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Purpose: The research was focused on determining basic mechanical properties, surface, and phase structure taking into considera-
tion basic cytotoxicity analysis towards human cells. Methods: Biological tests were performed on human C-12302 fibroblasts cells using
3D-printed Ti6Al4V alloy (Ti64), produced by laser-based powder bed fusion (LB-PBF) and Alumina Toughened Zirconia 20 (ATZ20),
produced by lithography-based ceramic manufacturing (LCM). Surface modifications included electropolishing and hydroxyapatite or
hydroxyapatite/zinc coating. Structure analysis was carried out using a variety of techniques such as X-Ray diffraction, scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and confocal laser scanning microscopy (CLSM), followed by mechanical
properties evaluation using nanoindentation testing. Results: Samples subjected to surface modifications showed diversity among surface
and phase structure and mechanical properties. However, the cytotoxicity towards tested cells was not significantly higher than the con-
trol. Though, a trend was noted among the materials analysed, indicating that HAp/Zn coating on Ti64 and ATZ20 resulted in the best
biological performance increasing cell survivability by more than 10%. Conclusions: Hydroxyapatite coating on Ti64 and ATZ20 re-
sulted in the best biological properties. Tested materials are suitable for in vivo toxicity testing.
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1. Introduction

Bone defects greatly affect human life and well-
being. Bone tissue has the ability to self-repair and
regenerate in response to damage. However, huge bone
defects occurring after tumor resection or traumatic
fracture require external support in order to maintain
the organ functionality [32]. A finger amputation may
result in failed replantation due to severe damage. In
such cases, surgical reconstruction is only possible by
an autograft transplantation, e.g., toe-to-hand transfer,

leading to impairment at the foot site. Some motion
functional restoration is also possible by the bone-
anchored silicone prosthesis even as lacking sensitivity
[41]. Current research focuses on alternatives for sur-
gical reconstruction by patient-specific, durable, bio-
mimetic, bioactive and antibacterial implants for the
reconstruction of lost bone and joints [37]. Reconstruc-
tion of the hard tissue is planned by applying metal and
ceramics additive manufacturing (AM, “3D printing”).
Research focuses on selective laser melting (SLM)
process development (optimization of laser power scan-
ning and powder layer properties) to achieve defined
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roughness and minimize defects from melting (pores,
oxide inclusions, etc.), which is especially important
for the planned sub-mm sized structures, e.g., as niches
with healthy bone [30], [36]. Due to ~25% lower elas-
tic modulus to prevent stress shielding, bone degrada-
tion, and mid-/long-term implant loosening, the non-
cytotoxic Ti-15Mo-5Zr-3Al alloy is planned to be used
instead of the state-of-the-art Ti6Al4V [47]. However,
for commercial reasons, availability and universality
of materials used, Ti6Al4V alloy was chosen for the
purposes of the work presented here.

The design of artificial finger joint implants will
overcome the problem of the strong ossification ten-
dency which occurs in the case of implants made of
pyrolytic carbon or CoCr-based alloys applied in re-
construction of state-of-the-art gold-standard. Based
on dental implant know-how (i.e., tooth crowns), the
goal is a development of ultra-dense, tough, hard and
especially non-osteoconductive ZrO2-Al2O3 composite
ceramics (Alumina Toughened Zirconia, ATZ) depos-
ited by AM (additive manufacturing) [6], [26], [49]
with lithography-based ceramic manufacturing (LCM),
including post-annealing of as-synthesised parts and
polishing to patient-specific developed joints. Key
issues for long-term functionality of biomaterial-based
reconstruction of hard tissue are based on surgical
demands: (1) perfect integration of bone substituting
metal to the surrounding bone tissue (a) without loos-
ening due to stress shielding at the interface and (b)
with protection against bacterial inflammation (anti-
microbial properties and formation of vascularized
bone tissue (ossification)) even months to years after
the injury; (2) biomimetic finger joints based on non-
wearing materials without ossification tendency to
prevent loss of motion function. In detail, research
envisages following innovations on additive manu-
facturing (AM, “3D printing”) and bioactive coatings
for hard tissue reconstruction: (i) AM technologies for
mechanically durable, patient-specific hard tissue
implants with: a) fatigue- and corrosion-resistant bone
substitute scaffolds of high elastic Ti-15Mo based
alloys achieved by selective laser melting (SLM) with
final isostatic pressing; b) wear-resistant, ultra-smooth
and non-osteoconductive finger-joint implants of tough
lithography-based ZrO2-Al2O3 ceramics. (ii) Biomi-
metic CAD-CAM implant design from CT images
with scalable templates for predominating bone de-
fects. Special focus is laid on directional adaptation of
implant tension, bending and torsion elasticity to bone
(= 4D printing) to prevent stress shielding and loos-
ening at the screwing site to (metacarpal) bone, thin
subsurface bionic sub-mm pore structure for bone an-
choring. (iii) Optimal bioactivity: anti-microbial pro-

tection over >20 weeks and fast, targeted neoforma-
tion of vascularized bone on Ti-15Mo surfaces within
the patient’s own body as “bioreactor” (safest tissue
engineering approach), achieved by bioresorbable, os-
teoinductive Zn doped hydroxyapatite coatings (HAp)
with high adhesion using novel “mini-torch” atmos-
pheric pressure plasma spray deposition (APPD) at low
temperature to prevent distortion of small implants.
Future research will focus on development of implants
characterized by combination of high hardness and
toughness, exact physiological free-form surface shape
and low roughness. It is necessary to minimize wear
even in conditions with micro-sized bone particles
from surrounding ossification as third body.

As a basis for future fast adaptation of this com-
plex tissue substitution to the patients’ needs which
has to be performed with proper accuracy already
during surgical planning, the research is definitely
necessary in the field of elaboration of easily applicable
CAD (Computer Aided Design) templates from CT
(computed tomography) scans even for experienced
surgeons. Based on the trend in patient-tailored im-
plant design, these advanced templates will be a key
element in transferring this procedure into every day
of surgical rooms.

Vascularization in and around implant scaffolds
during osseointegration to use the patient’s immune
system is a good enough defense against bacteria (i.e.,
S. aureus, E. coli), which otherwise colonize – even
weeks after surgery – especially on the implant surface
and form hardly treatable biofilms [23]. Bioresorbable
coatings supporting bone neoformation like hydroxy-
apatite (HAp) are well established in joint arthro-
plasty. However, the applied state-of-the-art technolo-
gies (mainly thermal and plasma spraying) can hardly
cope when applied into small-sized, heat and distor-
tion sensitive implants like the planned finger bone
substitutes [18]. The drawbacks in such case are low
adhesion and non-controlled bioresorption aggravated
by high thermal load and limited control of phase
formation. Instead of non-resorbable crystalline phase,
an amorphous, bioresorbable phase forms at the inter-
face due to high cooling rate. Eventually it results
in catastrophic failure within wet in vivo surrounding
by rapid coating delamination [22]. Atmospheric
pressure plasma deposition (APPD) systems (“mini
torch” plasma spraying) have the potential for over-
coming these limitations. The “mini torch” spraying
makes it possible to control the phase formation using
the localization of the energy input and plasma pre-
/post-annealing [25].

Optimized powder size (size distribution, shape and
composition, stabilizing dopants) is a further key for
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chemical- and phase-graded HAp with both long-
term stable crystalline adhesion layers and amor-
phous top layers [3], [11], [39]. Additionally, intro-
duction of Zn salt via aerosols into HAp makes it
medically safe [28], [44]. The aim is to obtain inter-
mediate antimicrobial protection for up to 20 weeks
after implantation, in which vascularized bone tissue
should be already formed on the implant surface
triggered by bioresorption of amorphous, osteoin-
ductive HAp. This is the critical, long time for bio-
film formation [24], which is difficult to treat by oral
antibiotic drugs (with low dose at the implant site)
[31]. Furthermore, Zn is in contrast to currently used
antimicrobial Ag (formation of microbial resistances)
[12] mandatory for bone formation (osteoconduc-
tive), as it speeds up bioresorption. However, it is
rarely applied in commercial medical coatings as
of yet [9].

The objective of this work was to determine the
impact of surface modifications (electropolishing, anodi-
sation, HAp and HAp/Zn coating) on phase compo-
sition, mechanical properties and biocompatibility of
Ti6Al4V (Ti64) and Alumina Toughened Zirconia 20

(ATZ20) ceramic materials and their selection for the
practical application (finger implants).

2. Materials and methods

2.1. Material manufacturing

The Alumina Toughened Zirconia 20 (ATZ20) sam-
ples were sintered at 1550 °C for 2 h with layer thick-
ness of 25 µm. The printing parameters are shown in
Table 1.

The Medical alloy Ti6AlV4 samples were 3-D printed
(LB-PBF, laser based-powder bed fusion) using stripe
power of 280 W, stripe speed of 1200 mm/s, stripe dis-
tance of 0.14 mm and layer thickness of 30 μm. Heat
treatment of (Ti64) was carried out in argon furnace at
650 °C for 2 hours. All samples were in the shape of
discs with diameter of 13 mm and height of 3 mm.
The substrates were prepared by Lithoz company, the
project partner.

Table 1. Alumina Toughened Zirconia 20 printing parameters

Lateral (XY)
shrinking

compensation

Build direction (Z)
shrinking

compensation

Angle of rotation
start [rotations]

Angle of rotation
general

[rotations]

Rotation
speed
[°/s]

Settling time
start [s]

Settling time
general [s]

1.35 1.36 2 2 100 90 8

Tilt up
speed start

[°/s]

Tilt up
speed

general [°/s]

Backlight
exposure
time [s]

Settling time
backlight layer

[s]

Energy
start

[mJ/cm2]

Energy
general

[mJ/cm2]

Tilt down
speed start

[°/s]

Tilt down
speed general

[°/s]
8 15 2 90 250 200 3 12

Table 2. Coating process parameters

Sample Plasma gas Plasma Stream
[L/mm]

Nozzle
– substrate

distance [mm]

Plasma stream
current intensity

[A]

Platform
velocity
[mm/s]

Coating runs

Ti64 Ar 5.0 10 30 270 300 5 (gridded)
ATZ20

(activation) Ar 5.0 10 35 300 300 2 (linearly)

ATZ20
(coating) Ar 5.0 10 35 400 300 2 (linearly)

Sample HMDSO (adhesion
promoter) Powder Internal gas

Gas stream
internal
[L/min]

Intel
powder
feeder

Powder
feeder [%]

Powder Stream
[g/min]

Ti64 No HAp Ar 5.0 ~5 1.6 80 ~2
ATZ20

(activation) No – Ar 5.0 ~5 1.6 65 ~1

ATZ20
(coating) No HAp Ar 5.0 ~5 1.6 65 ~1
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The first rout of the surface modification was done
by deposition of the hydroxyapatite (HAp) coating.
Prior to coating, samples were washed in ethanol and
dried. HAp powder (50 g containing 0.1 g Aerosil 8200,
MF/17-37198, Medicoat, Switzerland) with particle
size of 25 µm was used. Flat tungsten anode with
a nozzle diameter of 4 mm was used. Prior to coating,
ATZ20 sample was activated using hexamethyldisi-
loxane (HMDSO). Coating parameters are shown in
Table 2.

The second surface treatment was carried out by
an anodic oxidation performed using current of 2.25 A
and voltage of 28 V. Detailed procedure can be found
elsewhere [1].

The third option was accomplished by electro-
polishing. As-synthesised samples were deoxygen-
ated in the 10% HNO3 (438073, Sigma-Aldrich, USA)
/ 4% HF (695068, Sigma-Aldrich, USA) mixture for
10–15 seconds. Heat-treated samples were deoxy-
genated for longer time, i.e., ~60 seconds, until the
color faded away. The deoxygenated samples were
placed in 15 dm3 CH3OH (34860, Sigma-Aldrich,
USA) / 1350 cm3 98% H2SO4 (258105, Sigma-
Aldrich, USA) mixture bath, with the voltage of 15 V
and temperature of –20 °C for 10 minutes. Detailed
protocol for polishing procedure can be found else-
where [48].

2.2. Surface topography, structure
and microstructure assessment

Surface images of tested samples were taken with
digital light microscope SmartZoom 5 (Carl Zeiss,
Germany) equipped with a PlanApo D 5×/0.3 FWD
(Free Working Distance) 30 mm objective, at magni-
fication of ×100 and ×300. The surface roughness (Ra,
Rz) parameters of each sample were determined using
confocal laser scanning microscope (Exciter 5, Carl
Zeiss, Germany) equipped with a EC Plan-Neofluar
5×/0.16 objective with Z-stack mode, in accordance to
ISO 4287. Images were analysed using ZEN 2008
v5.0.0.267, (Carl Zeiss, Germany). For scanning elec-
tron microscopy observations and TEM, lamella prepa-
ration a DualBeam SCIOS II scanning microscope
(ThermoFisher, USA), equipped with FEG (Field
Emission Gun) electron gun (30 kV) and an ion gun
was used. For SEM images Everhart–Thornley Detec-
tor (ETD) using SE (Secondary Electron) mode, ac-
celeration voltage of 2.00 kV and a working distance
(WD) of 3 mm was used.

Microstructure studies were performed using a The-
mis high-resolution transmission microscope (Thermo-

Fisher, USA) equipped with FEG electron gun (200 kV),
a HAADF detector for scanning transmission electron
microscopy (STEM) observations and integrated X-ray
spectrometer for the analysis of the chemical compo-
sition (EDAX, USA).

Qualitative (identification) phase analysis was car-
ried out using a Bruker D8 Discover (Bruker, USA) with
CoKα filtered radiation. Diffractograms were analysed
using DiffracEva v3.0 (Bruker, USA) and PDF-4+
2022 base (ICDD, USA).

2.3. Mechanical properties

Tests were carried out using the Step 500 (Anton
Paar, Austria) which is equipped with the Nanoindenter
NHT3 (nano hardness tester) and MCT3 (micro combi
tester) modules, equipped with a system for collecting
and archiving measurement results. Nanoindenter
NHT3 is a precise device designed to determine the
mechanical properties of materials and thin layers in
a nanometric scale. NHT3 meets the requirements of
the ASTM-E2546 standard for nano-hardness testers,
while the MCT3 module complies with ASTM: C1624,
E2546, G171 and ISO: 14577, 20502, 27307. The
micromechanical properties were determined on the
basis of material deformation, as a result of indenta-
tion of the sample with an indenter to which a certain
load is applied. The value of the loading force and the
penetration depth of the indenter blade were recorded
continuously during the entire cycle (loading and un-
loading). Based on the load curve vs. displacement,
such properties as: hardness, Young’s modulus, creep
time, fracture toughness were determined. Using mini-
mal forces loading the indenter, it is possible to per-
form measurements at depths of several hundred na-
nometers, which is particularly important when testing
thin layers, where the influence of the substrate on the
determined properties should be eliminated. Nanoin-
dentation tests: hardness (HiT), Vickers hardness (HV),
and Young’s modulus (EiT) were performed using
Berkovich tip, and load of 0.5 N. For each test, a total
of 10 measurements from 3 samples of each type were
taken.

2.4. Cytotoxicity

Direct cytotoxicity tests were conducted using Nor-
mal Human Dermal Fibroblasts (NHDF, Promocell, Ger-
many) C-12302 cells in accordance with ISO 10993-5.
Prior to material testing, cells were incubated using
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Fibroblast Growth Medium (C-23020, Promocell, Ger-
many), supplemented with Antibiotic Antimycotic Solu-
tion (A5955, Sigma-Aldrich, USA) and enriched with
Fibroblast Growth Medium 2 SupplementMix (C-39325
Promocell, Germany) and detached using StableCell
Trypsin Solution (T2610, Sigma-Aldrich. USA). Cells
were cultured according to manufacturer’s manual and
ISO standard. A total of 3 specimens per sample were
tested. Specimens were placed in 24-well cell culture
plates, with a cell diameter of 15. mm. Cell concentra-
tion was 105 cells/mL. Cells were incubated at 37 °C and
5% CO2 for 24 hours. Out of 3 samples, 2 representa-
tive samples were selected for further testing. Live
and necrotic cells were evaluated with confocal laser
scanning microscopy (Exciter 5, Carl Zeiss, Germany)
equipped with a EC Plan-Neofluar 5×/0.16 objective,
with Z-stack mode using propidium iodide (P4170,
Sigma-Aldrich, USA) (staining dead cells red) and
MitoTracker Green (M7514, ThermoFisher, USA)
(marking live cells green). Staining was performed
according to the manufacturer’s instructions. Cells
were fixed using 4% formaldehyde (114321734, Pol-
Aura, Poland) solution. Images were analysed using
ZEN 2008 v5.0.0.267, (Carl Zeiss, Germany). The
software is equipped with the colocalization function
that counts pixels allowing comparison between green
and red channel pixel number. The more propidium
iodide excitation, the greater the likelihood that cells
located on the surface of the biomaterial are dead.
Percentage of live cells was calculated by dividing
number of green pixels by the number of green and
red pixels in each photography taken. A total of 10 im-
ages per sample were taken. Cell culture supernatant
was collected and evaluated for lactate dehydrogenase
levels using CytoTox 96® Non-Radioactive Cytotox-
icity Assay Protocol (Promega, USA) using Cobas
Integra 400 analyser (Roche, Switzerland). Results are
presented as enzyme unit per liter. A total of 4 meas-
urements per each sample were performed. As the posi-
tive control material, uncoated as-synthesised Ti64 was
used. As the negative control, a blank cell culture well
was used.

2.5. Statistical analysis

Statistical significance was evaluated using
STATISTICA 13.3 (StatSoft, Tulsa, USA). An analysis
of variance (ANOVA) followed by a post-hoc least
significant difference (LSD) test was used to estimate
any significant effect between groups. Differences be-
tween treatments with p-value below 0.05 were con-
sidered statistically significant.

3.Results

3.1. Surface topography
and microstructure analysis

3.1.1. Digital microscopy

Macro-scale images of materials surface topogra-
phy are shown in Fig. 1. The surface of as-synthesised
Ti64, which is of gray/silver hue (Fig. 1a) becomes
colorful after heat treatment due to light interference
within the newly formed oxide layer. Hydroxyapatite
(HAp) coating is observed as gray (Fig. 1c, d, g and h).
Blue color (Fig. 1e) is the result of defined oxide layer
thickness which is related to applied voltage of 28 V.
“Blurred” surface (Fig. 1f) is the effect of surface
etching. Zinc particles in HAp/Zn coating are visible
as shimmering spots (Fig. 1d, h).

3.1.2. Confocal laser scanning microscopy

Results of surface topography measurements are pre-
sented in Fig. 2. Mean surface roughness (Ra) of un-
coated 3D-printed Ti64 varied between 12.2 µm for as-
synthesised and 13.4 µm for the annealed sample. The
electropolishing significantly lowered mean Ra values to
8.1 µm and 4.38 µm, respectively. The anodisation re-
sulted in significantly increased roughness, i.e., 14 µm
for as-synthesised Ti64 and 18.3 µm for annealed Ti64.
The HAp coating led to significant lowering of the mean
surface roughness to 6.0 µm regardless whether a sample
was annealed or not. The HAp/Zn coating lowered Ra
value to 4.7 µm. Surface roughness parameters of all
ceramic ATZ20 samples varied between 4.7 µm for both
untreated and HAp/Zn coated ATZ20 samples and 5.0
µm for HAp coated ones. Differences between all HAp
coated samples and uncoated ATZ20 were negligible.

Mean maximum height of the profile (Rz) of un-
coated 3D-printed Ti64 varied between 72.3 µm for
as-synthesised and 79.1 µm for the annealed sample.
The electropolishing significantly lowered mean Rz
values to 23.5 µm and 17.4 µm, respectively. The
anodisation resulted in significantly increased rough-
ness, i.e., 80. µm for as-synthesised Ti64 and 87.2 µm
for annealed Ti64. The HAp coating led to significant
lowering of mean maximum height of the profile to
23.5 µm for as-synthesised and 17.4 µm for annealed
Ti64. The HAp coating lowered Rz value to 36.7 µm
for as-synthesised and 31.6 µm for annealed sample.
HAp/Zn coating lowered the Rz of annealed Ti64 to
28.4 µm. Surface roughness parameters of all ceramic
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Fig. 1. Digital microscopy images: a) Ti64 as-synthesised, b) Ti64 annealed, c) Ti64 + HAp, d) Ti64 + HAp/Zn, e) Ti64 anodised,
f) Ti64 electropolished, g) ATZ20 as-synthesised, h) ATZ20 + HAP/Zn. PlanApo D 5×/0.3, mag. ×100 and ×300

Fig. 2. Surface roughness of tested samples, (ISO 4287) – Ra and Rz ± SD [µm], n = 10, EC Plan-Neofluar 5×/0.16, Z-stack mode
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ATZ20 samples varied around 28.4 µm for untreated,
HAp and HAp/Zn coated ATZ20 samples. Differ-
ences between ATZ20 samples were negligible. Over-
all, both uncoated and anodized Ti64 samples had
significantly higher Rz values compared to the rest of
tested samples.

3.1.3. Scanning electron microscopy (SEM)

SEM images of theTi64 and ATZ20 tested samples
are shown in Fig. 3. The uncoated (Fig. 3a) surface of
3D-printed Ti64 sample shows residue of melted pow-
der used for a LB-PBF process. Within the presented
scope of research at this level of project implementa-
tion, the main focus was on performing basic research,
i.e., carrying out in-depth structural and microstructural
analysis. On the basis of the microstructural studies,

process residues were identified in the structure. The
entire cycle of tests, which was carried out, did not
show any significant negative impact on biocompati-
bility, but this defect had to be eliminated in the manu-
facturing process itself. The consortium partners used
more precise mixing during sample preparation. The
harsh surface of HAp coated Ti64 (Fig. 3b) corresponds
for the HAp deposition on this mineral. The surfaces of
anodised (Fig. 3c, d) samples differed from the previ-
ous ones showing layers of TiO2 as smooth film and
islands. Increased number of island structures was
found on the annealed surface when compared to the
as-sythesised one. The electropolishing (Fig. 3e, f)
resulted in smoother surfaces, while the residues in the
form of islands are observed as blurred accumulation of
material. The SEM analysis confirmed presence of
HAp (Fig. 3h) on the ATZ20 surface (Fig. 3g), as well

Fig. 3. SEM images of 3D-printed samples: a) Ti64 as-synthesised (uncoated), b) Ti64 + HAp coating,
c) Ti64 anodised as-synthesised, d) Ti64 anodised annealed, e) Ti64 electropolished as-synthesised,

f) Ti64 electropolished annealed, g) ATZ20 + HAp coating. Acceleration voltage – 2.0 kV, detector – ETD, mode – SE
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as revealed development of surface cracks. The HAp
deposition was confirmed by TEM-EDS mapping of
elemental distribution (Fig. 4).

3.1.4. Transmission electron microscopy (TEM)

A lamella for TEM investigation was cut out
from the space between the smooth surface and the

sphere. It allowed to prove that the columnar growth
of crystallites takes place in the direction perpen-
dicular to the surface of the spheres (Fig. 5a). The
presence of twins was also noted (Fig. 5b), due to
the tendency to twinning in hcp metal crystal lattice.
The presence of a thin (~100 nm), fine-crystalline
layer was observed at the surface of annealed Ti64
(Fig. 5c).

Fig. 4. Results of EDS analysis of HAp coating on the surface of Ti64 – elemental distribution of: a) titanium, b) aluminium,
c) vanadium, d) calcium, e) phosphorus, f) oxygen. Arrows mark the uncoated part of the sample. Acceleration voltage – 200 kV

Fig. 5. TEM Bright Field (BF) analysis: a) columnar growth of crystallites, perpendicular to the surface of the spheres (arrows),
b) twinning boundaries (arrows), c) fine-crystalline layer on the surface of annealed Ti64 (arrows). Acceleration voltage – 200 kV
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3.2. X-ray diffraction analysis

XRD (X-Ray Diffraction) patterns of the tita-
nium alloy (Ti64) confirmed the presence of the hex-
agonal α-Ti4 phase (Fig. 6, marked green) The pres-
ence of tetragonal ZrO2 and α-Al2O3 in the tested
material (ATZ20) was also confirmed (Fig. 6, marked
black).

3.3. Mechanical properties

The results of micromechanical tests are shown in
Fig. 7. In the box plot the horizontal line represents
the location of the median, the cross shows calculated
mean (n = 10), the box represents the location of 50%
of the results relative to the median, whiskers are re-
sults in the range of ± 3 × standard deviation and free

Fig. 6. Green – as-synthesised Ti64 diffractogram – green – α-Ti6Al4V phase (hexagonal);
black – ATZ20 diffractogram; cross (red) – ZrO2 phase (tetragonal); asterisk (blue) – α-Al2O3 phase (rhombohedral)

a) b)

Fig. 7. a) Measured indentation hardness values,
b) measured Vickers hardness (HV) values,

c) measured Young’s modulus values c)
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points stand for extreme values. Indentation hardness
(Fig. 7a) values for Ti64 samples generally varied
between 700 MPa and 6000 MPa, whereas ATZ20
hardness values were closed to 11000 MPa. Ano-
dised and electropolished samples differed signifi-
cantly compared to uncoated Ti64. The HAp coating
resulted in lowering those values to about 1000 MPa.
Vickers hardness (Fig. 7b) values for Ti64 samples
generally varied between 100 HV and 600 HV, on
the other hand ATZ20 hardness values remained
close to 950 HV. For the HAp coating those values
varied around 70 HV. In case of Young’s modulus
(Fig. 7c), its values varied between 25 GPa and 150 GPa
for Ti64 samples and around 220 GPa for ATZ20.
The HAp coating has shown EiT values from 40 GPa
to 75 GPa.

3.4. Cytotoxicity

A number of green and red pixels are used to
built a co-localization chart in Fig. 8. These results
were also visualized as percentage of live cells in
Fig. 9. Higher percentage of the latter means that
there are more of the live cells that the dead ones.
According to ISO 10993-5 material is not cytotoxic
if at least 70% of live cells (red reference line) can

be observed. Direct cytotoxicity analysis showed
significant diversity among live/dead cells ratio for
HAp/Zn coated samples in comparison to the re-
maining, however, these results were not directly
comparable to the measured LDH levels (Fig. 10),
most of which were negligibly higher than the refer-
ence (~4 U/L) sample.

4. Discussion

The performed tests were focused on characteri-
zation of the properties of materials produced by
additive methods for finger bone implants. The 3D
printing technique allows to match the material per-
fectly for a given patient even as it can affect the
properties of the obtained material such as surface
topography or surface mechanical properties that fur-
ther may influence biocompatibility. The early phase
of basic research included cytotoxicity studies with
determination of lactate dehydrogenase activity lev-
els and analysis of surface topography using light
and electron microscopy. Substrate samples and their
modifications were also subjected to nanoindentation
tests: indentation hardness and Vickers hardness. Be-
sides, indentation Young’s modulus was determined.

Fig. 8. Co-localization chart of the green and red channels.
Lower right part of graph indicates lower cytotoxic effect whereas upper left part stands

for more cytotoxic effect. Green channel – live cells, red channel – dead cells
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4.1. Surface modification

The substrate material for the finger bone substi-
tute was the Ti64 alloy, characterized by good bio-
compatible and mechanical properties as well as high
corrosion resistance. Material dedicated to replace the

movable part of the finger (joint) is planned to be
made of ATZ20, i.e., the mixture of alumina (20%)
and zirconia (80%) characterized by high abrasion
resistance and low cytotoxicity. Simultaneously, sev-
eral methods of surface modification were selected in
order to improve the properties of the tested materials,
such as hydroxyapatite (HAp) and zinc (HAp/Zn) ar-

Fig. 9. Percentage of live cells assessed on the basis of mitochondrial activity in relation to all cells on the surface

Fig. 10. Cytotoxicity analysis based on the activity of the released lactate dehydrogenase isoenzyme after 24 hours of incubation
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gon plasma coating, anodisation, electropolishing and
heat treatment. The aim of the electropolishing is to
shape the surface roughness, as literature data show, it
is the most important reason for bacterial adhesion.
The electrolytic polishing process can remove the bald
or burrs on the surface and make the metal surface
smoother [48]. Anodized titanium has bioactive and
ossified surface, which promotes rapid bone integra-
tion [1].

4.2. Surface topography

Surface modifications of the materials were at first
investigated using light microscopy. On a macroscale,
the surface of Ti64 is usually greyish silver. However,
under the influence of high temperature (> 600 °C) the
surface changes its color due to the formation of tita-
nium oxide layers. The annealing of the samples took
place in an argon furnace, nevertheless they were
cooled in atmospheric air, which allowed the surface
to oxidize. This process resulted in obtaining surfaces
with different colors, which was caused by the inter-
ference of light taking place in layers of titanium ox-
ide of different thicknesses. The much thicker anodized
samples were found to have turned blue. That was
a direct result of the process parameters that decide on
a particular thickness of the titanium oxide layer. The
applied voltage of 28 V resulted in the formation of
a layer with a thickness of about 60 nm – 75 nm.
Electropolishing was aimed at smoothing the surface
of the material. The effects of this process were also
visible under the microscope as a blurred image of the
surface. Hydroxyapatite on the surface of the materi-
als was seen as gray. In addition, introduced zinc par-
ticles were visible as silver spots.

Surface modifications strongly affected tested sur-
face topography parameters: surface roughness (Ra) and
mean maximum height of the profile (Rz). Ra corre-
sponds to the arithmetic average of the roughness profile
and is crucial regarding biological properties and con-
sidering the destination of examined samples. Rz pa-
rameter is often use evaluate whether protruding peaks
are found on the tested surface. Such peaks cant impact
direct contact between implant surface and bone. Mean
surface roughness and mean maximum height of the
profile of uncoated and annealed 3D-printed Ti64 was
close to that from the literature [13], [19], [21], [43].
Electropolishing significantly lowered mean Ra and Rz
values, compared to results obtained by Zhang [50]. It
should be pointed that starting roughness was influ-
encing the final ones – polishing annealed Ti64 re-
sulted in lower Ra and Rz values than raw one. On the

contrary, anodisation increased the arithmetic average
of the roughness profile and mean maximum height of
the profile; anodisation of annealed sample resulted in
higher Ra and Rz values than as-synthesised one. The
mean surface roughness and mean maximum height of
the profile of the HAp and HAp/Zn coatings on the
Ti64 and ATZ20 samples were comparable to results
found in literature [40].

SEM observations of uncoated Ti64 showed that
the powder particles used for the printing procedure
were partially melted. Hydroxyapatite coating form-
sed scaffold-like structures on the surface of Ti64. As
a result of anodic oxidation the layers of TiO2 formed
a smooth film and island-like structures. No typical
nanotube structures were observed using given magnifi-
cation [16]. The cracks present on HAp coated ATZ20
sample may be the result of internal stress caused by
plasma spraying [42]. The presence of twins, being the
most common deformation mechanisms in hcp metals,
that increases their mechanical properties was con-
firmed. The fine-crystalline layer observed at the surface
was the result of surface oxidation and formation of
titanium nitrides. Similar structures over the Ti6Al4V
alloy were reported in literature on numerous cases [4],
[5], [14], [27].

The XRD pattern of Ti64 routinly given in literature
[34], usually documents the presence of α-hcp Ti phase,
as the β – bcc Ti is a minor one and their lines partly
overlap with the former. The α-Al2O3 alumina is of
tetragonal structure, while the ZrO2 takes various crys-
talline forms: monoclinic below 1 170 °C, tetragonal in
temperature range between 1 170 °C and 2 370 °C,
followed by bcc above 2 370 °C. Tested samples were
sintered at 1 550 °C, and accordingly the tetragonal
ZrO2 structure was found having a proper backing in
the literature data [2], [29], [46].

4.3. Micromechanical properties

The mechanical properties of the materials cannot
be overlooked in the context of bone implant applica-
tions. A material that differs significantly from bone
in mechanical terms will result in incorrect load trans-
fer and bone damage [38]. Hardness and Young’s
modulus of as-synthesised and annealed Ti64 were
comparable to human bone [7], [10]. Obtained values
of hardness for ATZ20 are comparable to the ones of
such samples tested by Maji [29]. HAp coating turned
out to be relatively soft, but on the other side anodised
and electropolished samples are harder than other Ti64
samples due to titanium oxide layer formation [45].
As-synthesised ATZ20 is also much harder than Ti64
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specimens. Additionally, EiT values of Ti64 and ATZ20
did not differ from data found in literature [8], [15]. EiT
and HiT values of Ti64 were also confirmed by
Ryniewicz [33] and Fotovvati [15]. Measured values of
Young’s modulus are correlated with hardness – harder
samples show higher Young’s modulus values. Vickers
hardness for typical Ti64 alloy is about 350 HV,
whereas for human bones is less than 80 HV. Tested
samples that were coated with HAp also showed values
comparable with human bone surface.

4.4. Cytotoxicity

HAp/Zn coating proved to have increased the num-
ber of live ells. Additionally, zinc doped into coating
reacts with oxygen forming zinc oxide (ZnO) which is
known for having biocompatible properties [35]. For
most of tested samples, besides HAp coated ATZ20,
obtained results of cell viability and lactate dehydro-
genase activity do not significantly exceed control level
and are comparable with literature results [17], [20].
However, HAp/Zn coating significantly increased the
cell survivability by more than 10%. Hence, it was
concluded that the samples were suitable for in vivo
toxicity tests.

However, these in vitro results are to be evaluated in
more extensive in vivo studies in the near future. Ad-
ditionally, there are other factors that influence the
development of the material into the implant such as
osteointegration, cell mineralization, antibacterial prop-
erties and others.

5. Conclusions

The surface modifications of 3D printed Ti64 and
ATZ20 samples resulted in various surface topographies
(presence of oxides, roughness, defects) as well as
mechanical properties. Hydroxyapatite coating low-
ered tested surface roughness parameters, hardness
and Young’s modulus. On the contrary, anodisation
and electropolishing increased hardness and Young’s
modulus while increasing (anodizing) or lowering (elec-
tropolishing) tested surface roughness parameters. XRD
analysis confirmed the presence of Titanium, Zirconia
and Alumina phases in the tested samples. Further-
more, titanium, aluminum and zirconium oxides were
found on their surfaces. Cytotoxicity analysis showed
that the samples had no cytotoxic effect. Besides,
HAp/Zn coating increased cell viability from 77%
to 91% for uncoated annealed Ti64 and from 75%

to 94% for uncoated ATZ20. The HAp coating itself
did not increased the cell viability in a significant way.
In brief, all of tested biomaterials had fulfill basic fin-
ger implants requirements and are suitable for future in
vitro and in vivo studies since materials intended for
contact with human tissues need in-depth research.
Concerning in vivo experiments, the in vitro analysis is
insufficient to prove the materials’ cytocompatibility,
thus, at this level of the project execution, small animal
models were considered in particular for testing the
general dermal toxicity. The further studies mostly with
osteoblast cells, including cytotoxicity and mineraliza-
tion studies will be the subject of the further test and
will enable the submission of a proposal for studies in
large animal models.
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