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3D printing is increasingly being used in many industries and in medicine. As a result, new materials are being
sought and researched, in particular biocompatible materials. Such materials can be used for medical devices,
surgical instruments, and orthopaedic devices, as well as in bone surgery, tissue engineering, prosthetics,
regenerative medicine, and the creation of drug delivery systems. This paper presents an analysis of the results
of tribological testing of a biocompatible material used in 3D printing technology. The tests were conducted
on a TRB? tribometer (Anton) in a sphere-disk association. The tests were carried out by making cylindrical
specimens with a diameter of 40 mm and a height of 6 mm from the MED610 material using photo-curing
liquid polymer resin (PJM) technology. The specimens were fabricated in High Quality mode with a layer
thickness of 0.016 mm and with different print directions in the X-Z plane: 0°, 45°, and 90°. The analysis was
carried out under technical dry friction conditions and in the presence of saline solution (0.9% NaCl). The
tests were performed under fixed test parameters, i.e. speed and loading of the specimens. Ball-disc tests were
carried out using balls (counter-specimen) made of different materials with a diameter of 6 mm. Studies have
shown that the direction of printing affects tribological wear, due to the anisotropic nature of the 3D printing
technology. The lowest average coefficient of friction was obtained for specimens with a print direction of 90°.

druk 3D, MED610, PJM, tarcie, zuzycie.

Druk 3D znajduje coraz szersze zastosowanie w wielu branzach przemystowych oraz w medycynie. W zwigz-
ku z tym poszukiwane i poddawane badaniom sg nowe materialy, w szczegdlno$ci materiaty biokompatybilne.
Materiaty takie moga by¢ stosowane do produkcji sprzetu medycznego, narzedzi chirurgicznych i urzadzen
ortopedycznych oraz w chirurgii kostnej, inzynierii tkankowej, protetyce, medycynie regeneracyjnej lub do two-
rzenia systemow dostarczania lekéw. W pracy przedstawiono analize wynikéw badan tribologicznych biokom-
patybilnego materialu polimerowego, stosowanego w technologii druku 3D. Testy tarciowe zrealizowano przy
uzyciu tribometru w skojarzeniu kula—tarcza. Badania przeprowadzono na probkach w ksztalcie tarczy o $red-
nicy 40 mm i wysoko$ci 6 mm z materialtu MED610 uzyskanego przy uzyciu technologii fotoutwardzania cie-
ktych zywic polimerowych (PJM). Probki wykonano w trybie wysokiej doktadno$ci (High Quality) z grubos$cia
warstwy wynoszaca 0,016 mm oraz z r6znymi kierunkami wydruku w plaszczyznie X-Z: 0°, 45° 1 90°. Analiz¢
przeprowadzono w warunkach tarcia technicznie suchego oraz smarowania roztworem soli fizjologicznej (0,9%
NaCl). Badania wykonano przy statych parametrach testu, tj. predkosci i obciazenia probek. Przeciwprobke sta-
nowily kulki o §rednicy 6 mm z poliamidu 6.6 oraz polioksymetylenu (POM). Analiza wynikoéw badan wskaza-
ly, iz kierunek druku ma wplyw na zuzycie tribologiczne, co wynika z anizotropowej natury technologii druku
3D. Najmniejszy $redni wspotczynnik tarcia uzyskano dla probek o kierunku wydruku 90°.
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INTRODUCTION

The fourth industrial revolution (Industry 4.0)
has embraced many modern manufacturing
technologies, 3D printing in particular [L. 1].
By means of refining known and developing
new 3D printing methods and materials, additive
technologies have appeared in the main industry
areas: aerospace, automotive, food, medical,
construction, textiles, and electronics [L. 2]. For the
purpose of medical applications, 3D printing has
become a focus of research as well as an enabling
tool. The analysis of the available literature points
towards applications of the 3D printing technology
in: implantology [L. 3, 4], prosthetics [L. 5,6],
orthopaedics [L. 7], drug delivery systems [L. 8],
and transplantology [L. 9, 10]. The photo-curing
technology of liquid polymer resins used in this
study — PJM (PolyJet Matrix) — is used in various
areas of medicine as they are made of materials
allowing for contact with the skin and oral
cavities,: dentistry [L. 11], radiotherapy [L. 12],
bone scaffolding [L. 13] or in the manufacture of
medical equipment [L. 14].

The development of new biomedical
materials used for biomedical purposes in additive
manufacturing technologies, considering their
anisotropic nature, requires the study of their
properties in a variety of printing directions, due
to the fact that the models are structured in layers.
The commonly occurring phenomenon of friction
relates to nearly all components manufactured by
3D printing technology during their use; therefore,
tribological testing is an extremely important aspect
of the research [L. 15, 16]. The study of surface
topography plays a key role when analysing wear
mechanisms; therefore, it is important to have
a proper methodology based on a clear objective
and test programme [L. 17].

3D printing technologies for medical
applications also use metallic materials [L. 18, 19].
Methods for modifying the surface layer with anti-
wear properties operating in biotribological systems

Table 1. Chemical composition of the MED610 material [L.

Tabela 1. Sktad chemiczny materialu MED610 [L. 28]

are already known [L. 20-22]. Promising directions
for future research include the modification of
the surface layer of printed components made of
metallic materials using anti-wear coatings.

The research presented in this article aims to
evaluate the tribological properties of a medical-
grade material known under the trade name
MEDG610. The paper also evaluates the hardness and
surface wettability of printed specimens using the
PolyJet Matrix technology. Additive manufacturing
technologies have rarely been the subject of
tribological research. That fact is evidenced by the
low number of scientific publications covering that
aspect, in particular the use of such materials for
medical applications. Therefore, this article fills
this research gap.

MATERIALS AND METHODS

MED610 (Stratasys Corp, Minnesota, Minneapolis)
is a medical material approved for permanent skin
contact and limited mucosal contact (up to 24
hours). The manufacturer states that the material
was developed for medical and dental applications
[L.23]. This material meets normative requirements
in terms of: irritation and hypersensitivity type IV
[L. 24], cytotoxicity [L. 25], genotoxicity [L. 26],
and chemical characteristics [L. 27]. Table 1 shows
the chemical composition of the material [L. 28],
while Table 2 lists the selected material properties
in accordance with relevant standards [L. 28].

The test specimens were printed using SUP705
support material. The resin turns into a gel during
the polymerisation process and is easily removed
with a water wash. Table 3 shows the chemical
composition of the support material.

The PJM (PolyJet Matrix) method of photo-
curing liquid polymer resins in 3D printing requires
the application of droplets of liquid resin on the
printer’s work bench at the exact location of the
cross-section of the model being constructed.
Subsequently, UV irradiation of the object initiates

Component Isobornyl Acrylic Urethane Acrylic Epoxy A.crylate Photoinitiator
acrylate monomer acrylate monomer acrylate oligomer
5-10; 5-10; 5-10; 0.1-1;
. 0 . - = s s ] >
Weight % 15-30 15-30 10-30 10-15 10-15 10-15 12
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Table 2. Material properties of MED610 [L. 28]
Tabela 2. Wlasciwosci materiatu MED610 [L. 28]

Property Scale/Standard Value
Tensile strength ASTM D-638-03 50-65 MPa
Elongation at rupture ASTM D-638-05 10-25 %

Young’s modulus

ASTM D-638-04

2000-3000 MPa

Flexural strength

ASTM D-790-03

75-110 MPa

Flexural modulus

ASTM D-790-04

2200-3200 MPa

Poisson’s ratio*

ASTM D638-10 0.41

Deflection temperature

ASTM D-648-06

45-50°C

Water absorption

ASTM D-570-98 24HR

1.1-1.5%

Shore (Rockwell) hardness

D scale (M)

83-85 D (73-76 M)

Biocompatibility

ENISO 10993-1:2017

Skin contact
— permanent
Contact with mucous membranes
— up to 24 hours

* The value of the Poisson’s ratio was emailed by Stratasys at the authors’ request.

Table 3. Chemical composition of the Support SUP705 material [L. 29]

Tabela 3. Sktad chemiczny materiatu Support SUP705 [L. 29]

Polyethylene 2-hydroxyethyl A proprietary
Component alycol Propylene glycol Glycerol acrylate agent
Weight % 10-30 10-30 10-30 3-10 0.1-0.3

the polymerisation process and transition from the
liquid to the solid state. This process is repeated
layer after layer until the finished 3D model is
obtained. Components manufactured using additive
technologies are characterised by a pronounced
anisotropy. This means that the properties of the
printed models are dependent on the direction of
printing [L. 30].

The specimens used for the purpose of the
study were made using the PJM technology on
an Objet 350 machine manufactured by Connex
(currently Stratasys). The models were made
in High Quality print mode, using the smallest
possible layer thickness of 0.016 mm.

The specimens are discs with a diameter of
40 mm and a height of 6 mm, manufactured of

the MED610 material through PJM 3D printing
technology. The specimens were made with three
preset print directions (angles) — PD (Print direction):
0°, 45> and 90° (Figure 1). A key element included
the surface preparation of the specimens, which
were sanded using a Pace Technologies grinding-
polishing machine with sandpaper of varying grain
granulation: 120, 240, and 600 um. The specimens
obtained had a surface roughness of S = 0.8 um,
the parameter was measured using a Leica DCM
8 confocal microscope. The obtained value is the
arithmetic mean of the measurements of the three
specimen types (0°, 45°, 90°). Each specimen
was measured five times. Based on the series of
measurements, the standard deviation (SD) from the
specimen was calculated, amounting to SD = 0.06.
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a) b)

Fig. 1.

1 2 3

Positioning of the specimens on the 3D printer virtual worktable: (a) arrangement of specimens, (b) print directions
used: 1 — 0° printout, 2 — 45° printout, 3 — 90° printout

Rys. 1. Orientacja probek na wirtualnym stole roboczym drukarki 3D: (a) utozenie probek, (b) zastosowane kierunki wydruku:

1 — wydruk 0°, 2 — wydruk 45°, 3 — wydruk 90°

The counter-specimens were 6 mm diameter
spheres made of polymer plastics in the form of
unmodified POM (polyoxymethylene) and PA
6.6 (polyamide) with the trade names Delrin and
Nylon 6.6, respectively. Lightweight spheres made
of POM display good mechanical properties,
corrosion resistance, wear resistance, and abrasion
resistance (Table 4). POM shows resistance to
alkaline compounds, neutral and weak acids,
seawater, petroleum products, mineral oils
and greases, inorganic salt solutions, aliphatic,
aromatic hydrocarbons and chlorine, low-grade
alcohols, and ether. However, this material is not
resistant to strong acids (hydrochloric, phosphoric,
nitric, and sulphuric), mineral acids, chlorides and
alkalis [L. 31]. Given these properties, POM is

Table 4. Properties of Delrin (POM) [L. 31]
Tabela 4. Wlasciwosci Delrin (POM) [L. 31]

used in the food, chemical, electronic as well as
pharmaceutical industries for applications ranging
from spray mixers, lightweight safety wvalves,
bearings, special pumps and valves to fluid control
equipment and medical instruments.

The second type of a sphere material was
semicrystalline thermoplastic polyamide 6.6. It is
characterised by low weight and high resistance
to corrosion and tribological wear (Table 5). Its
additional properties include self-lubrication,
good ductility, strength, and electrical insulating
properties. The beads are insoluble in dilute mineral
acids and in most organic acids. In addition, they are
resistant to alkalis, petroleum products, lubricants,
inorganic salt solutions, low-grade alcohols, motor
oils, transmission fluids, methanol, ketones, and

Property Symbol Unit of Measure Type Notes Values
Density ) g/em? Physical Room temp. 1.40
Water absorption Aw % Physical 24h 0.30
Young’s modulus E MPa Mechanical - 2800
Friction coefficient n - Mechanical Room temp. 0.28
Hardness - Shore D Mechanical - 80-90
Compressive yield strength - MPa Mechanical - 30-120
g:;‘:i?;i‘;‘;ﬁ;giar a 10/°C Thermal (AT=0-100°C) 93
Thermal conductivity A W/(m - K) Thermal Room temp. 0.27
Service temperature - °C Thermal - -4085
Volume resistivity p Q- m Electric - > 108
E:ﬁ:;;ﬁgﬁgneﬁc u, - Magnetic Diamagnetic <~1
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Table 5. Properties of Nylon 6.6 (PA 6.6) [L. 32]
Tabela 5. Wlasciwosci Nylon 6.6 (PA 6.6) [L. 32]

Property Symbol Unit of Measure Type Notes Values
Density ) g/cm’? Physical Room temp. 1.11
Water absorption Aw % Physical 24h 2.10
Young’s modulus E MPa Mechanical - 2500
Friction coefficient " - Mechanical Room temp. 0.25
Hardness - Shore D Mechanical - 75-85
Compressive yield - MPa Mechanical - 86-103
strength
Coefficient of linear a 10/°C Thermal (AT=0-100°C) 87.50
thermal expansion
Thermal conductivity A W/(m - K) Thermal Room temp. 0.25
Service temperature - °C Thermal - -3080
Volume resistivity p Q-m Electric - > 108
Relative magnetic . . .
permeability U - Magnetic Diamagnetic <~1
esters. However, this material is not resistant to Test methods

strong acids and alkalis [L. 32]. These spheres are
used in dedicated valves, bearings, flow meters,
hand grips as well as in the medical industry.

Specimens and counter-specimens were used
to carry out tribological tests in a sphere-disc
association. Tests were performed under technically
dry friction conditions, including saline lubrication
(0.9% NaCl). The present study used specimens
which varied in terms of the direction of printing,
the counter-specimens used and the tribological
test conditions. Three different printing directions
of the specimens, the counter-specimens made
of two materials, and two types of friction (dry
technical friction or with a lubricant) brought forth
12 different tribological tests. Each was repeated
three times.

Table 6. Tribological test parameters
Tabela 6. Parametry testu tribologicznego

Surface topography before and after tribological
testing was obtained with a Leica DCM 8
interferometric mode confocal microscope through
a 20x magnification lens in a confocal mode. The
following parameters were generated for surface
topography measurements: S_ (arithmetic mean
height), S, (maximum peak height), S (maximum
valley depth), S, (maximum height of surface), S
(asymmetry), and S, (kurtosis).

The tribological tests were carried out on
a TRB? tribometer (Anton Paar) in rotary motion.
The tests were carried out under conditions of
technically dry friction as well as friction under
lubrication with saline solution. The tests were
repeated three times for each specimen. Their
parameters are presented in Table 6.

Load [N] Velocity [m/s]

Friction radius [mm]

Distance

[m]

Temperature [°C] Humidity [%]

10 0.1 12

1,000 25+2 4545
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The Attension Theta Flex optical tensiometer
was used to determine the wettability of the
surface of the specimens depending on the printing
directions. Wetting angle measurement consisted
in precisely depositing a droplet of the measuring
liquid (distilled water, diiodomethane and saline)
on the surface of the specimen and performing
immediate measurements. The droplets were
deposited randomly on the surface of the specimen.
Mean wetting angles with standard deviations
were calculated through five measurements. The
hardness of the specimens for the different printing
directions was tested using a Hildebrand Shore D
hardness tester. The measurements were made in
accordance with the ISO 868 standard.

RESULTS AND ANALYSIS

Surface topography measurements

Table 7 contains the measured parameters describing
the shape (topography) of the surface of the specimens
made of MED610 depending on the direction of
printing, and Figure 2 shows examples of isometric
views and surface profiles.

Table 7. Measured specimen roughness parameters
Tabela 7. Zmierzone parametry chropowato$ci probek

The analysis of the surface topography
measurements of the specimens taken in the three
print directions shows that the arithmetic mean
height is the lowest for the 45° specimens (0.77um)
and the highest for the 90° specimens (0.88um). For
the other parameters, the 45° specimen also ranked
the lowest, while the highest values were registered
for the 0° specimen, for instance the maximum
peak height — 11.72 um. Nevertheless, the values of
the parameters describing the surface topography
of the specimens did not differ significantly from
one another.

Wettability measurements

Figure 3 shows views of distilled water droplets,
Figure 4 shows views of diiodomethane droplets,
and Figure 5 shows views of saline droplets
on specimen surfaces made in the three print
directions. The measurement was carried out on
9 specimens prior to tribological testing. Figure 6
shows the values of the average wetting angles for
the MEDG610 surface, which were calculated from
five measurements.

Print direction S, S, S]D [wm] S, [um] S, [um] S, [um]
0° -0.80 5.09 11.72 16.67 28.39 0.81
45° -0.37 3.49 597 5.44 11.41 0.77
90° -0.44 3.38 7.10 11.39 18.49 0.88
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Fig. 2. The isometric view and surface profiles of the MED610 depending on the printing direction (a) 0°, (b) 45°, (¢) 90°
Rys. 2. Widok izometryczny oraz profile powierzchni MED610 w zaleznosci od kierunku wydruku (a) 0°, (b) 45°, (c) 90°
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a) b) ©)

Fig. 3. View of the distilled water droplet on the MED610 surface for the print direction (a) 0°, (b) 45°, (c) 90°
Rys. 3. Widok kropli wody destylowanej na powierzchni MED610 dla kierunku wydruku (a) 0°, (b) 45°, (c) 90

a) b) c)
- w -w

Fig. 4. View of the diiodomethane droplet on the MED610 surface for the print direction (a) 0°, (b) 45°, (c) 90°
Rys. 4. Widok kropli dijodometanu na powierzchni MED610 dla kierunku wydruku (a) 0°, (b) 45°, (c) 90°

a) b) c)

B2 AL A" 7100 P54

Fig. 5. View of the saline droplet on the MED610 surface for the print direction (a) 0°, (b) 45°, (c) 90°
Rys. 5. Widok kropli soli fizjologicznej na powierzchni MED610 dla kierunku wydruku (a) 0°, (b) 45°, (c) 90°

8585 §9.14 .

7929

74,93 66.71
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m4se
L

Contact angle [*]
2

2.m
1854 1948

waler diiodomethane saline

Fig. 6. Average wetting angle values for the MED610 surface
Rys. 6. Srednie warto$ci katow zwilzania dla powierzchni MED610
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The smallest wetting angle for distilled water
was obtained for a specimen made with a print
direction of 90°, and the largest for a specimen
with a print direction of 45°. This demonstrates the
hydrophobic nature of the surface of the specimen
with the 45° direction, in contrast to the specimen
with the 90° and 0° print directions, which are
characterised by hydrophilicity. The smallest
diiodomethane wetting angle was obtained for
a specimen with a print direction of 45°, while the
largest for 0°. The smallest saline surface wetting
angle was obtained for the 90° specimen and the
largest for the 45° specimen.

When analysing the average values for the
wetting angle determined with distilled water, the
lowest value was obtained for specimens with
a print direction of 90° — 72.29°, and the highest for
specimens with a print direction of 45° — 89.14°.
The value obtained for specimens with a print
direction of 45° oscillates within the limits of the
hydrophobic surface. In the case of diiodomethane,
the highest values of the average wetting angles
were obtained for the surface of specimens with
a print direction of 0° — 23.77°, and the lowest for
specimens with a print direction of 45° — 18.54°
(although the differences between the 45° and
90° specimens are insignificant). A saline surface
wettability test showed the highest wettability for
the 45° print direction of 82.73° and the lowest for
the 90° specimen surface of 66.71°.

Hardness measurement

Table 8 shows the Shore D hardness values,
depending on the direction of printing.

0.0

036 059
1 | 051

60

050

040

.30

Coefficients of friction

20
015 pa4 004

PA 6.6

technically dry friction

saline

Table 8. Shore D hardness averages according to the
direction of printing
Tabela 8. Wartosci srednie twardo$ci w skali Shore’a D w za-

leznosci od kierunku wydruku

No. 1(PD-0° | 2(PD-45°) | 3(PD-90°)
1 83 82 82
2 82 81 82
3 83 83 82
4 83 84 81
5 83 83 83
Mean 82.8 82.6 82

Hardness measurements were carried out
using specimens made in accordance with the
accepted three printing directions. Average values
were obtained through five measurements of
hardness. The differences between the average
hardness values of each specimen type are lower
than 1 percent. Such a low variety indicates that the
direction of printing has no significant effect on the
surface hardness of the surface. The specimens on
which the hardness measurements were taken were
not reused for the remaining tests.

Tribological tests

Figure 7 shows the values of the average friction
coefficients for the MED610 specimens, made in
the three print directions, after tribological tests
with a PA 6.6 sphere and POM sphere, respectively,
under a load of 10 N.

In the case of the PA 6.6 counter-specimen,
the highest average coefficient of friction during

i
m45”

024 0.24 u90®
.20

' I o0 010 010
POM

technically dry friction saline

Fig. 7. Average values of friction coefficients for specimens after tribological tests with a load of 10 N with a counter-

specimen made of PA 6.6 and POM

Rys. 7. Warto$ci $rednie wspotczynnikow tarcia dla probek po testach tribologicznych przy obcigzeniu 10 N z przeciwprobka

wykonang z materiatu PA 6.6 oraz POM
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technically dry friction was obtained for the 45°
specimens — 0.59, and the lowest for the 90°
specimens — 0.51. The coefficient of friction for the
90° specimen is approximately 13% lower than in
case of the 45° specimen. During friction involving
the use of saline, the mean values of the friction
coefficients for all directions tested oscillated at
0.14. In the case of the PA 6.6 counter-specimens,
the highest average coefficient during technically
dry friction was obtained for the 45° specimens —
0.24, and the lowest for the 90° specimens — 0.20.
The coefficient of friction for the 90° specimen is
approximately 17% lower than for the 0° and 45°
specimens. During friction involving the use of
saline, the mean values of the friction coefficients
for all printing directions oscillated at 0.10.

a) b)
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Figure 8 shows isometric views and surface
profiles depending on the printing direction (0°,
45°, 90°), after technical dry friction and with
saline lubrication using a sphere made of PA 6.6
material.

Figures 8a, 8b and 8c show isometric views
and surface profiles of the specimens for 0°, 45°,
90° print directions, after technically dry friction,
and Figures 8d, 8e and 8f after friction under saline
solution lubrication. Small traces of abrasion were
observed after friction with saline, which cannot be
determined due to the roughness of the surface of
the specimens.

Figure 9 depicts the isometric views and
surface profiles depending on the printing direction
(0°, 45°, 90°) after technical dry friction and with

.
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Fig. 8. Isometric views and surface profiles of specimens made of MED610 depending on the direction of printing at 10N
load after tribological tests with a PA 6.6 sphere: (a) dry-technical friction printing direction 0°, (b) dry-technical
friction printing direction 45°, (¢) dry-technical friction printing direction 90°, (d) saline friction printing direction
0°, (e) saline friction printing direction 45°, (f) saline friction printing direction 90°

Rys. 8. Widoki izometryczne oraz profile powierzchni probek wykonanych z MED610 w zaleznosci od kierunku wydruku przy
obcigzeniu 10 N po testach tribologicznych z kulka PA 6.6: (a) tarcie technicznie suche — kierunek wydruku 0°, (b) tarcie
technicznie suche — kierunek wydruku 45°, (c) tarcie technicznie suche — kierunek wydruku 90°, (d) tarcie z uzyciem soli
fizjologicznej — kierunek wydruku 0°, (e) tarcie z uzyciem soli fizjologicznej — kierunek wydruku 45°, (f) tarcie z uzyciem

soli fizjologicznej — kierunek wydruku 90°
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Fig. 9. Isometric views and surface profiles of specimens made of MED610 depending on the direction of printing at a load
of 10N after tribological tests with a POM sphere: (a) dry-technical friction printing direction 0°, (b) dry-technical
friction printing direction 45°, (¢) dry-technical friction printing direction 90°, (d) saline friction printing direction
0°, (e) saline friction printing direction 45°, (f) saline friction printing direction 90°

Rys. 9. Widoki izometryczne oraz profile powierzchni probek wykonanych z MED610 w zaleznosci od kierunku wydruku przy
obcigzeniu 10N po testach tribologicznych z kulka POM: (a) tarcie technicznie suche — kierunek wydruku 0°, (b) tarcie
technicznie suche — kierunek wydruku 45°, (c) tarcie technicznie suche — kierunek wydruku 90°, (d) tarcie z uzyciem soli
fizjologicznej — kierunek wydruku 0°, (e) tarcie z uzyciem soli fizjologicznej — kierunek wydruku 45°, (f) tarcie z uzyciem
soli fizjologicznej — kierunek wydruku 90°

saline lubrication using a sphere made of the PA 6.6 Table 9. Indices of abrasion marks on the MED610 surface
material. Table 9 shows the indicators of abrasion after tribological tests with a load of 10 N

marks on the MED610 surface after the tribological Tabela 9. Wskazniki s'!ad(')w yvytarcia na pqwier;chni MEDG610
po testach tribologicznych z obciazeniem 10 N

tests.
Figures 9a, 9b and 9c¢ show isometric views
and surface profiles of the specimens for 0°, 45°, Specimen designation Maximum Wear area
90° print directions after dry friction, and Figures (Technically dry friction) | depth [um] [pm?]
9d, 9e and 9f — after saline friction. As in the case of
the tests carried out with the sphere made of the PA PD 0° - PA 6.6 69.58 60753
6.6 material, small traces of abrasion were observed
after the application of the saline lubricant. PD 45°-PA6.6 3088 45386
During tests with counter-specimens made of PD 90° — PA 6.6 3562 27543
the PA 6.6 material without Iubricant, the highest
maximum wear depth was recorded for the 0° PD 0° - POM 2.39 529.75
specimen at 69.58 um and the lowest for the 90°
specimen at 35.62 um. The largest wear area PD 457~ POM 2.38 526.50
was also recorded for the 0° specimen — 60753 PD 90° — POM 430 280.75

pm?, while the smallest for the 90° specimen —
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27543 um?. The wear depth for the 90° specimen is
approximately 49% lower than for the 0° specimen,
and the wear area is approximately 55% lower for
the 90° specimen than for the 0° specimen. In the
case of the application of a lubricant (saline), no
trace of abrasion was observed and, therefore, the
depth and area of abrasion were not determined.
This was due to the high surface roughness of the
test specimens.

Tests carried out using POM material counter-
specimens showed that the highest maximum wear
depth was recorded for the 90° — 4.30 um and the
lowest for the 45° specimen — 2.38 um. The largest
wear area was recorded for the 0° — 529.75 um? and
the smallest for the 90° specimen —280.75 um?. The
wear depth for the 45° specimen is approximately
45% lower than for the 90° specimen, and the
wear area is approximately 47% lower for the 90°
specimen than for the 0° specimen. During the
tests carried out with the lubricant, as in the case of
the counter-specimens made of PA 6.6, it was not
possible to determine the depth and area of wear for
the tests carried out.

The analysis of the results shows leads to the
conclusion that the direction of the print on the work
bench of the 3D printer impacts the surface shaped
by operation. Specimens made with a preset print
direction of 90° had the smallest wear area, both
when using a PA 6.6 and POM material counter-
specimen. In this case, the force resulting from the
load was applied parallel to the technologically
shaped layers of the specimen model. When
testing the 0° specimen, when the force resulting
from the loading was directed perpendicular to
the technologically made layers, the results were
unfavourable and the surface was characterised by
a significant area of abrasion, a difference that is
particularly evident when using counter-specimens
made of the PA 6.6 material.

CONCLUSIONS

The analysis of the results of the medical MED610
material used in 3D printing allows the following
conclusions:

* the direction of printing does not significantly
affect the wettability and hardness of the
surface;

e during tests under technical dry friction
conditions with both POM and PA 6.6 counter-
specimens, the lowest average coefficient of
friction was obtained for specimens at a print
direction of 90°;

e when a saline lubricant was used, lower
coefficients of friction were recorded, and
the determined average values did not differ
according to the direction of printing of the
specimens;

» the exceptionally high reduction in the friction
coefficient after the application of a lubricant
in the test with a sphere made of PA 6.6 results
from the water absorption of this material,

e during tests under technically dry friction
conditions carried out using a counter-
specimen made of the PA 6.6 material, the
largest wear area was recorded for specimens
with a 0° printing direction, and the smallest
for specimens with a 90° printing direction;

* inthe case of tests under technically dry friction
conditions using a POM counter-specimen, the
largest wear area was recorded for specimens
with a 0° printing direction, and the smallest
for those with a 90° printing direction;

» the direction of printing has a direct impact on
tribological wear; and

* 90° specimens whose process layers were
aligned parallel to the applied load were
characterised by the lowest average coefficient
of friction and the smallest area of rubbing for
technically dry friction.
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