in Figure 7. 

Fig. 7. The proposed device before connection to the engine
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Four air filters with suitable dimensions for mounting inside the housing  
of the developed device were used in air flow resistance tests: 

– brand-new high-performance Pipercross air filter for motor sports (Fig. 8),
– brand-new standard Mann-Filter air filter (Fig. 9),
– used standard air filter with a mileage of 10,000 km (Fig. 10),
– used standard air filter with a mileage of 20,000 km (Fig. 11).
The tested air filters are presented in Figures 8-11.

Fig. 8. Brand-new high-performance Pipercross air filter

Fig.9. Brand-new standard Mann-Filter air filter

Fig. 10. Used standard air filter with a mileage of 10,000 km 
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Fig. 11. Used standard air filter with a mileage of 20,000 km 

Experiment and measurement results

The developed device for measuring air flow resistance was tightly connected 
to the engine’s air intake system before the air flow meter with the use of tubes 
with an internal diameter of 60 mm. The measuring device was powered from 
a laptop via a USB port. The measuring device connected to a compression 
ignition engine is presented in Figure 12. 

Fig. 12. Measuring device connected to a compression ignition engine

The measurements were conducted indoors at a temperature of around  
25-30°C. During measurements, the rotational speed of the engine was 
maintained at the desired level with the accelerator pedal in the vehicle, and 
air pressure at the inlet and outlet of the air filter was read and recorded.  
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The rotational speed of the engine was read to the nearest 100 rpm. The operation 
of the measuring device was validated based on the results of a single series  
of measurements because the test stand did not support further measurements 
under repeatability conditions. 

The differences in air pressure in front of and behind the air filter and error 
bars representing errors at the measurement points are presented in Figure 13. 

Fig. 13. Difference in the pressure of air flowing through the air filter

Pressure values were converted to kilopascals [kPa]. Since only a single series 
of measurements was conducted, the maximum error had to be calculated and 
taken into account based on the technical specification of the pressure sensors. 
The maximum measurement error was estimated at ±0.2 kPa. Measurement 
results were registered with the use of formula (bielsKi,	ciuryło 2001):

i = ({x} ± {Δx}),

where: 
i – measurement result,
x – measured value,
Δx – maximum error.

Discussion

The filtering partition adds resistance to the flow of incoming air, which 
leads to changes in air pressure in the air duct, measured directly in front  
of and behind the filtering partition. The proposed device was used to determine 
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the relationship between the degree of filter wear and the resulting drop  
in air pressure. Air pressure in the inlet duct decreased relative to atmospheric 
pressure with an increase in the rotational speed of the engine. As demonstrated 
by the diagram in Figure 13, the pressure drop generated by all of the tested 
filters was exacerbated by a rise in engine speed. This is because the rate  
at which air is sucked into the engine increases, whereas the surface area  
of the filtering partition remains unchanged. 

When pressure measurements are conducted at low engine speed, the average 
air pressure may be difficult to determine because pressure values fluctuate 
rapidly, but within a limited range of values, in front of and behind the filtering 
partition. The above could be attributed to the fact that drawn air does not flow 
with uniform velocity in the direction of the cylinders. Cylinders, opening and 
closing valves, and the specific shape of the inlet duct create a pressure wave and 
cause air to bounce back and forth across the intake manifold. These phenomena 
are particularly visible at low rotational speeds of the engine.

The results shown in Figure 13 present the resistance generated by the tested 
filters. The standard filter, both brand-new and with a mileage of 10,000 km, 
created the smallest resistance. In the standard filter, air pressure decreased 
due to the accumulation of particulate matter over time, which led to a minor 
decrease in dust-holding capacity, but increased filtering efficiency. The high-
performance filter for motor sports produced interesting results. Theoretically, 
this filter should add least resistance to air flow. However, the results of the 
study indicate that the high-performance filter induced a greater drop in air 
pressure than a brand-new standard filter. Air flow resistance was highest 
in the standard filter with a mileage of 20,000 km. In this filter, the greatest 
difference in air pressure on both sides of the air filter was around 3.5 (±0.2) kPa  
at engine speed of 4,500 rpm. The most worn-out filter was considerably clogged 
with dust, and it put up the greatest resistance to the flow of incoming air.  
The smallest difference in air pressure was observed in the brand-new standard 
filter where the maximum resistance reached 1.5 (±0.2) kPa at engine speed 
of 4,500 rpm.

The results of the conducted tests demonstrated that the proposed device meets 
expectations and correctly measures changes in air pressure. Tests involving the 
designed device should be conducted indoors to minimize the impact of weather 
phenomena (rain, wind) and sudden changes in temperature.

Conclusions

This study addresses the problem of air impurities in internal combustion 
engines. Various types of air filters were described. A device for measuring 
air flow resistance in filters was designed and built based on the adopted 
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requirements. The device was tested on various air filters in a compression 
ignition engine. The results revealed that the proposed device meets expectations 
and correctly measures air pressure in front of and behind an air filter in  
a compression ignition engine. An analysis of test results confirmed the presence 
of a correlation between various types of filters and filter wear. A standard air 
filter with a mileage of 20,000 km added the greatest resistance to air flow.  
At engine speed of 800 rpm, air flow resistance was very high at 0.5 (±0.2) kPa.  
The operation of an idling engine was disrupted and rough when the most 
worn filter was installed. The remaining filters did not generate such problems.  
The results of this study indicate that high-performance air filters for motor 
sports are not always characterized by lower air flow resistance than standard 
filters. The proposed device and the described research methodology can be 
used to measure air flow resistance generated by air filters in motor vehicles. 
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A b s t r a c t

The aim of this study was to determine the effects of sonication (S), convective freezing (F), 
convective freezing preceded by sonication (SF) as well as cryogenic freezing (N) on the osmo-
microwave-vacuum drying kinetics, energy usage and properties of dried cranberries such as 
moisture content, moisture diffusion, water activity, density, porosity, thermal conductivity, thermal 
diffusivity, volumetric heat capacity, lightness, redness, yellowness, total differences in color, 
saturation and hue, hardness, cohesiveness, springiness and chewiness. Osmo-microwave-vacuum 
drying of cranberries took from 13.5 to 16.0 min. All initial treatments increased the moisture 
diffusivity and thus reduced the drying time. The most energy effective method was osmo-microwave-
vacuum drying preceded by sonication (S) of fruits. Osmo-microwave-drying of cranberries subjected 
to convective freezing preceded by sonication (SF) resulted in the highest lightness (32.5 ± 0.5), 
redness (33.9 ± 0.7) and yellowness (11.3 ± 0.5) of fruits, as well as the lowest cohesion (the lowest 
resistant to stress associated with manufacturing, packaging, storage, and delivery). The lowest  
hardness, i.e. 12.3 ± 0.4 N and the highest cohesiveness and springiness, i.e. 0.38 ± 0.02 and  
0.74 ± 0.03 of dried fruits, were noted for berries subjected to initial cryogenic freezing (N). Cryogenic 
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freezing (N) combined with osmo-microwave-vacuum drying resulted in the largest color changes 
of fruits and the highest thermal conductivity. Sonicated and convectively frozen (SF) fruits were 
characterized by the highest thermal diffusivity. Sonication (S), convective freezing (F) and their 
combination (SF) significantly reduced the volumetric heat capacity of cranberry fruits.

Introduction

Cranberry fruit is a rich source of bioactive compounds with antioxidant 
properties (zielinsKa et al. 2017). High moisture content, seasonality, production 
scale, as well as consumer preferences cause that they are often preserved by 
drying (zielinsKa,	MarKoWsKi 2018). Recently, they have become of interest 
to the food producers as they may constitute valuable ingredients to cookies, 
cakes, cereals, sauces and salads due to the presence of anthocyanins and their 
antioxidant activity (beauDry et al. 2003). 

As the natural waxy layer on the surface of cranberry fruits acts as a barrier 
to heat and mass transfer, convective drying of cranberries is time-consuming 
and generates high demands for energy and operational costs. In addition, high 
temperature may decrease the content of thermolabile compounds and their 
antioxidant properties. Osmotic dehydration, which consists of immersion of fruits 
into a concentrated sugar solution, for example, may significantly slow down  
the rate of moisture removal during convective drying of cranberries (graboWsKi 
et al. 2002). Microwave-assisted drying of cranberries may provide an alternative 
to convective drying (Wray,	raMasWaMy 2013, 2015, sTaniszeWsKa et al. 
2019, 2020, zielinsKa et al. 2018a, 2018b, 2019, zielinsKa,	zielinsKa 2019). 
Microwave dielectric heating results from the ability of a given reagent to absorb 
the energy assigned to microwave radiation and its conversion into thermal 
energy. This heating, caused by the electrical component of electromagnetic 
radiation, occurs through the rotation of dipole molecules and ionic conductivity 
(noWaK,	KoWalsKa 2007). The vacuum lowers the boiling point of water.  
The temperature inside the dried particles is higher than that on the surface  
of the product. It may lead to an increase in the partial pressure that drives  
the evaporating water to the outer layer. The gradient between a vapor pressure 
in the center of the material and its surface results in high drying rates (zheng 
et al. 2003). The advantages of microwave-vacuum drying include short drying 
time, explosion puffing of fruits and vegetables and high quality of the final 
product (zielinsKa et al. 2019, zielinsKa,	zielinsKa 2019). 

Due to the natural waxy layer on the fruit surface, cranberries require special 
treatment to increase the permeability of the surface layer to heat and moisture 
transfer (noWaK et al. 2019). Convective freezing of the material before drying 
may increase the efficiency of drying due to the reduction of skin thickness and 
then reduction of the mechanical resistance of the surface layer (zielinsKa  
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et al. 2015). Since the amount of water that migrates from the cells to intercellular 
space is minimal, cryogenic freezing reduces damage to the tissue structure 
(zielinsKa et al. 2019). Sonication also performed at a frequency between  
18 and 100 kHz and intensity higher than 1 W/cm2 can be used to influence 
food products containing water by inducing microcavitation in their structure, 
which may result in the so-called sponge effect, i.e. the creation of microchannels 
that improve heat and mass transfer between the cells and their environment 
(sTaniszeWsKa et al. 2019). Berries can also be subjected to osmotic dehydration 
before drying (siucinsKa et al. 2016a, 2016b). Osmotic dehydration allows for 
removing water from raw material. When properly conducted, i.e. with the 
use of an appropriate osmotic substance, immersion time, temperature and 
the ratio of the mass of the solution to the mass of the material, it also allows 
maintaining the nutritional and sensory values of the preserved food (correa 
et al. 2016, KoWalsKa et al. 2016, zielinsKa,	MarKoWsKi 2018). Osmotic 
dehydration significantly affects the structure of the dehydrated product, because 
the dehydrated cells can shrink and may even be destroyed by treating them with 
osmotic solutions of high concentrations. The advantages of osmotic dehydration 
include a reduction of enzymatic browning, nonenzymatic browning, inhibition 
of polyphenol oxidase activity, retention of volatile components, reduction  
of the product’s water activity (and thus inhibition of microbial growth), 
enrichment of the material with nutrients from the osmotic solution, extension 
of product shelf life, improvement of the quality food products such as organoleptic 
properties, etc. (czaJKoWsKa et al. 2016). However, this process is time-consuming 
and dehydrated material still needs to finish drying. 

There is a scarce knowledge on the effect of sonication and freezing on  
the osmo-microwave-vacuum drying kinetics and quality of waxy fruits, 
particularly cranberries. Therefore, the objective of this study was to investigate 
the effects of sonication (S), convective freezing (F), convective freezing 
preceded by sonication (SF) and cryogenic freezing (N) on the osmo-microwave- 
-vacuum (OM) drying kinetics, energy usage as well as color, mechanical and 
thermophysical properties of cranberries. To compare, raw fruits (R) without any 
treatment were also subjected to osmo-microwave-vacuum (OM) drying. Among 
the properties of dried cranberries, moisture content, moisture diffusion, water 
activity, density, porosity, thermal conductivity, thermal diffusivity, volumetric 
heat capacity, lightness, redness, yellowness, total differences in color, saturation 
and hue, hardness, cohesiveness, springiness and chewiness were analyzed.  
The results of this study can help producers and suppliers of dried berries  
as well as manufacturers of equipment used to process cranberry fruits.
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Materials and methods

Material and initial treatments

Fresh cranberries (Vaccinium macrocarpon L.) were obtained from a local farm 
(Lublin region, Poland). Fresh fruits were free from any diseases and discoloration. 
They were similar in freshness and size. Raw cranberries were packed  
in plastic containers and stored in a refrigerator (2 ± 2°C) for up to two weeks. 
The initial moisture content of fresh fruits was about 7.49 ± 0.02 kg H2O/kg DM.  
Whole cranberries of a mass of 0.250 ± 0.003 kg were subjected to different 
initial treatments: sonication (S), convective freezing (F), convective freezing 
preceded by sonication (SF) as well as cryogenic freezing (N). Pre-treated fruits 
were subjected to osmo-microwave-vacuum drying (OM). The control sample 
was composed of non-treated, raw (R) cranberries.

Sonication (S) at a frequency of 25 ± 5 kHz and ultrasound power of 600 W 
was conducted for 10 minutes in a water bath filled with 1 dm3 of distilled water 
using an ultrasonic disruptor Scientz-650E (Ningbo Scientz Biotechnology Co. 
Ltd., Zhejiang, China).

Convective freezing (F) was conducted in Liebherr GR 4932 freezer (Liebherr-
Hausgeräte GmbH, Ochsenhausen, Germany) for 24 h at a temperature of −18°C. 
Approximately 3 h before dehydration, frozen cranberries were thawed on a tray 
at room temperature to reach equilibrium temperature (21 ± 1°C). 

Cryogenic freezing (N) was conducted in a styrofoam container filled with 
liquid nitrogen for 1 min. The boiling point of liquid used for the freezing 
experiment was −196°C. Cryogenic freezing was considered to be completed 
when the evaporation of liquid nitrogen was no longer observed. After cryogenic 
freezing (N), cranberries were removed from the container and left for 3 h  
to reach ambient temperature. 

All of the initial treatments were conducted in triplicate.

Dehydration process

Pre-treated whole cranberries were subjected to osmo-microwave-vacuum 
drying (OM). Osmotic dehydration of whole cranberries was conducted  
in a bath (EMAG Emmi 20 HC, EMAG AG, Moerfelden-Walldorf, Germany) 
filled with a sucrose solution. The concentration of sucrose solution was 65°Brx.  
Raw (non-treated) and pre-treated cranberries were dehydrated at room 
temperature (20°C) and atmospheric pressure for 6 h. The sample to solution 
ratio was 1:4. After completion of the osmotic dehydration, samples were rinsed 
and blotted with tissue paper. Osmotic dehydration experiments were conducted 
in triplicate.
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After osmotic dehydration, the fruits were dried in a microwave-vacuum dryer 
(PROMIS TECH, Wroclaw, Poland) at a microwave power of 300 W and absolute 
pressure of 5 ± 1 kPa. The mass of the sample used in each drying experiment 
was 0.200 ± 0.003 kg. Microwave-vacuum drying was stopped when the surface 
temperature of fruits increased to 80ºC. The microwave-vacuum dryer (Promis 
Tech, Wroclaw, Poland) was equipped with a pyrometer to measure the surface 
temperature of cranberries. The drying experiments were conducted in duplicate. 

The moisture content (MC) of cranberries was measured by a DZ ZBC II 
vacuum drying oven (Chemland, Stargard Szczeciński, Poland) according to 
the standard (aoac, 2002). The oven temperature was set at 70°C (13.3 kPa) 
and the heating time was 24 h. The result was the mean of two replications. 
Water activity (aw) was measured using the Aquaspector AQS-31-TC (NAGY, 
Gaufelden, Germany). The result was the mean of two replications. 

The coefficient of moisture diffusion was determined from the equation (1) 
assuming constant values of the effective moisture diffusion coefficient and fruit 
shape as well as considering initial (2) and boundary conditions (3) (zielinsKa,	
MarKoWsKi 2018):

 
𝑢𝑢(𝜏𝜏) − 𝑢𝑢𝑟𝑟
𝑢𝑢0 − 𝑢𝑢𝑟𝑟

=  6
п2 ∙ ∑ 1

𝑛𝑛2

∞

𝑛𝑛=1
exp (−𝑛𝑛2 ∙ 𝑛𝑛2 ∙

𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝜏𝜏
𝑅𝑅2 )  (1)

 𝑢𝑢(𝑡𝑡 = 0, 𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝑢𝑢0  (2)

 𝑡𝑡 > 0 → 𝑢𝑢(𝑡𝑡, 𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝑢𝑢𝑟𝑟  (3)
where:

u(τ) – indicates the moisture content at a particular drying time τ  
[kg H2O/kg DM], 

ur – indicates the equilibrium moisture content [kg H2O/kg DM], 
u0 – indicates the initial moisture content [kg H2O/kg DM], 
n – indicates the number of measurements [–], 
Deff – indicates the effective moisture diffusivity [m2/s], 
τ – indicates drying time [s], 
R – indicates the radius of a sphere [m].

The energy consumption during drying was measured using the energy meter 
(MPR-53/EPM-07, model MPR-53S, ENTES Elektronik Cihazlar Imalatve 
Ticaret A.S., Istanbul, Turkey). The specific moisture extraction rate (SMER) 
was expressed as follows (schMiDT et al. 1998):

 SMER = 
𝑀𝑀𝑚𝑚𝑚𝑚
𝐸𝐸input

  (4)
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where:
Mmr – indicates the mass of moisture removed from the dried material  

[kg H2O], 
Einput – indicates the energy input [kWh]. 

Quality assessment

Color was measured with a spectrophotometer (Hunterlab MiniScan XE Plus, 
Reston, VA, USA) under standard illuminant D65, 10° observer and 8° diaphragm. 
The spectrophotometer cooperated with the MultiScan v.11.06 software. The color 
of fruits was expressed in CIE L*a*b* space, where the achromatic component L*,  
as well as two chromatic components a*, and b* denoted lightness, redness and 
yellowness, respectively. The color of cranberries was measured directly on the 
fruit surface. The total changes in color (ΔE*), saturation (ΔC*) and hue (ΔH*)  
during processing were calculated according to the formulas presented  
in the literature (zielinsKa,	MarKoWsKi 2012). The results were averaged over  
32 measurements.

The overall appearance was evaluated based on the macrographs of the fruit 
surface. The macrographs were obtained using a digital camera (Sony DSC-HX50, 
Sony Corporation, Tokyo, Japan).

Texture profile analysis was performed using a TA-HD plus texture analyzer 
(Stable Micro Systems, Godalming, UK). Mechanical properties of fruits were 
automatically computed using Texture Exponent Stable Micro Systems v.6.1.11 
texture-analyzing software. Hardness was defined as the maximum force 
measured during the first compression. Cohesiveness was defined as the ratio 
of the area during the second compression of the sample to the area of   the first 
sample compression. Springiness was defined as the ratio of time from the start 
of the second area up to the second probe reversal over time between the start  
of the first area and the first probe reversal. Chewiness was defined as 
the product of hardness, cohesiveness and springiness (chong et al. 2014).  
The results were averaged over 15 measurements.

Particle density (ρp) was measured using the hydrostatic method and 
calculated using the following formula (rahMan 1995): 

 𝜌𝜌𝑝𝑝 =
𝑚𝑚𝑝𝑝

𝑚𝑚𝑝𝑝 − 𝑚𝑚𝑤𝑤 ∙ 𝜌𝜌𝑤𝑤  (5)

where: 
ρp – indicates particle density [kg/m3], 
ρw – indicates water density [kg/m3], 
mw – indicates the mass of sample immersed in water [kg],
mp – indicates the mass of sample in the air [kg].
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The true density of cranberries was measured with a pycnometer. Cranberries 
were dried at 70°C (13.3 kPa) for 24 h in the vacuum drying oven DZ ZBC II 
(Chemland, Stargard Szczeciński, Poland) according to the standard (aoac, 
2002) and ground in a laboratory mill. A sample mass of approximately 0.002 kg  
was used in each experiment. The mass of the sample was measured using 
an electronic balance (RADWAG, WPS 4000/C/2, Radom, Poland). Non-water 
miscible liquid (xylene) and a calibrated glass pycnometer with an estimated 
volume of 50 ml (LG-3838-3658, Chemland Ltd., Poland) were used. The density 
of xylene was determined at 864 ± 1 kg/m3. The true density of fruits (6) and 
volumetric shrinkage (7) were calculated according to the formulas presented 
in the literature (zielinsKa et al., 2015):

 𝜌𝜌𝑇𝑇 = 864 ∙  (𝑊𝑊3 −  𝑊𝑊1)
𝑊𝑊2 + (𝑊𝑊3 − 𝑊𝑊1) −  𝑊𝑊4

  (6)

where:
ρT  – indicates true density [kg/m3],
W1 – indicates the mass of an empty pycnometer [kg], 
W2 – indicates the mass of the pycnometer filled with the non-solvent [kg], 
W3 – indicates the total mass of the pycnometer and the sample [kg], 
W4 – indicates the total mass of the pycnometer, the non-solvent and  

the sample [kg].

The volumetric shrinkage (SV) was calculated according to the following 
formula (zielinsKa et al. 2015):

 𝑆𝑆𝑉𝑉 = (1 −
𝑉𝑉(𝜏𝜏)
𝑉𝑉0

) ∙ 100%  (7)

where:
SV – indicates volumetric shrinkage [%], 
V0 – indicates the initial volume of the sample [m3], 
V(τ) – indicates the volume of the sample at a particular drying time τ [m3].

Apparent porosity (εap) was calculated from the following formula (noWaK 
et al. 2019):

 𝜀𝜀𝑎𝑎𝑎𝑎 = (1 −
𝜌𝜌𝑎𝑎
𝜌𝜌𝑇𝑇
) ∙ 100%  (8)

where: 
εap – indicates apparent porosity [%], 
ρp – indicates particle density [kg/m3], 
ρT – indicates true density [kg/m3].

Thermal conductivity (λ), thermal diffusivity (α) and volumetric heat capacity (CV)  
of cranberries were determined using a thermal analyzer (KD2 Pro meter, 
Decagon Devices, Pullman, USA) with a dual-needle SH-1 sensor. The dual-needle 
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sensor was inserted into the fruits (zielinsKa et al. 2018a). The measurements 
were performed in five replicates.

The calculations were done using STATISTICA 12.0 software (StatSoft Inc., 
Tulsa, OK, USA). One-way ANOVA analysis (Duncan’s test) was performed 
for samples with a normal distribution (p ≤ 0.05). The analysis of variance for 
independent samples (Kruskal-Wallis’s test) was carried out for samples without 
a normal distribution (p ≤ 0.05). 

Results and discussion

Osmo-microwave-vacuum drying of cranberries took from 13.5 to 16.0 min 
(Fig. 1). The longest drying time was recorded for non-treated samples (R). Osmo- 
-microwave-vacuum drying of raw (non-treated) cranberries was longer by 33% 
than microwave-vacuum drying of whole fruits, while osmo-microwave-vacuum 
drying of fruits subjected to S, F and SF treatment was shorter by 7%, 4% and 
3% than microwave-vacuum drying of whole fruits (sTaniszeWsKa et al. 2019). 
There were no significant differences between the drying times of microwave- 
-vacuum and osmo-microwave-vacuum cryogenically frozen fruits (sTaniszeWsKa 
et al. 2019). The initial moisture content (MCI) of osmotically dehydrated fruits 
that were not subjected to any additional treatment was 7.61 ± 0.02 kg H2O/kg DM.  
The use of N, S, F and SF treatments reduced MCI of fruits by 28%, 9%, 3% 
and 3%, respectively (Fig. 1). The highest moisture losses were observed during 
osmotic dehydration of cryogenically frozen berries. They could be attributed  
to the considerable skin ruptures. However, initial cryogenic freezing (N) reduced 
osmo-microwave-vacuum drying time only by 9%. Sonication (S) and convective 
freezing (F) intensified the moisture removal during drying and resulted in the 
shortest osmo-microwave-vacuum drying time, i.e. 13.5 min. The reason could be 
severe damage to the cranberry’s microstructure during convective freezing (F)  
and rupture of the berry fruit surface due to high-frequency ultrasound (S) 
treatment (sToJanovic,	silva 2007, zielinsKa et al. 2018a).

In the present study, the specific moisture evaporation rate of drying (SMER) 
ranged from 2.98 ± 0.02 to 4.54 ± 0.02 kg H2O/kWh (Fig. 1). SMER of osmo- 
-microwave-vacuum drying of non-treated fruits (R) was 4.40 ± 0.02 kg H2O/kWh.  
SMER of osmo-microwave-vacuum drying of initially sonicated (S) fruits was 
significantly higher than that of osmo-microwave-vacuum drying of raw (R) 
fruits dried without any initial treatment. It indicates that for the same energy 
input sonication allowed to evaporate a greater amount of moisture than from 
non-treated berries. The changes in SMER values are related to the changes  
in the local temperature of the whole cranberries during microwave-vacuum 
drying (sTaniszeWsKa et al. 2019). The results indicated the lowest changes  
in the local temperature of the material during osmo-microwave-vacuum 
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drying of sonicated (S) fruits. On the other hand, osmo-microwave-vacuum 
drying of convectively frozen (F) berries was characterized by the highest 
energy consumption used for moisture evaporation. SMER of osmo-microwave- 
-vacuum drying of berries subjected to initial freezing (F) was significantly lower  
(by 32%) than SMER of osmo-microwave-vacuum drying of fruits without 
any initial treatment (R). The study on the effectiveness of initial treatments  
on the improvement of SMER of osmo-microwave-vacuum drying showed the best 
results for sonication (S). There were no significant differences between SMER  
of osmo-microwave-vacuum drying of cryogenically frozen (N) and non-treated (R) 
fruits. Convective freezing preceded by sonication (SF) and convective freezing 
alone (F) decreased SMER of osmo-microwave-vacuum drying and thus reduced 
the energy efficiency of drying compared to osmo-microwave-vacuum drying 
of fruits without any initial treatment (Fig. 1). However, SMER of microwave- 
-vacuum drying of convectively frozen (F) cranberries was 54% higher than SMER  
of osmo-microwave-vacuum drying of cranberry fruits (sTaniszeWsKa et al. 2019). 
This indicated that microwave-vacuum drying of convectively frozen (F) fruits 
was much more energy-efficient than osmo-microwave-vacuum drying. Osmo- 
-microwave-vacuum drying of raw (R), sonicated (S), sonicated and convectively 

abcd – the same letters in columns mean no statistical differences between samples (p ≤ 0.05); 
Symbols: MC – moisture content [kg H2O/kg DM], t – time [min], SMER – specific moisture 
evaporation rate during microwave-vacuum drying at a microwave power of 300 W [kg H2O/kWh], 
R – raw (non-treated), S – sonication, F – convective freezing, SF – sonication combined with 
convective freezing, N – cryogenic freezing, OM – osmo-microwave-vacuum drying

Fig. 1. Changes in moisture contents vs. drying times and specific moisture evaporation rates 
during osmo-microwave-vacuum drying of non-treated and pre-treated cranberries
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frozen (SF) as well as cryogenically frozen (N) cranberries was more effective 
than microwave-vacuum drying of fruits (sTaniszeWsKa et al. 2019). 

The effective moisture diffusivity (Deff) of whole cranberries was significantly 
influenced by the pre-treatments (Tab. 1). The values of Deff of osmo-microwave- 
-vacuum dried cranberries ranged from 2.83 ± 0.02 to 5.09 ± 0.02 × 10-9 m2/s. 
Convective freezing (F), sonication (S), their combination (SF) as well as cryogenic 
freezing (N) increased the moisture diffusivity of fruits and shortened the drying 
time. The highest Deff value was noted for samples subjected to convective freezing (F)  
(Tab. 1). Among different pre-treatments, cryogenic freezing (N) resulted  
in the lowest increase in Deff values of dried fruits. The reason can be the freeze- 
-cracking of cranberry fruits when subjected to a very high freezing rate and/or  
a very low freezing temperature (zielinsKa et al. 2019). 

Osmo-microwave-vacuum drying produced berries of water activity (aw) lower 
than the critical value (aw ≤ 0.6), which limit the growth of microorganisms 
(yogenDraraJah et al. 2015) (Tab. 1). 

Particle density (ρp) of berry fruits decreased significantly during osmo- 
-microwave-vacuum drying, while their particle porosity (εap) increased (Tab. 1). 
The reason for this can be a “puffing effect”, which resulted in the concentration 
of dry matter components and an increase in the number of pores (Figiel 2009). 
Osmo-microwave-vacuum dried samples subjected to convective freezing (F) and 
sonication combined with convective freezing (SF) were characterized by the 
highest porosity, i.e. 89% ± 1%. Osmo-microwave-vacuum dried samples subjected 
to initial cryogenic freezing (N) were characterized by the lowest porosity, i.e. 
81% ± 5%, and the highest density, i.e. 263% ± 68 kg/m3. However, convective 
freezing (F) and convective freezing combined with sonication (SF) resulted 
in significantly lower (19% and 21%, respectively) density of osmo-microwave- 
-vacuum dried cranberries than that dried without any initial treatment (R).  
The results are consistent with published data (noWaK et al. 2019). Most probably, 
the formation of ice crystals during slow mechanical freezing and further thawing 
of fruits resulted in a significant change in the fruit structure, with severe 
cell damage, water loss, density decrease and porosity increase (noWaK et al. 
2019). There was no significant effect of the pre-treatments on the volumetric 
shrinkage of osmo-microwave-vacuum dried cranberries (Tab. 1).

Osmo-microwave-vacuum drying significantly decreased thermal conductivity (λ)  
and volumetric heat capacity (CV), as well as significantly increased thermal 
diffusivity (α) of cranberry fruits (Tab. 1). Lower values of thermal conductivity (λ) 
of dried cranberries resulted from a significant decrease in moisture content and  
a significant increase in porosity of fruits (thermal conductivity and volumetric heat 
capacity of water are much higher than other food constituents, such as proteins,  
fat, carbohydrates) (zielinsKa et al. 2018a). The values of λ, α and CV of osmo- 
-microwave-vacuum dried cranberries subjected to initial treatments ranged from 
0.061 ± 0.006 to 0.083 ± 0.002 W/mK, from 1.23 ± 0.04 to 1.60 ± 0.08 × 10-7 m2/s  
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and from 0.482 ± 0.034 to 0.602 ± 0.017 MJ/m3K, respectively. Osmo-microwave- 
-vacuum drying of fruits combined with cryogenic freezing (N) resulted in 20% 
higher values of thermal conductivity than osmo-microwave-vacuum drying  
of berries without any initial treatment (Tab. 1). Osmo-microwave-vacuum 
drying combined with sonication and convective freezing (SF) produced berries  
of the highest thermal diffusivity i.e. 1.60 ± 0.08 × 10-7 m2/s. Osmo-microwave- 
-vacuum drying preceded by S, F or SF treatments resulted in significantly lower 
(up to 18%) values of volumetric heat capacity of fruits than osmo-microwave- 
-vacuum drying of berries without any initial treatment (Tab. 1). 

The color of dried cranberries was significantly affected by drying and pre- 
treatment methods (Figs. 2a and 2b). Osmo-microwave-vacuum drying of non- 
-treated berries caused a decrease in lightness (L*), redness (a*) and yellowness (b*)  
of fruits by 16%, 17% and 51%, respectively (Fig. 2a). Osmo-microwave-vacuum 
drying preceded by any initial treatment used in this study resulted in lighter, 
more red and more yellow fruits than osmo-microwave-vacuum drying without 
any initial treatment. Convective freezing, both alone (F) and in combination 
with sonication (SF), significantly increased a* and b* of osmo-microwave-vacuum 
dried fruits (Figs. 3a, 3d and 3e). As the color of cranberries is determined mostly 
by the content of monomeric anthocyanins (mainly peonidin-3-O-galactoside 
and cyanidin-3-O galactoside) and yellow flavonoids, it is expected that osmo- 
-microwave-vacuum drying of convectively frozen fruits, both alone (F) and  
in combination with sonication (SF), will result in a high antioxidant activity  
of fruits (zielinsKa et al. 2018b). The lowest total changes in color (∆E*) and hue (∆H*)  
were observed during osmo-microwave-vacuum drying of fruits subjected to 
convective freezing preceded by sonication (SF) and they were 2.6 ± 0.9 and 
3.5 ± 0.8, respectively (Fig. 2b). Osmo-microwave-vacuum drying of fruits subjected  
to convective freezing preceded by sonication (SF) produced berries of the highest L*  
(32.5 ± 0.5), a* (33.9 ± 0.7), and b* (11.3 ± 0.5) values. The values of L*, a*, and b* 
of fruits subjected to convective freezing preceded by sonication (SF) were even 
higher than that   achieved by raw (non-treated) berries (31.1 ±  0.3, 22.5 ± 0.6 and 
8.4 ± 0.4) (Fig. 2a). The reason for this may be that ice crystals formed during 
convective freezing (F) destroyed the structure of the fruits and resulted in  
a greater release of berry juice, which could have influenced color intensification 
(zielinsKa,	zielinsKa 2019).

However, the lowest total color change (∆E*) indicated that osmo-microwave- 
-vacuum drying of cranberries subjected to initial SF treatment produced berries 
of the most similar color to the raw (R) fruits (Figs. 3a and 3e). The lowest L*,  
a*, and b* parameters were achieved by non-treated cranberries subjected  
to osmo-microwave-vacuum drying (ROM) (Fig. 2a). Samples subjected to cryogenic 
freezing (N) were characterized by the highest values of ∆E* and ∆H*, i.e. 
14.9 ± 0.7 and 15.6 ± 1.4, respectively (Fig. 2b). The results indicate that cryogenic 
freezing (N) combined with osmo-microwave-vacuum drying resulted in the 
greatest changes in sample color (Fig. 3a and 3f ). 
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The values of hardness (H), chewiness (Ch), cohesiveness (C) and springiness 
(Sp) of cranberries subjected to different pre-treatments and osmo-microwave- 
-vacuum drying are shown in Figures 4a and 4b. Hardness (H), chewiness (Ch), 
cohesiveness (C) and springiness (Sp) of raw (R) non-dried fruits were 63.7 ± 2.5 N,  
10.2 ± 0.8 N, 0.23 ± 0.01 and 0.71 ± 0.01, respectively (zielinsKa et al. 2019).  

abcd – the same letters in columns mean no statistical differences between samples (p ≤ 0.05); 
* – data obtained from the outside source (zielinsKa,	zielinsKa 2019); 
Symbols: L* – lightness [-], a* – redness [-], b* – yellowness [-], ΔE* – total color difference [-],  
ΔC* – total saturation difference [-], ΔH* – total hue difference [-], R – raw (non-treated),  
S – sonication, F – convective freezing, SF – sonication combined with convective freezing,  
N – cryogenic freezing, OM – osmo-microwave-vacuum drying

Fig. 2. Color parameters and total differences in color, saturation and hue between raw  
(non-treated) and pre-treated cranberries subjected to osmo-microwave-vacuum drying:  

a – lightness, redness and yellowness, b – total color difference, total saturation difference  
and total hue difference
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Fig. 3. The overall appearance of: a – raw cranberries (R), b – raw (non-treated) fruits  
subjected to osmo-microwave-vacuum drying (ROM), c – fruits subjected to sonication  
and osmo-microwave-vacuum drying (SOM), d – fruits subjected to convective freezing  
and osmo-microwave-vacuum drying (FOM), e – fruits subjected to sonication combined  

with convective freezing and osmo-microwave-vacuum drying (SFOM),  
f – fruits subjected to cryogenic freezing and osmo-microwave-vacuum drying (NOM) 
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Osmo-microwave-vacuum drying of non-treated fruits significantly decreased 
their hardness and increased their cohesiveness by 47% and 39%, respectively.  
Osmo-microwave-vacuum drying did not affect the chewiness or springiness  
of fruits. 

Hardness, chewiness, cohesiveness and springiness of dried cranberries 
ranged from 12.3 ± 0.4 to 33.9 ± 0.3 N, from 3.2 ± 0.4 to 8.1 ± 0.8 N, from  
0.19 ± 0.01 to 0.38 ± 0.02 and from 0.62 ± 0.02 to 0.74 ± 0.03, respectively (Fig. 4). 

abcd – the same letters in columns indicate no statistical differences between samples (p ≤ 0.05);
* – data obtained from the outside source (zielinsKa et al. 2019); 
Symbols: H – hardness [N], Ch – chewiness [N], C – cohesiveness [-], Sp – springiness [-], R – raw 
(non-treated), S – sonication, F – convective freezing, SF – sonication combined with convective 
freezing, N – cryogenic freezing, OM – osmo-microwave-vacuum drying

Fig. 4. The values of: a – hardness and chewiness, b – cohesiveness and springiness of raw  
(non-treated) and pre-treated cranberries subjected to osmo-microwave-vacuum drying
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All of the initial treatments significantly reduced the hardness and chewiness  
of osmo-microwave-vacuum dried cranberries. Cryogenic freezing (N) 
combined with osmo-microwave-vacuum drying of whole cranberries produced 
dried fruits with the highest springiness (Sp) and the lowest chewiness (Ch). 
This can be applied to produce soft dried fruits eaten together with cereals. 
Sonication combined with convective freezing (SF) and osmo-microwave-vacuum 
drying produced cranberries of the lowest chewiness (Ch), cohesiveness (C)  
and springiness (Sp). This proves that SF treatment, combined with osmo-
microwave-vacuum drying can be applied to produce dried healthy crispy 
snacks. On the other hand, sonication combined with convective freezing (SF) 
resulted in a significantly lower (0.19 ± 0.01) cohesiveness (C) of dried fruits than 
convective freezing (F) alone (0.35 ± 0.01) (Fig. 4b). The results show that products 
of high cohesiveness are more attractive and they have more desired sensory 
properties than fruits of low cohesiveness. Convective freezing (F) combined with 
osmo-microwave-vacuum drying can thus be recommended for the production  
of berries with high resistance to stress associated with manufacturing, 
packaging, storage and delivery. 

Summary

All of the initial treatments used in the present study significantly affected 
the drying curves, times and energy usage as well as the color, mechanical 
and thermophysical properties of osmo-microwave-vacuum dried cranberries. 
Osmo-microwave-vacuum drying of cranberries took from 13.5 to 16.0 min.  
All pre-treatments increased the moisture diffusivity of fruits and thus reduced 
the drying time. Convective freezing (F) and sonication (S) resulted in the greatest 
increase in the moisture diffusivity of dried fruits and, thus, the shortest drying 
time, i.e. 13.5 min. Pre-treatments significantly influenced energy consumption 
during osmo-microwave-vacuum drying. Sonication (S) resulted in the lowest 
energy input required for moisture evaporation during osmo-microwave-vacuum 
drying of berries. Despite the same drying time, osmo-microwave-vacuum drying 
of cranberries subjected to sonication (S) was much more energy-efficient than 
that subjected to convective freezing (F). Nevertheless, convective freezing (F)  
and convective freezing combined with sonication (SF) gave good results in terms 
of the color of dried fruits. Convective freezing in combination with sonication (SF)  
significantly reduced total color changes (ΔE*) during drying. It then 
improved the color of dried cranberries and produced berries with the highest 
lightness, redness and yellowness. Their color was most similar to the color 
of fresh fruits. Sonication combined with convective freezing (SF) and osmo- 
-microwave-vacuum drying also allowed to produce cranberries with the lowest 
chewiness, cohesiveness and springiness and, thus, can be recommended for  
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the production of dried crispy snacks. However, SF berries will be less resistant  
to stress associated with manufacturing, packaging, storage and delivery than 
non-treated (R), sonicated (S), convective frozen (F) and cryogenic frozen (N) 
fruits with higher cohesion values. Cranberries subjected to sonication (S), 
convective freezing (F) and convective freezing combined with sonication (SF) were 
characterized by lower volumetric heat capacity than berries dried without any 
initial treatment. In addition, sonication combined with convective freezing (SF)  
and osmo-microwave-vacuum drying produced berries with the highest thermal 
diffusivity. Among different initial treatments, cryogenic freezing (N) combined 
with osmo-microwave-vacuum drying allowed producing dried fruits with  
the highest values of density and thermal conductivity. It also produced berries 
of good quality in terms of mechanical properties, i.e. high springiness and low 
chewiness. However, it resulted in the biggest changes in the color of dried fruits. 
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A b s t r a c t

The article analysis the effect of exposure to ultraviolet light on the hardening process  
of the model made in the SLA technology. Research samples were created with the SLA additive 
technique using a 10s exposure time. In this experiment, the change in item hardness and den-
sity over a 96-hour period was analysed. Light exposure time for details of an item made in SLA 
technology results in an increase in hardness. At the same time are observed, changes in density 
and stabilization of both parameters with increasing exposure time to UV light.
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Introduction

Continuous progress and demand for manufacturing unique or short-series 
items have led to the development of incremental manufacturing techniques. 
These technologies consist of producing an item by applying one layer after 
another and bonding them to create the whole model. One of these methods 
is 3D stereolithographic printing technology or “SLA” for short. This is a new 
technology that is being used increasingly extensively. It was developed in the 
early 1980s by Hideo Kodama, a Japanese researcher, who invented it and 
created the first model based on stereolithography. For this purpose, he used 
ultraviolet light to cure photosensitive polymers (barTolo, gibson 2011,  
The Ultimate Guide… 2017). Since then, there have been rapid developments in 
the field of positioning and control. This allowed for improvements in this method 
and the creation of 3D printers for printing models from light-curing polymers. 

Stereolithography (SLA) is becoming an increasingly popular low-budget 
additive manufacturing technology. It has gained particular recognition among 
artists and engineers as it provides excellent dimensional accuracy and good 
overall quality of the item compared to its direct and most popular competitor, 
fused deposition modelling (FDM) (reDWooD et al. 2017, schMiDleiThner,	
KalasKar 2018). Despite the early invention of the first 3D printers (hull 1998), 
SLA was not as successful as FDM printers, due to the high cost of consumables, 
their low availability and durability. At present, multiple problems have been 
solved and many manufacturers have a wide offer of SLA printing resins for 
various applications. As a result, models produced with this technology are 
being increasingly used for mechanical applications due to competitive prices 
(cosMi, Dal Maso 2020, MałeK et al. 2019).

In SLA technology, an item is produced by bonding successive layers by 
selective curing of the liquid photopolymerising resin with an actuator in the 
form of an oriented light wave. The generated light polymerizes a specific network 
of points forming a model. The liquid material fills a fixed container whose size 
depends on the working area of the printer. The bottom of the container is formed 
by a film with a low absorption coefficient. The first layer of the model is fixed 
to a moving working platform moving in the Z-axis in the direction opposite  
to gravity. During the whole process, the model is partially immersed in liquid 
resin at a depth of several millimetres. The immersion is limited by the size  
of the tank and the amount of resin needed for the process.

Once an individual layer is cured, the printing platform is lifted, which 
allows the next layer to be peeled off the transparent bottom and fill the space 
between the light actuator and the already formed layer of the growing model. 
This process is time-consuming and causes the formation of adhesion forces which 
may damage the part, hence the need for careful choice of model manufacturing 
orientation and modelling the support to allow for proper model growth (liravi 
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et al. 2015, Melchels et al. 2010, Pan et al. 2017, Wang et al. 2018). Greater 
mechanical strength is achieved by curing by treating the manufactured part 
with light with a wavelength initiating the photopolymerisation at the end of 
the printing process (sun et al. 2008, zguris 2016). The main advantages of 
stereolithography-based production in comparison with other low-budget 3D 
printing technologies, e.g. FDM, include high dimensional accuracy, low roughness 
of the model surface, higher printing speed and isotropic material behaviour 
(cosMi, Dal	Maso 2020).

In addition, the resins used in the manufacturing process are characterised 
by a wide range of visible light permeability, which enables their use in optics. 
The finished models can be subjected to additional mechanical processing.

As in most additive technologies, and also in SLA, the models may become 
distorted during manufacturing, which is, however, insignificant for most types 
of resins and occurs almost exclusively in the final phase of lighting the finished 
model (Fuh et al. 1997, Jacobs 1992). Some applications preparing a model for 
SLA manufacturing can predict and compensate for this uniform contraction 
of the polymerised material (huang et al. 2015). Moreover, SLA parts are not 
porous but waterproof. This guarantees much more control over the internal 
geometry, mass properties and general characteristics of the printed materials 
(gibson et al. 2010). According to some studies, the physical properties of SLA 
parts are anisotropic (chanTaraPanich et al. 2013, Dulieu-barTon, FulTon 
2000) while more recent studies have confirmed the complete isotropy of the 
physical properties of these parts (Dizon et al. 2018, Dulieu-barTon, FulTon 
2000, White paper… 2018, hague et al. 2004).

The aim of the study is to assess the effect of the exposure time to UV light 
on the hardness and density of models made in the SLA technology. Determining 
the influence of the exposure time to UV radiation on the hardness and density 
of the detail informs about its readiness for use.

Materials and methods

The samples used for the tests were cubes with an edge of 10 mm (Fig. 1). 
They were made in SLA technology from light-cured resin cross-linking in the 
light wave range of approx. 405 nm. The exposure time for a single layer was 
10 s and its thickness was 50 µm. The ambient temperature during printing 
was 22°C. The samples were prepared using an Anycubic Photon S Sla printer 
(Anycubic).

After printing, the samples were treated with light of 400 nm wavelength  
in a darkened chamber. The lighting time was 1, 4, 8, 12, 24, 48, 64, 72, 96 hours, 
respectively. The ambient temperature was 22°C. After each irradiation session, 
the density and hardness of details were measured. 
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Fig 1. Sample model

The hardness of manufactured parts was measured on the Brinell scale 
using the “Innovatest Nexus 703A” hardness-meter with an HB 358 N main 
load value. The measurement was carried out in 10 repetitions. 

The density measurement was carried out with the HumiPyc™ Model 1 gas  
pycnometer (InstruQuest Inc. Scientific Instruments R&D, USA). Helium  
of purity class 5.0 was used as the measurement gas. Measurements were made 
at 22 ±0.1°C and 220 kPa. Samples were placed in the measuring chamber 
where their temperature was stabilised for about 10 minutes. Measurement 
was made with an accuracy of 0.00001 g/cm3. Weight was measured using 
RADWAG AS 62 analytical scales with an accuracy of 0.00001 g. Volume and 
weight measurements were repeated five times. 

Statistica 13.1 software (StatSoft Inc., Tulsa, Oklahoma, USA) was used 
for statistical analysis of the results. a non-parametric Kruskal-Wallis test was 
used to assess the differences between the results obtained during the study  
(at significance level p = 0.05).

Results and discussion

Figure 2 shows the hardness of the manufactured parts as a function  
of the irradiation time. It can be seen that the hardness of the polymer increases 
as a function of changes in irradiation time. The conducted statistical analysis 
showed that there are significant statistical differences in parts’ hardness 
depending on the irradiation time (Tab. 1). The p values for irradiation times 
at which statistically significant differences in hardness were found are marked 
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in red. No statistically significant differences in hardness were found between 
irradiation times in the range from 0 to 8 hours. A similar trend was observed 
for irradiation times from 12 to 96 h.

The change of parts hardness in the initial irradiation phase could be affected 
by polymerisation shrinkage, accompanying stress and incomplete conversion  
of double bonds (DaviDson, De	gee 1984, DaviDson, Feilzer 1997).  
The increasing material hardness may also be related to the continuous cross- 
-linking of the material under the influence of UV light. The degree of polym-
erisation in cross-linked polymer systems plays a potentially important role  

Fig. 2. Changes in element hardness as a function of irradiation time

Table 1 
p value for multiple (bilateral) comparisons; Hardness (Sheet1) Independent variable 

(grouping): Time Kruskal-Wallis test: H (8, N	= 90) = 81.22954 p = .0000

Exposure 
time 

[h] ↓→ 0 1 4 8 12 24 48 72 96
0 1.000000 1.000000 1.000000 0.037613 0.008962 0.000002 0.000001 0.000000
1 1.000000 1.000000 1.000000 0.387086 0.119764 0.000088 0.000044 0.000008
4 1.000000 1.000000 1.000000 0.684564 0.227735 0.000237 0.000121 0.000023
8 1.000000 1.000000 1.000000 1.000000 1.000000 0.043082 0.026011 0.007449

12 0.037613 0.387086 0.684564 1.000000 1.000000 1.000000 0.767199 0.305621
24 0.008962 0.119764 0.227735 1.000000 1.000000 1.000000 1.000000 0.887518
48 0.000002 0.000088 0.000237 0.043082 1.000000 1.000000 1.000000 1.000000
72 0.000001 0.000044 0.000121 0.026011 0.767199 1.000000 1.000000 1.000000
96 0.000000 0.000008 0.000023 0.007449 0.305621 0.887518 1.000000 1.000000
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in determining the final physical and mechanical properties of the material. 
(soh, yaP 2004). During the first 48 hours of irradiation, the hardness increas-
es and then stabilizes at 84.8 ±0.75 HB, which may be indicative of the end  
of the cross-linking process. It is worth noting that the initial average material 
hardness is 58.7 HB with a large standard deviation of about 5.2 HB. a lower 
cross-linking degree accompanied by higher polydispersity of the material may 
result in lower hardness, low wear resistance, reduced colour intensity, reduced 
stability, increased water absorption rate and higher solubility in organic media  
(Fan et al. 1987, Pearson, longMan 1989, shorTall et al. 1995, vargas  
et al. 1998, venhoven et al. 1993).

Figure 3 shows changes in the density of details as a function of irradiation 
time. There were no statistically significant differences between the hardness 
of details for particular irradiation times. In the initial phase, the increase  
in the sample density may be related to polymerisation shrinkage of the material 
as a result of initial irradiation. It is accompanied by stress and incomplete 
conversion of double bonds (DaviDson, De	gee 1984, DaviDson, Feilzer 
1997). In the period between the 8th and 24th hours of irradiation, a decrease  
in density was observed, which is the result of the branching of chains already 
formed during the crosslinking process. The branching of chains can result  
in a reduction in the packing of carbon atoms in the polymer structure and  
an increase in the average distances between atoms. This may cause a decrease  
in the density of the material after eight hours of exposure. However, if the 
density increases after 24 hours of exposure, several different mechanisms may 
take place. The resulting branched chains with active terminal groups may 
undergo such processes as chain closing, recombination, radical transfer and 

Fig. 3. Changes in element density as a function of irradiation time
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linking to another chain. Especially the latter process may cause another increase  
in density observed after 24 hours of irradiation. The correlated increase  
in material hardness also supports the hypothesis that such a mechanism 
occurs. However, none of the above-mentioned processes can be excluded. It is 
also probable that a radical polymerisation reaction with chain transfer occurs 
(bociong et al. 2018, craMer, boWMan 2001, PoDgórsKi et al. 2015).

Comparison of the trends of changes in hardness and density of the analysed 
models allows for unequivocally stating that they assume a consistent conservative 
trend in particular measurement intervals (Fig. 2 and Fig. 3). The point  
of refraction between the 8th and 12th hour of irradiation provides an exception, 
where the density decreases from 1.1643 g·cm-3 to 1.1544 g·cm-3 with further 
stabilisation of the change tendency observable in subsequent time intervals. 
During irradiation, the hardness increases by about 24.5 HB and the density 
by 0.0148 g·cm-3 in relation to measurements in samples before irradiation. 

It is worth mentioning that hardness is directly related to increasing material 
density. The values of both parameters assume a growth trend in the initial 
eight curing hours which may be caused by material shrinkage. At this stage, 
both parameters depend, among others, on the mutual distance of double bonds 
(czech, Minciel 2015, DaviDson, De	gee 1984, DaviDson, Feilzer 1997). In his 
research on curable light polymers, le	Xuan (1993) confirmed the relationship 
between the time of exposure to UV radiation and the increase in hardness 
which was attributed to the increase in the crosslinking density of the polymer 
(le	Xuan, DecKer 1993).

Polymerisation of methacrylate monomers in composite resins creates  
a strongly cross-linked structure. However, the monomer conversion is never 
completed and always contains significant amounts of lateral double bonds 
(Ferracane et al. 1997). These suspended double bonds can influence  
the crosslinking density in composites by reacting with propagating radicals  
to form crosslinking in primary or secondary cycles. a transverse bond is formed 
when a radical reacts with a double side bond on another kinetic chain. a primary 
cycle is created when a radical reacts with a double bond hanging on its own 
kinetic chain. a secondary cycle is formed when a radical reacts with a double 
bond hanging from another kinetic chain with which it is already cross-linked. 
Primary cyclisation reactions form microgels and introduce some heterogeneity 
in the polymer network with loosely cross-linked areas and more strongly cross-
linked areas of the microgel coexisting next to one another (anseTh, boWMan 
1994, booTs, PanDey 1984). This is confirmed by the behaviour of the samples 
in the initial irradiation period, which is evidenced by a linear increase in the 
hardness parameter of the irradiated material. Such cyclisation would promote 
an increased local conversion because it does not reduce the mobility of the system 
as much as cross-linking. However, cyclisation may also lead to a reduction  
in effective cross-linking density, as cycles do not have a significant impact  
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on the overall crosslinked structure. Reducing the effective crosslinking density 
of the cured resin would lead to a reduction in its mechanical strength, resistance 
to solvents and glass transition temperature (anseTh, boWMan 1994, booTs, 
PanDey 1984), which is responsible for changes in material density during the 
entire curing process and indirectly translates into hardness.

Conclusions

This study confirmed that material hardness increases with an increase  
in irradiation time. No statistically significant influence of the irradiation time 
on the density of manufactured parts was observed. The observed trends indicate 
that the hardness and density values stabilize after 48 hours. It thus seems 
reasonable to accept 48 hours of irradiation time with a 400 nm wavelength 
light as a criterion for element strength stability.

It should be noted that elements manufactured using SLA technology are 
subject to shrinkage, which may result in the deformation of the elements. 
However, its extent is very limited, which is confirmed by only a slight change 
in the density of the parts and the lack of a statistically significant influence 
of the irradiation time on density. It should also be noted that the exposure 
time has a positive effect on hardness and density homogeneity in individual 
elements, as evidenced by the decreasing standard deviation. 
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A b s t r a c t

A universal controller for brushless direct current (BLDC) motors was designed in the presented 
article. The system is controlled from the user console where operating parameters are set by 
the user. Signals are transmitted by cables to microcontrollers which drive and monitor electric 
motors. Microprocessors communicate via a data bus. The controller contains the user console 
module and the motor control module. The user console module generates commands, and motors 
are controlled and monitored by the control module. Motor control modules operate independently, 
and each brushless motor has a dedicated control module. Brushless motors can be controlled  
in bipolar or unipolar mode. The control method is selected by the operator. The user console and 
motor controllers communicate via the I²C bus.

Introduction

The article consists of two parts. The first part describes the electronic and 
electrical design of the motor controller, and the second part presents the applied 
software. The described controller for brushless motors has been designed and 
patented by Z. syroKa and K. KraJeWsKi (patent No. P431380, filing date:  
4 October 2019). 
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Industrial machines, vehicles, power tools and household appliances have 
motor drive elements that power mechanical components. The popularity  
of electric cars has been increasing in the 21st century. Batteries and motors are 
the key components of electric vehicles. Batteries are positioned at the bottom 
of the chassis to lower the vehicle’s center of gravity. The motor is located in the 
front or at the back of the vehicle (Tesla Model S). The motors in electric cars 
are powered by direct (DC) or alternating current (AC). Brushless motors are 
one type of DC motors. Rapid advances in electrical and power engineering have 
introduced novel components to brushless motors, including thyristors, diodes 
and MOSFET transistors. Electronic subassemblies can turn power supply on 
and off hundreds or even thousands of times within one second. In electric 
bicycles, a brushless motor is placed inside the wheel hub. Power is transferred 
to the wheel, which reduces the physical effort associated with pedaling by 50%.

This article discusses a controller for brushless DC motors that are mounted 
inside the wheels of land vehicles. The motor is controlled by the user via the 
user console. The user can change motor speed, driving direction and deploy 
the electric braking system. The controller controls the steering system,  
the drivetrain and the braking system. Brushless DC motors can be controlled 
in unipolar and bipolar mode.

Structure and the basic working principle  
of a brushless DC motor

A brushless DC (BLDC) motor has the following characteristics:
– two BLCD motors are mounted inside wheel hubs;
– motors operate independently; therefore, the speed and direction of rotation 

can be controlled independently in each motor;
– the motor controller is controlled from the user console;
– different wheel combinations can be used to turn a vehicle;
– the motors are powered by a battery installed in the vehicle;
– motor operation is controlled;
– BLDC motors can be controlled in bipolar and unipolar mode.
The system is controlled from the user console where operating parameters 

are set by the user. Signals are transmitted by cables to microcontrollers which 
drive and monitor BLDC motors. Microprocessors communicate via a data bus. 
The controller contains the user console module and the motor control module. 
The user console module generates commands, and motors are controlled and 
monitored by the control module. Motor control modules operate independently, 
and each brushless motor has a dedicated control module. Brushless motors can 
be controlled in bipolar and unipolar mode. The control mode is selected by the 
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user. The user console and the motor controller communicate via the I²C bus.  
A simplified diagram of the designed motor control system is presented in Figure 1.

The master microcontroller (2) reads the command input from the user 
console (1), processes and converts the data into a signal that is transmitted 
to the left motor microcontroller (3) and the right motor microcontroller (7).  
The left motor microcontroller (3) and the right motor microcontroller (7) process 
the data transmitted by the master microcontroller (2) and the data from the 
left sensor (6) and the right sensor (10) which describe the position of the rotor. 
The left sensor (6) and the right sensor (10) monitor the rotor’s position during 
operation. The information about the rotor’s position is transmitted to the left 
motor (5) microcontroller (3) and the right motor (9) microcontroller (7). The left 
motor (5) microcontroller (3) and the right motor (9) microcontroller (7) transmit 
signals to the three-phase bridge of the left motor (4) and the three-phase bridge 
of the right motor (8), where electric current is passed through the winding of the 
left (5) and right (9) BLCD motor according to a given commutation sequence. 

1 – control circuit, 2 – master microcontroller, 3 – left motor microcontroller, 4 – left motor 
three-phase bridge, 5 – left BLDC motor, 6 – left sensor, 7 – right motor microcontroller,  

8 – right motor three-phase bridge, 9 – right BLDC motor, 10 – right sensor, 11 – power supply
Fig. 1. Block diagram of the designed controller for BLDC motors
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Electrical and electronic design of the motor controller

A controller for driving two BLDC motors has numerous electrical and 
electronic components, including microcontroller integrated circuits, brushless 
motors, MOSFET transistors and drivers, a voltage converter, and a battery. 

Characteristics of a BLDC motor

Brushless motors rely on electronic commutation to turn stator windings 
on and off. Stator windings are supplied with current and voltage pulses.  
In motors with electronic commutation: 

– pulses are supplied to stator coils by inverters; 
– stator poles are energized sequentially depending on the rotor’s position;
– the stator does not have winding, and it is composed of permanent magnets. 
Brushless DC motors are also known as permanent magnet synchronous 

motors with trapezoidal electromotive force (EMF). The distribution of magnetic 
induction produces trapezoidal EMF. The transistor inverter supplies stator coils 
with rectangular pulses. Each phase current flows through 1/3 of the phase 
(120°) in the positive direction and 1/3 of the phase in the negative direction, 
and current pulses are separated by 60°.

The rotor has a ferromagnetic core composed of metal supports mounted 
outside the housing. Three-phase star-connected windings are positioned inside 
grooves on the face of the rotor. The rotor is composed of permanent magnets, 
metal supports and solid steel components. The types of rotors are applied: 

– magnets with diagonal or radial magnetization are mounted on the surface 
of the rotor;

– magnetic steel plates arranged in a perpendicular direction to the rotor’s 
axis.

The first variant is characterized by a larger air gap, perpendicular distri-
bution of magnetic induction and lower induced voltage in winding. The second  
variant improves sinusoidal flux distribution in the air gap. When perma-
nent magnets are used, excess power is lost mainly in the rotor, and it is easy  
to evacuate. The elimination of brushes and mechanical armature increases 
the motor’s reliability and reduces mechanical losses. Brushless DC motors are 
characterized by high material use and high efficiency. 

Brushless motors can be divided into two categories in terms of magnetic 
field generation:

– motors with permanent magnets with trapezoidal or sinusoidal EMF wave-
forms;

– switched reluctance motors without permanent magnets.
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In motors with trapezoidal EMF, current is supplied to two stator poles and 
the position of the magnetomotive force vector changes rapidly due to repeatable 
phase switching. The motor’s performance is enhanced when magnetic induction 
has trapezoidal distribution. The moment when the inverter valve should be 
turned on is indicated by the location sensor. Hall effect sensors are often used 
for this purpose. Sinusoidal waveforms are controlled in velocity control zones. 
Instantaneous current in windings is controlled by a pulse width modulation 
(PWM) signal to obtain a sinusoidal output wave.

Current pulses can be supplied to motor windings in:
– bipolar mode,
– unipolar mode.
Brushless DC motors have the following advantages:
– high start-up torque,
– long life,
– low weight relative to other DC motors,
– precise speed control,
– rigid mechanical configuration.
Brushless DC motors have the following limitations:
– an expensive microprocessor circuit is required to control commutation 

and rotor position;
– smooth motion is difficult to produce at low speeds.

Connection diagram for two BLDC motors

The controller relies on two BLDC motors – the left motor and the right 
motor. The motors have three stator windings, and each motor is connected 
individually to the control system. The motors have three-phase inverter outputs 
and a sensor system. The three-phase bridge inverter supplies sequence current 
to the winding and creates a magnetic field around the conductor, which sets 
the rotor with permanent magnets into motion. The rotor’s position is controlled 
by a sensor system to accomplish the appropriate commutation. The connection 
diagram of two BLDC motors is presented in Figure 2.

Fig. 2. Motor connection diagram
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Power inverter

A BLDC motor is not equipped with a mechanical commutator, and 
commutation is accomplished electronically with the use of a microcontroller 
and an inverter. The inverter controls the supply of power between a receiver 
and the source. The system controls power supply by rapidly turning inverter 
nodes on and off. Nodes are switched due to changes in the commutation states 
of inverter branches. The inverter of a BLDC motor relies on voltage-controlled 
metal-oxide-silicon field-effect transistors (MOSFET). When gate-source voltage 
alters resistance in the p-channel or the n-channel, the flow of current changes 
between the drain and the source. 

Methods of controlling a BLDC motor

Brushless DC motors commutate by turning on transistor switches in a given 
sequence to supply direct current to successive windings. Information about the 
position of the rotor shaft is provided by the sensor to guarantee that transistors 
are switched in the appropriate sequence. The inverter control system selects 
the appropriate transistor pairs by monitoring the rotor’s position.

In unipolar mode, pulse amplitude is controlled by groups of positive  
or negative transistors. Positive transistors control pulse modulation, and negative 
transistors control commutation. Pulse width is modulated by one transistor 
group, which simplifies the structure of the electronic circuit. Loads are not evenly 
distributed across transistors, and switching frequency is irregular. In bipolar 
mode, upper and lower transistors control PWM and commutation, respectively. 
This method generates greater losses, but loads are more evenly distributed 
across transistors, and switching frequency is identical. A universal BLDC 
motor controller enables the user to select between unipolar and bipolar modes. 

Circuit diagram of the three-phase inverter

The controller that powers left and right motor windings at a given 
commutation sequence features two individual three-phase direct current 
inverters. Each inverter bridge contains:

– three IR2101 gate drivers, 
– three IRLN120N drivers,
– three 1N4148DO rectifier diodes,
– six 100 Ω resistors,
– three 10 uF and 2.2 uF capacitors.
The circuit diagrams of the transistor driver are presented in Figures 3. 

Coil A_L is connected between the field effect transistor of the top IRLN120N 
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Fig. 3. Circuit diagram of a three-phase inverter connected with coils A_L, B_L and C_L  
in the left motor and microcontroller output  

AH1, AL1, BH1, BL1, CH1 and CL1 that control the left motor
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driver and the source of the lower driver. Coils AH, AL, BH, BL, CH and CL  
are connected with transistor drivers, and they are the microcontroller outputs 
that carry the PWM signal. The outputs of IR2101 drivers are connected  
in series with MOSFET transistors.

Determination of rotor position

The brushless motor controller relies on Hall effect sensors to detect rotor 
position. Sensor data are transmitted to the microcontroller which determines 
the position of the rotor with the use of an algorithm.

Methods for detecting rotor position

The position of the rotor in a brushless motor has to be determined to 
commutate the current. Various methods for detecting rotor position are used. 
A block diagram of a brushless motor control system is presented in Figure 4. 

Fig. 4. Block diagram of the motor control system

Four methods are most commonly used to determine rotor position:
– Hall effect sensors,
– optical encoders and pulse sensors,
– rotor and speed calculations,
– counter-EMF measurements.
The first two methods require additional sensors. The following two approaches 

are sensorless methods that require effective microprocessors to determine the 
correct moment for energizing stator coils. Hall effect sensors were used in the 
designed controller. Each stator coil is provided with a Hall effect sensor. The Hall 
effect is induced when a magnetic field is applied in a direction perpendicular 
to current flow. The Lorentz force deflects the propagating carriers to one side 
of the semiconductor. Charges with the opposite sign accumulate on both sides 
of the semiconductor. Three Hall signals generate six states of commutation  
in a brushless motor. The resulting information is used to determine the position 
of the rotor.
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Circuit diagram of a Hall effect sensor

Two Hall effect sensor circuits were designed for controlling rotors in the 
left (Fig. 5) and the right motor. 

Fig. 5. Circuit diagram for interfacing Hall effect sensors  
with the microcontroller in the left motor

The circuits presented in Figures 5 contain three Hall effect sensors interfaced 
with microcontroller outputs. Hall effect sensors in the left motor are labeled 
as HALLA1, HALLB1, HALLC1. Hall effect sensors in the right motor are 
labeled as HALLA2, HALLB2, HALLC2. Rotor position sensors are mounted 
on motor windings. 

User console

Brushless motors are controlled from the user console equipped with five 
pushbuttons and a potentiometer. Button S1 is the forward drive switch, button 
S2 is the reverse drive switch, button S3 is the right turn switch, button S4 
is the left turn switch, and button S5 is the brake switch. Driving speed is 
controlled with the R19 10 kΩ potentiometer. A circuit diagram of the user 
console is presented in Figure 6.
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Fig. 6. Circuit diagram of the user console

Buttons 1 to 5 are connected to the inputs of the master microcontroller and 
the ground terminal GND. Buttons are pressed to initiate current flow between 
the microcontroller pin and the ground and to execute the corresponding functions 
in the microcontroller program. A 10 kΩ potentiometer is connected to the analog 
input of the POT microcontroller and the ground. The potentiometer dial is an 
adjustable voltage divider that controls resistance between terminals 1-3 and 1-2.  
Changes in resistance lead to changes in voltage between terminals POT 
and GND in a range of 0.5 V. The microcontroller checks the voltage applied  
in the POT analog input and outputs the motor speed.

Communication between microcontrollers

Microcontrollers communicate through a serial bus. The master microcontroller 
transmits signals to slave microcontrollers that drive the motors. The serial bus 
supports rapid communication, which ensures the correct operation of motors 
that power the vehicle’s wheels. Data are transmitted with the use of the I²C 
bus interface. 
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Communication interfaces

The microcontrollers are equipped with various communication interfaces that 
transmit data between sensors, displays and other microcontrollers. Interfaces 
can operate in serial or parallel mode. Parallel communication is characterized 
by high-speed data transmission. A higher number of printed circuit boards are 
required in systems with many communication outputs. The communication 
interface is controlled by a simple program. The interface circuitry for coupling 
microprocessors involves various devices such as address decoders, latches and 
tristate buffers. Serial connections have lower data transmission speeds, they 
require fewer outputs and simpler printed circuit boards. Serial communication 
software is complex and characterized by longer processing time. When  
the number of connections is limited, fewer signal lines are needed, and the 
system is less sensitive to interference. Both communication modes have their 
advantages and disadvantages, and they should be selected based on system 
requirements. The most popular communication interfaces include: 

– I²C – Inter-Integrated Circuits,
– SMBus – System Management Bus,
– SPI – Serial Peripheral Interface,
– Microwire,
– 1-Wire.
The designed controller is equipped with a dual bidirectional I²C bus.  

The bus contains two lines: SDA and SCL. The SDA line transfers data, and 
SCL is the clock line that synchronizes all data transfers over the I²C bus.  
The devices on the I²C bus can operate as masters or slaves:

– the master device controls the bus and data transmission, transmits start 
and stop sequences, and generates clock pulses;

– the slave device responds to the commands of the master device.
Many systems that rely on I²C bus communication have one master 

microcontroller and numerous slave devices, such as input-output ports,  
non-volatile memory storage, and display drivers. Every slave device is assigned 
a unique address for communicating with the master microcontroller. A block 
diagram of an I²C circuit is presented in Figure 7.

Fig. 7. Block diagram of an I²C circuit
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The I²C interface transmits packets of data with a size of 8-bit frames.  
The number of transmitted bits changes with the system. The receipt of every 
data frame is acknowledged (ACK). When larger data packets are transmitted, 
the frames with the most significant bit (MSB) status are sent first. If data 
cannot be received at a given moment, the SCL clock line can be set to a low state. 
The transmitter remains in a wait state until the end of the low state interval. 

Circuit diagram of the I²C interface

The master microcontroller communicates with motor microcontrollers via 
the I²C bus interface. The circuit diagram of the bus interface is presented  
in Figure 8.

Fig. 8. Circuit diagram of the bus interface

The microcontrollers transmit and receive data via the data bus. In Figure 6,  
microcontroller pins are labeled as SDA and SCL. SDA1 and SCL1 are  
the microcontroller pins that control the left motor, and SD2 and SCL2 are  
the microcontroller pins that control the right motor.

Power supply for the motor controller

The microcontrollers require 5 V DC supply, and motor coils – 12 V DC supply.  
The described system is powered by a 12 W gel battery. Input voltage for  
the microcontroller is reduced to 5 V by the Pololu D24V10F5 step-down converter. 
This 5 V 1 A converter has a high efficiency of 80–93%.

A circuit diagram of the the step-down converter is presented in Figure 7.  
The gel battery supplies 12 V to the VIN supply voltage input. The VOUT 
voltage output supplies 5 V to the microcontroller. The GND output is connected  
to the grounding wire.
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Fig. 9. Circuit diagram of the step-down converter

Summary

The designed controller for brushless DC motors has been patented (syroKa,	
KraJeWsKi 2019) for use in commercial applications. The device can be applied 
in electric vehicles for controlling BLDC motors mounted in wheels. It was 
developed as part of a research project at the University of Warmia and Mazury 
in Olsztyn (Books – Digital Control, syroKa 2019) dedicated to the construction 
of electric vehicles and electric drives that rely on renewable sources of energy. 
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