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ABSTRACT

The article presents the results of numerical calculations examining the influence of channel roughness in a hydro-
dynamic clutch on the transmitted torque. Additionally, the study reports measurements of surface roughness and
dimensional deviations of hydrodynamic clutch rotors. The rotors were manufactured using 3D printing based on
material extrusion (MEX) technology and produced from three different materials: PLA, ABS, and PET-G. Based
on the analysis of the obtained measurement and calculation results, the suitability of the MEX technology for
manufacturing hydrodynamic clutch rotor prototypes is assessed. The results indicate that the surface roughness
of the printed rotors is comparable to that of rotors produced by casting or machining. Moreover, the dimensional
accuracy of the printed rotors lies within the tolerance range specified in the design of hydrodynamic clutch rotors.
The article concludes with findings indicating that the adopted modeling and manufacturing procedure, employing
the MEX technology, can be applied to produce hydrodynamic clutch rotor prototypes.

Keywords: hydrodynamic clutch rotor prototypes, 3D printing, MEX technology, surface roughness, dimensional

accuracy, mathematical modeling

INTRODUCTION

Hydrodynamic clutches (HC) are mechanical
components used in drive systems of machines
exposed mainly to dynamic overloads. The pri-
mary function of the HC is to transmit torque from
the drive motor to the machine’s working system.
HC are used in single- and multi-drive systems:
pumps, compressors, conveyors, vehicles, work-
ing machinery, etc. [1]. The wide application of
HC in various machines is due to their specific
design, in which the input and output shafts are
not mechanically connected.

The new requirements placed on drive sys-
tems containing a HC in their structure mean that
new, more effective design solutions for these
components are being sought. New requirements
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for drive systems that incorporate hydrodynamic
clutches have led to a search for new and more
effective design solutions for these components.
The most promising directions in this research
include improving HC control through the use
of working fluids with variable rheological prop-
erties. Another key focus is enhancing clutch
performance by increasing the manufacturing
accuracy of rotors using 3D printing. The use of
working fluids with variable rheological proper-
ties, such as electrorheological or magnetorheo-
logical fluids, enables the control of HC by means
of electric current [2-5].

The suitability of 3D printing for manufac-
turing rotors was demonstrated in [6], which
addressed a hydrodynamic transmission with a
rotor structure similar to that of hydrodynamic
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clutch rotors. However, the limitations of the
widespread application of 3D printing for HC
rotor manufacturing may be the surface rough-
ness and the dimensional accuracy of the rotors’
working spaces. The roughness of the working
space of the rotors is particularly important due to
the increasing resistance to the flow of the work-
ing fluid with increasing roughness. Geomet-
ric errors in the rotor design may, in turn, cause
deviations from the HC characteristics assumed
during design.

HC rotors are currently manufactured by
casting, plastic forming or machining [7]. In mass
production, HC rotors with both spatially shaped
and radial blades are typically manufactured
using centrifugal casting, most often in perma-
nent molds. Casting methods are characterized
by relatively high surface roughness Rz, ranging
from 10 um to 100 um. The main disadvantage
of centrifugal casting methods lies in geometric
inaccuracies arising from core distortion, core
misplacement within the mold, or deformation of
core supports during metal pouring. Plastic form-
ing and machining allow for obtaining a surface
roughness Rz ranging from 5 um to 80 um. How-
ever, applying this type of machining requires
dividing the rotor into separate components to
ensure tool access to the machined surfaces of
the working space. It is assumed that the man-
ufacturing deviations of HC rotors should not
exceed 0.1 mm.

The use of 3D printing will enable the pro-
duction of HC rotors of any shape from vari-
ous construction materials, including metals.
In the case of metal printing, the dimensions of
the printer’s working chamber may currently be
limiting factor, due to the external diameters of
the rotors reaching up to 1 m. 3D printing can
be performed using various technologies, such
as selective laser melting (SLM), fused deposi-
tion modeling (FDM), stereolithography (SLA),
and laminated object manufacturing (LOM)
[8—12]. A characteristic feature of 3D printing is
that each method requires specifically dedicated
materials [13-16].

Several parameters are used to assess the
quality of machine components, the most impor-
tant of which are:

e surface roughness,
e geometric accuracy.

Research on the surface quality of com-
ponents produced using FDM technology

constitutes a significant area of study within
additive manufacturing. Surface roughness is a
key quality parameter that influences the func-
tional performance of the fabricated parts. The
literature highlights that the inherent layer-by-
layer nature of the FDM process results in a
“stair-stepping” effect on inclined and geometri-
cally complex surfaces, substantially affecting
the surface roughness of the final components
[17]. The surface roughness value in 3D print-
ing ranges from 3 um to 150 ym and depends
on the 3D printing method, the material used
and the type of 3D printer. To reduce surface
roughness, printed parts can be additionally
processed: mechanically, thermally, chemically
or painted [18-20]. Dimensional deviations in
geometry that occur during the 3D printing pro-
cess depend on multiple factors. These include
the printing method, the material used, the type
of 3D printer, the discretization process during
conversion from CAD to STL, and the select-
ed printing parameters such as layer thickness,
infill, positioning of the part in the printer’s
working area, and the adopted support structure
[21-24]. Despite the wide range of studies on
process parameters and surface roughness con-
trol of components produced using FDM tech-
nology [25-28], the literature lacks publications
dedicated to the specific relationship between
the surface roughness of parts and flow-related
studies, such as the analysis of flow resistance in
printed channels or the impact of surface rough-
ness on hydrodynamic operating conditions.
Currently, the measurement of part geometry
deviations is performed using optical measuring
systems [29-30].

This article evaluates the effect of surface
roughness on the torque transmitted by a HC
using a mathematical model. It also presents
measurements of roughness and geometric devia-
tions in HC rotors produced by MEX technology
with three materials: PLA, ABS, and PET-G. The
presented research contributes to increasing the
level of knowledge in the field of new methods of
manufacturing HC rotor prototypes.

RESEARCH OBJECT

The research focused on a prototype HC
intended for a home wind farm [31]. The HC
contained a pump rotor mounted on the input
shaft and a turbine rotor mounted on the output
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shaft. The pump rotor and the turbine rotor
formed a working space filled with the work-
ing fluid. Driven by the motor, the pump rotor
rotates at an angular velocity «,. This motion
induces swirling of the working fluid within the
channels, which, under the influence of cen-
trifugal force, flows toward the turbine rotor.
The fluid stream flowing out of the pump rotor
strikes the turbine rotor blades, causing the rotor
to rotate at an angular velocity w, and transfer-
ring the torque M from the input shaft to the
output shaft.

The HC characteristic used in drive system
design is the dependence of the transmitted torque
M on the kinematic ratio ,, expressed as:

M= f(ik) (1
where: i = a)z/cu1 — kinematic ratio.

Each rotor consists of radial blades mount-
ed between the walls of the housing. Chan-
nels formed between the blades and the rotor
housing constitute the working space, where
the fluid circulates [32]. A channel is formed
by two adjacent blades and the outer and inner
casing of the rotor. Figure 1 presents the merid-
ional cross-section obtained by intersecting the
HC with a plane passing through the rotor axis,
which is identical for both the pump and tur-
bine rotors.

The dimensions of the pump and turbine
rotors are presented in Table 1. The proto-
type HC intended for testing was assumed to
be manufactured using 3D printing. The work

[32] demonstrates that rotors with the dimen-
sions given in Table 1, produced from plastics
via 3D printing, meet the mechanical strength
requirements.

INFLUENCE OF SURFAE ROUGHNESS
ON TORQUE TRANSMITTED BY A HC

Mathematical model of a hydrodynamic
clutch

To determine the influence of surface rough-
ness in the HC rotor channels on the transmit-
ted torque, a one-dimensional mathematical
model of the HC was employed [33-35]. The
main disadvantage of the one-dimensional
model is its low accuracy, resulting from the
use of several basic parameters to describe the
HC geometry. To improve the model’s accura-
cy, verification based on experimental research
is performed. This model is based on the mean
jet flowing along the mean line of the blade
channel. Existing two- and three-dimensional
mathematical models are mainly used for simu-
lation purposes, as they can be applied to HCs
with precisely defined geometry [36, 37]. The
one-dimensional mathematical model of the
HC consists of equations for the torques acting
on the pump and turbine rotors, as well as an
energy balance equation expressed as the sum
of head rises [38].

To formulate the mathematical model of
the HC on the rotor’s meridional cross-section,
points 1 and 2 are identified on the mean line
of the channel. These correspond, respectively,
to the entry and exit of the fluid stream in the
rotor. At each of these points, the distribution
of absolute velocity c¢ of the fluid is assumed as

Table 1. Dimensions of the pump and turbine rotors

Meridional cross-section dimensions [mm]
Effective radius of HC. Outer radius of the
pump rotor outlet and inlet radius of the| r, 123.3
s |2 turbine rotor
i Outer radius of the pump rotor outlet and
) . r 107.1
turbine rotor inlet 22
Inner radius of pump rotor inlet and turbine
r 50.9
Y rotor outlet w1
" Outer radius of pump rotor inlet and turbine
r 78.4
T rotor outlet w2
lr‘” 1 Channel dimensions [mm]
. L. X Channel height h 16.2
Figure 1. Meridional cross-section of pump rotor : 9
and turbine rotors Channel width b 72.5
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Figure 2. Velocity distribution of the fluid flowing
in the rotor channel

shown in Figure 2. The following notations are
used: u — tangential speed, w — relative speed, ¢, —
peripheral speed, ¢, —meridional speed, 8 — angle
between relative speed and peripheral speed.

The meridional speed ¢, is the same in both
rotors, while the other speeds are denoted by two
indices: the first refers to the rotor, and the second
to the rotor’s inlet or outlet.

The torque on the HC rotors is caused by
the peripheral speed c, therefore the hydraulic
torques M of the HC pump and turbine rotors are
equal in value and amount to:

Ml :pQ [cl¢12r2 _Cu22r1]
MZ :pQ[cuzzrl _cu12r2]
where: M =M =—-M, O~ working fluid
flow rate, » — density of the working fluid,

r, — fluid inlet radius of the rotor,
r, — fluid outlet radius of the rotor.

2

The head balance equation can be written as:
h—h,—h,—h, =0 3)

where: &, — pump rotor lifting height,
h, — turbine rotor lifting height,
h, — head loss due to the impact of the
fluid on the rotor blades at the inlet,
h,—head loss due to fluid friction against
the walls of the rotor channels.

The head rises of the pump and turbine rotors
are defined by the following equations:

w17,
hl =

[(u12 + CmCtgﬁlz) - (4)
—(uzz + cctgPaz)psl

h = hi, (5)
where: g — acceleration of gravity.

The impact losses 4, are described by the formula:

2 2
C C
h — ul + u2 (6)
u Cl 2g CZ 2g

where: ¢ — the impact velocity of the working
fluid on the blades at the inlet to the rotors,
¢ — impact loss factor.

The friction losses £, are described by the formula:

29 (7
(ctg®Piz + ctg?Poy + 2)

where: ¢ —friction loss coefficient in the rotor.

The friction loss coefficient ¢ is obtained
from the formula:

¢,=,1L,( ®)

2r,

where: 1 — linear resistance coefficient, / — length
of the mean stream line; », — hydraulic
radius, k& — coefficient of increased flow
resistance due to the rotational motion
of the channels, determined by the blade
angles.

The coefficient A is calculated on the basis of
the following formula [39]:

1 6,1

JA
where: Re —Reynolds number, ¢ —relative rough-
ness of the channel surface.

The Reynolds number appearing in formula
(8) is determined by the relationship:

_od=i)r, (10)
%

Re

where: @, — angular speed of the pump rotor,
i, — kinematic ratio, r_, — pump rotor radi-
us, v — kinematic viscosity of the working
fluid, and the relative roughnesse is deter-
mined by the relation:

Rz

E=—
2r,

(11)
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where: Rz — roughness parameter, r, — hydraulic
radius of the channel.

Hydraulic radius r, is determined by the
formula:

r, = _bh (12)
" (2h+2b)
where: /1 —rotor channel height, b — rotor channel

width.

Calculation results

Calculations of the influence of surface rough-
ness in the HC rotor channels on the transmitted
torque M were performed. The calculations used a
flow resistance increase coefficient recommended
for this HC type, x = 25, impact loss coefficient {, =
(= 1 [40-43] and the selected angular velocity o,
= 100 rad/s. It was assumed that the cross-section
is constant along the entire length of the channel in
which the working fluid flows, and that the HC is
filled with HL 46 oil whose kinematic viscosity is
v =14 x10° m?*s and its density is p = 880 kg/m’.

The calculations started with determining the
hydraulic diameter of the channel according to for-
mula (12). By substituting the values from Table
1, it was found that d = 16 mm. Subsequently, the
value of coefficient ¢ was calculated from formula
(11), and the linear resistance coefficient was cal-
culated for each Rz value using formula (9) at the
chosen kinematic ratio i, = 0. Table 2 shows the
calculated values of the coefficients ¢ and /.

Table 2. Value of coefficients ¢ and A for individual
Rz for i = 0

The friction loss coefficient ¢ was calculat-
ed from formula (8). For this purpose, Re was
calculated from formula (10) and inserted into
formula (9) in order to calculate 4. The calcu-
lations performed for the assumed values of i,
and for different values of Rz are presented in
Table 3.

The calculation of the torque M for indi-
vidual values of the friction loss coefficient ¢,
which depends on the roughness Rz, requires
solving Equations 2-7 numerically. Delphi
software was used to perform the numerical
calculations. The calculation procedure used
polynomials of the form ¢ = f{i,), derived from
the data in Table 3. The formulas of these poly-
nomials are presented in Table 4.

Figure 3 shows the polynomials’ curves ¢ =
Si,) presented in Table 4. Finally, Figure 4 shows
the dependence of the torque M on the kinematic
ratio i, for selected roughness values of Rz.

To assess the influence of channel rough-
ness on the decrease of torque M, calculations
were performed for two roughness values: 5 yum
(typical of machining) and 100 um (typical of
casting). The results were compared at an input
shaft angular velocity @, = 100 rad/s. The
results are presented in Table 5.

Figure 5 additionally illustrates the losses
caused by increasing the channel roughness from
5 um to 10 ym, 35 um, 40 ym, 50 gm, 100 um,
respectively. The results were compared at an
input shaft angular velocity @, = 100 rad/s.

Table 4. Formulas defining the relationship ¢ = f{i))
for the determined values of Rz.

Rz [um] e[] A Value of Rz [um] Formula ¢ = f(i))
5 3.13-10* 1.5-107 Rz=5 ¢ =0.0061 /2 +1.278 j_+3.6532
10 6.25 - 10* 1.8 - 102 Rz=10 ¢ =0.0101 2 +0.0538 j,_+4.3569
40 2.50 - 10° 2.5-10% Rz =40 ¢ =0.0109 /2—0.0109 j, +6.2209
50 3.13-10% 2.6 - 107 Rz =50 ¢ =0.0059 /2 +0.0131j,_+6.5971
100 6.25-10° 3.3-102 Rz =100 ¢ =0.0042 /2 +0.0083 j_+8.1265

Table 3. Friction loss coefficient ¢ for the assumed values of Rz and i,

. Rz [um]
il 5 10 40 50 100
0 3.7500 4.3963 6.2066 6.6056 8.1318
0.2 40118 45562 6.2769 6.6680 8.1744
0.4 4.0800 4.6041 6.2690 6.6876 8.1878
0.6 4.2004 4.6911 6.3403 6.7241 8.2130
0.8 4.4791 4.9025 6.4473 6.8192 8.2789
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Figure 3. Polynomial curves ¢ = f{i,) for selected values of Rz
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Figure 4. The relationship M= f{i), for different values of Rz
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Figure 5. Torque losses due to increased channel roughness

Table 5. Values of transmitted torques M at the angular velocity of the input shaft & = 100 rad/s

o [rad/s] i [-] M [Nm] for Rz =5 um M [Nm] for Rz = 100 um Loss value [Nm] Loss value [%]
0 32.48 26.45 6.03 18.6
0.2 28.40 22.85 5.55 19.5
0.4 23.11 18.25 4.86 21.0
100 0.6 17.89 13.82 4.07 22.8
0.8 12.49 9.38 3.11 24.9
Average value 4.72 21.4

243



Advances in Science and Technology Research Journal 2026, 20(5), 238-253

TESTING THE PRINT QUALITY
OF HCROTOR CHANNELS

Channel printing

To facilitate access to the entire surface of
the HC rotor channel during measurements, a
measurement template was printed. This tem-
plate consisted of a fragment of the rotor, includ-
ing one blade and parts of the rotor housing. The
solid model of the measurement template was
created using Inventor Professional. The template
is shown in Figure 6.

The positioning of the measurement template
on the printer’s working platform, along with the
required supports, is shown in Figure 7.

To reduce printing material costs and short-
en printing time, the measuring template was
designed not as a solid part, but with an internal
filling with a grid structure. A view of the measur-
ing device with visible walls, supports and filling
structure is shown in Figure 8.

The measurement template was printed
using Double P255 3D printer manufactured
by 3DGence. It uses MEX technology and is

Figure 6. Measurement template:
1 — contact surface with the wall of the outer housing,
2 — active surface of the blade,
3 —inner wall of the housing

equipped with two print heads and a material
flow control system. The basic materials used in
this technology are ABS, PLA and PET-G plas-
tics. The properties of these materials, developed
based on commercial product offerings, are pre-
sented in Table 6.

The selection of printing parameters on the
Double P255 3D printer was carried out in accor-
dance with the printer manufacturer’s recom-
mendations, separately for each printed mate-
rial, using 3DGence Slicer 4.0. The values of the
selected 3D printing parameters specified for the
materials used are presented in Table 7.

The measurement template was printed from
filaments made of PLA, ABS and PET-G materials.
Each of these materials is available in several fila-
ment types, distinguished by color, which exhibit
slight variations in mechanical properties and print
quality. In order to account for the filament types in
the study, four filament variants were selected for
each material, and the measurement template was
printed. Figure 9 shows printouts of the measure-
ment template in the color of the filament used. In
this way, four measurement templates of different
colors were obtained for each material.

Figure 7. Positioning of the measurement template
on the working platform: 1 — inner housing support,
2 — blade support

Table 6. The basic properties of materials used in the MEX technology [44]

) Values
Material constants
PLA ABS PET-G
Tensile strength R [MPa] 110-145 44 50
. Elongation at break A [%] 5.2 9 7.5
Mechanical -
Izod impact strength [kd/m?] 7.5 36 86
Young’s modulus [GPa] 3.3-3.9 2 2
. Melting point [°C] 200-220 235-255 230-255
Physical - -

Softening point [°C] 60 103 103
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Figure 8. View of the measurement template showing the internal structure: 1 — model walls,
2 — grid-like filling structure, 3 — supports

Surface roughness measurement
of the measuring template

The Ra and Rz parameters are related but
describe the surface shape in different ways, so
usually both are measured. Ra is the basic indica-
tor of surface quality, and Rz is a supplement in
production quality control. However, in the con-
siderations regarding the influence of roughness
on flow resistance in channels, only Rz is taken
into account [39]. For each printed measurement
template, three roughness measurements were
performed on the active blade surfaces along the

Table 7. Printing parameters of printer 3D
Double P255 for PLA, ABS, PET-G materials

Printer parameters for 3D Value

Double P255 PLA ABS PET-G
Nozzle diameter [mm] 0.4 0.4 0.4
Layer thickness [mm] 0.15 0.15 0.25
Material temperature [°C] 215 260 235
First layer adhesion type Skirt Raft Raft

mean line, using the Ra and Rz parameters. The
measurements were performed on a 5 mm-long
section of the active blade surface, depending on

' [ PLaOmnge | | [ ABSRed | | PET-G Rubin |

i—\ |—| [FET.G Carbon Bsck

[ riavaw | [ aBsNawal | [ rERGNauwa ]

Figure 9. Measuring template printed using the MEX technology from PLA, ABS, PET-G materials
for various types of filaments for each material
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the print layer orientation, in the following direc-
tions (Figure 10):

e parallel — measurement 1,

e ata45° angle — measurement 2,

e perpendicular — measurement 3.

Measurements were conducted on the active
side of the blade, as this region is subject to the
greatest load and experiences the highest fluid
flow intensity.

The measurements were carried out using a
Mitutoyo Surftest SJ-210 roughness meter, using
the differential-inductive method, Figure 11.

The roughness measurement parameters Rz
and Ra are presented in Table 8.

Surface roughness measurement results

The results of the Rz and Ra roughness mea-
surements of the active part of the blade are pre-
sented in Tables 9—-11.

[ B ]

Figure 10. Distribution of measurement sections
on the active surface of the blade

Figures 12—14 show the averaged results of
the Rz and Ra roughness measurements.

Method for assessing the geometric accuracy
of research models

The accuracy of the measurement standard
geometry was assessed for the active surface
of the blade. Measurements were performed
using the Universe 5 Mpx optical system,
which operates on a non-contact measurement
method. The measurement system consisted
of a 3D scanner and a station with Smarttech
3 Dmeasure software. The measuring station
for assessing geometric accuracy is shown in
Figure 15. The basic parameters for measuring
geometric accuracy are presented in Table 12.

The geometric accuracy was assessed by
the deviations of points from the correspond-
ing points on the blade solid model, as recorded
by the scanner. During scanning, the measure-
ment resolution, i.e., the minimum value the
3D scanner can distinguish and record, was
0.02 mm. The deviation limit, defining when
the difference between the nominal model and
the actual dimension is acceptable or critical,
was £0.5 mm. As a result of the blade scanning

Table 8. Surface roughness measurement parameters
of blade models

Parameter Value
Measurement section [mm] 5
Measurement speed [mm/s] 0.5
Detector measuring tip radius [um] 2
Cut-off wavelength Ac (cut-off) [mm] 0.8
Shortwave filter As (low-pass) [um] 2.5

Figure 11. A view on roughness meter Mitutoyo Surftest SJ-210 during the: 1 — roughness meter,
2 — detector, 3 — assessed measurement template, 4 — clamp
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Table 9. Measured roughness values Rz and Ra of the PLA measuring template

Values
Measurement No. PLA Natural PLA Green Grass PLA Orange PLA White
Rz [um] Ra [um] Rz [um] Ra [um] Rz [um] Ra [um] Rz [um] Ra [um]
1 26.794 5.497 12.446 3.049 18.459 4.108 21.246 4.708
2 49.734 10.414 47.324 10.726 48.510 10.836 50.915 11.337
3 41.832 9.915 44174 9.798 46.339 10.379 43.942 9.804
Average value 39.453 8.608 34.648 7.857 37.769 8.441 38.701 8.616

Table 10. Measured roughness values Rz and Ra of the ABS measuring template

Values
Measurement No. ABS Natural ABS Blue ABS Red ABS White
Rz [m] Ra [um] Rz [um] Ra [um] Rz [um] Ra [um] Rz [um] Ra [um]
1 18.824 3.133 14.774 2.536 24.425 5.345 16.040 3.259
2 48.389 10.229 48.727 10.218 49.009 10.868 46.498 10.014
3 46.348 9.979 46.127 9.895 47.021 10.150 44.911 9.628
Average value 37.853 7.780 36.542 7.549 40.151 8.787 35.816 7.633

Table 11. Measured roughness values Rz and Ra of the PET-G measuring template

Values
Measurement No. PET-G Natural PET-G Carbon Black PET-G Rubin PET-G Yelow
Rz [um] Ra [um] Rz [um] Ra [um] Rz [um] Ra [um] Rz [um] Ra [vm]
1 22.893 4.499 25.309 4.477 32.538 6.191 19.212 3.827
2 81.204 18.854 82.182 17.194 83.451 18.361 76.042 18.079
3 79.504 18.198 78.636 16.955 78.841 18.100 73.594 17.454
Average value 61.201 13.850 62.042 12.875 64.943 14.217 56.282 13.120

a) a)

Rz [um]
v
ey [um]

45
30 .
15

=0 - |

w ABSRed ABS White
& & o v ABSNatwal ABSBlue :

b)

b)
9 1
= ) 9
= 8 =
d B _ |
3 l n S s f )
:§ : v L 3 o S -‘ | ,
| & C@"@II o -j\v = 7 o I ABS Whit
o L o ' it
< & & * & ' ABSBle ABSRed :
& ABS Natural
Figure 12. Average roughness values of PLA blades: Figure 13. Average roughness values of ABS blades:
a—Rz, b- Ra,, a-Rz, b- Ra,,
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Figure 14. Average roughness values of PET-G
blades: a — Rz, b- Ra,,

process, point clouds of over 3 million XYZ
coordinates were obtained, defining the geom-
etry of the printed blades.

Results of the geometric accuracy assessment
of research models

Figures 16—18 show the measurement results
in the form of deviation maps for the active side
of the blade of the measuring template made of
PLA, ABS, and PET-G materials.

DISCUSSION

The calculation results presented in Table 3
show that friction loss coefficient ¢ takes maximal
value for kinematic ratio 7, = 0.8 and roughness Rz =

Table 12. Basic parameters for measuring
geometric accuracy

Value
White LED structured light

Parameter

Scanning technology

Dimensions of the

measuring field [mm] 200 x 300
Distance between

) 0.117
measurement points [mm]
Sampling [pkt/mm?] 73

100 4m. A change in the roughness value Rz from 5
um to 100 mm at a kinematic ratio of 7, = 0.8 results
in an almost threefold increase in the friction loss
coefficient j. As shown in Figure 4, the ¢ = f(i)
curves for the assumed Rz values are almost linear
and approximately parallel to the X-axis.

The courses of the dependence M = (i), for dif-
ferent values of Rz, shown in Figure 4, indicate a
significant influence of the surface roughness Rz on
the torque transmitted by the HC. The influence of
roughness Rz on the value of the torque M decreas-
es with the increase of kinematic ratio i,. The data
in Table 5 shows that increasing the blade surface
roughness from 5 um to Rz = 100 um results in a
substantial reduction of torque M, averaging 21.4%.

As can be seen from Figure 5, for roughness
values from 35 um to 50 um, the torque losses M
calculated in the presented way are smaller and
do not exceed 15%.

The Rz and Ra roughness values for the print-
ed blades (measured and then presented in Tables
9-11) show significant differences depending on
the measurement location. The surface roughness
values Rz and Ra measured parallel to the layer-
ing plane are the lowest, whereas the measure-
ments performed at an angle of 45° to the layering
plane have the highest values.

Figure 15. Measuring station for assessing geometric accuracy of the blades: 1-3D scanner,
2 —rotary table on which the measured measuring template is placed, 3 — computer with the software
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PLA Natural

PLA Green Gras

PLA White

Figure 16. Deviation maps for blades made of PLA material

Figures 12—14 show that the PET-G Rubin
material had the highest average roughness
(Rz,, = 64.94 um), whereas the PLA Green
Grass material had the lowest average rough-
ness (Rz, = 34.65 um). Similarly to the Rz
roughness, the highest average roughness (Ra,,
= 14.22 um) was obtained for the PET-G Rubin
material, and the lowest value (Ra, = 7.54 um)
was obtained for the ABS Blue.

The average difference in Rz roughness
values for all printed measurement templates
between measurement 1 and 2 was 38.25 um,

between measurement 1 and 3 it was 34.85 um,
and between measurement 2 and 3 it was 3.39
um. The dependence of the obtained roughness
values on the measurement location indicates
the occurrence of the anisotropy phenomenon.
This fact should be taken into account when
planning the blades positioning during print-
ing. Furthermore, significant differences can
be observed in the roughness values of blades
made from materials within the same group.
For example, for measurement 1, for blades
made of PLA Natural material, roughness is Rz
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ABS Natural

ABS Blue

ABS Red

ABS White

Figure 17. Deviation maps for blades made of ABS material

=26.79 ym, and for blades made of PLA Green
Grass material, roughness is Rz = 12.45 um.
The geometric accuracy test results pre-
sented in Figures 16—18 show that the small-
est deviations were obtained for the measur-
ing template made of ABS material. On the
side surfaces of most blades, deviations due
to material concavities are visible; they do
not exceed -0.1 mm. The absence of bulges
on the lateral surfaces of the blades indicates
that the measurement template was correctly
positioned on the working platform and that

250

the model supports were properly designed.
The exceedance of critical values in the form
of bulges visible on the housing surface and
on the blade’s dorsal surface, produced from
PET-G Rubin material, is likely due to discreti-
zation errors typical for curved surfaces. The
defects on the edges of the blades visible in
Figure 17 are the result of material shrinkage,
typical of ABS material. Based on the present-
ed results, it can be concluded that all blades
have the required geometric accuracy.



Advances in Science and Technology Research Journal 2026, 20(5), 238-253

PET-G Natural

PET-G Carbon Black

PET-G Rubin

PET-G Yelow

Figure 18. Deviation maps for blades made of PET-G material

CONCLUSIONS

The following conclusions were drawn based on
the calculations of the effect of rotor channel rough-
ness on the torque transmitted by the HC, as well
as the results of roughness and geometric deviation
measurements of HC rotor blades produced using
MEX technology from three different materials:

1. Numerical calculations show that the applied
mathematical model allows to determine the
influence of blade surface roughness on chang-
es in HC torque as a function of the kinematic
ratio i, over a wide range of Rz values.

2. The measured surface average roughness Rz of
channels printed from PLA and ABS does not
exceed 40 um. This value is smaller than the
value obtained for rotors manufactured using

traditional methods, i.e. casting or machining.

. The analysis of both the mathematical model

calculations and surface roughness measure-
ments indicated that the Rz values measured
for PLA and ABS materials considered result
in torque losses not exceeding 15%. Such loss-
es are within acceptable limits.

. The employed optical measurement system

enable sprecise assessment of the geometric
accuracy of the printed rotor channels and the
identification of typical technological errors in
the manufacturing process.

. The measurement results of geometric devia-

tions of the measurement templates printed
from ABS, PLA, and PET-G showed that these
deviations were within the tolerances specified
during the design of the HC rotors.
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. The proposed procedure for modeling and

manufacturing HC rotors using MEX technol-
ogy, along with some materials suited for this
technology, can be used to produce prototype
HC rotors.

. The obtained research results can be used for

experimental testing of HC prototypes with ro-
tors manufactured using 3D printing.
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