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Abstract: The study presents the basic terms of three-dimesisbioprinting and physical, chemical, and bgil
properties affecting the printability of hydrogébimaterials. It deals with the principle of evaingtthe quality of three-
dimensional bioprinting. The goal was to designrecedural algorithm to analyze prints produced kiyusion 3D
bioprinting critically. Forty-one cylindrical scafids were created experimentally from the same maatend under
varying printing parameters. The settings of thesinpausible sample compared to the CAD design weeel to 3D
bioprint ten cylindrical samples. Analysis of measnent system (ASM) with three operators was useévaluation.
The results showed that the printability measurdregstem is conditionally suitable. At the samegtithe methodology
for evaluating the shape similarity of samples tigtomacroscopic pore classification requires rdeeismn and further
experiments.

1 Introduction essential. There is another approach, without &odda

Three-dimensional ~ (3D)  bioprinting is  amimicking embryonic development. In acellular pirigt
multidisciplinary field of science, enabling theation of the term biomaterial is used to produce objectg,, e.
heterogeneous objects and complex biological strest Scaffolds. The most common are hydrogels.
based on a digital CAD model through additive Much attention is focused on formulating knowledge
manufacturing processes [1]. Thanks to the higklle¢ and principles regarding hydrogel bioprinting, aead
structure and composition control, it has the piisémo ~ CONsensus is being sought between print qualigsassent
solve a diverse demand in medical research andigeac Criteria. The terms discussed are printability, toerous
including applications in testing cosmetics, drugs, €xtrudability, print accuracy, precision, microsture,
therapy. At the same time, its primary and longatgoal ~ and structural integrity [5].
is the development of fully functional organ ansstie The fundamental factor is printability, which
substitutes. Current applications include biopnigtiof ~characterizes the term evaluating the differendevésn
skin, ear, and cartilage, research in the carditasand the designed (CAD) and the printed construction [8]
gastrointestinal areas, nephrology, etc. [1,2]. includes the mechanical properties of the ink,veithg it

We divide 3D bioprinting into cellular and non-egdir t0 pass through the nozzle (rheology) [4] and the
based on the printing material. [1, 3] In the delinethod, application of individual layers (extrudability) teach
the cells are always incorporated into the printiragerial, Other, according to a pre-planned code (g-code} fEm
i.e., bio-ink. The printing of hydrogel scaffoldsptacing includes the entire process from the programmingseh
intercellular mass (ECM) imitating organic micrastiure (CAD design, choice of ink, slicing, g-code) thrbug
is mainly used here. The advantage is the spatiafyeating the construct (printing parameters, cliogsag,
controlled placement of cells in a defined 3Cetc.). At the same time, the shape fidelity of diigect is
microenvironment [4]. Cells can be, e.g., encapedland also influenced by the type of bioprinter and, ddliéion to
printed simultaneously with the scaffold. [5] Byetterm the material's rheological properties, the shape an
SC&ffOld, we mean Supporting structures made dhgyn diameter of the nozzles [4] The difference betwden
or natural materials on which cells with the ponto ~ design and the created object may be due to thtedrbio-
replace damaged tissue can be grown [4-6]. In rifip-i inks extrudability and the printed constructs' cfiual
supervision over factors threatening cell viabiliiy Malleability and stability [5]. Shape fidelity ibe degree
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to which the 3D printed structure matches the sizd the article for publication in the journal by thetlors (if

spatial location of the original CAD model in terrmé the editor and reviewers accepted the manuscript fo

geometry. publishing). The journal's editor has the rightntanage
Additive manufacturing based on hydrogels isnd, in certain circumstances, change the peeewevi

challenging in terms of the variable physicocheinicgrocess at his discretion [20].

behavior of the printing material. Considering the

problematic 3D bioprinting, the presented studysatm 2.2  Procedure Algorithm of Print Evaluation

propose a general procedural algorithm applicaldienw Goal: Creation of a print protocol [7,8] for a sifiec!

introducing a new biomaterial for the critical aysaé of sample 3D model and biomaterial. (1) Forty-one

prints. cylindrical scaffolds were printed. Each with diffet print
settings. Experimentally, pressure (25-45 kPa),
2 Methodology temperature (30-32 °C), and speed (16-20 mm/s) were

Tools: Cellink BIO X bioprinter; biomaterial Start varied. (2) Selection of the best print based oorostopic
Cellink; cartridge 3ml; conical nozzle 22G; Solidwe observation of extrudability and conformation. (3)
(CAD); Slic3r (G-code); SW CorelDraw (vector gragsi Repeatability: 3D bioprinting of ten samples witle same
editor), ruler; camera (iPhone 14 Pro) with tripodprint settings. (4) Imaging of the created scafla=10)
laboratory slides. from a predefined perpendicular distance to thestoface

The measurement was carried out in one day at thé the object (TOP). (5) Measurement System Analysi
average temperature of the environment in the &bor  (MSA).

(T=23.5°C). The used Start Cellink biomaterial has a

storage temperature of up to 25°C. 2.3 Procedure Algorithm of Print Evaluation
The aim is to assess the extrusion and accepyadbilit
2.1 3D bioprinter and biomaterial the measurement system in terms of repeatability an

Cellink BIO X is a bioprinter based on pneumatigeproducibility (R&R). The samples were evaluatgd b
extrusion with an integrated compressor, UV-C geiutai  three operators (h=3). Ten models (j = 10) werelypced
lamps, a HEPA H14 double filter system, three greads for testing, all under the same printing parametgech
(hotends) with integrated heating elements with @perator evaluated each piece twice (k=2) usingagreed
thermistor, proximity sensor, cooling, and others. measurement templates for the assessed indicdtoes.

CELLINK START Biomaterial* (Polybutylene data obtained during the patient survey werefirstessed
succinate (PBS; polytetramethylene succinatetsing descriptive statistics. In the tables, thesohlie
Polypropylene oxide) is a thermoplastic polymerirres abundance (n) is always indicated, which indicates
(polyester). Biodegradable resin. It is a waterstd gel number of samples from the total number of saniplése
that supports cell-laden constructs, bio-inks withor €xamined set, and the relative abundance (%), which
shape fidelity and constructs with porosity alofigtaee indicates the relative number of samples and thal to
axes. For use as bioink in 3D Bioprinting, cell extent of the set represents 100% [9,10]. Desvepdata
encapsulation and delivery, tissue engineering ar@halysis was followed by data analysis using ingact
regenerative medicine, biomedical devices, drugvelgl  statistics methods. Working hypotheses were estad
for research. Not for human use, for research only. the validity of which was verified by the ShapiraikV

3D model, a simple cylindrical scaffold with a dieter ~ Test. Both tests verify the null hypothesis HO, ahstates
of 10 mm, a height of 3 mm, 20% rectilinear fillipgttern. that there is no statistically significant depenmeror
difference between the obtained and expected vahgs
each null hypothesis HO, there is an alternatiyaothesis
H1, which, on the contrary, claims that there isnso
statistically significant (significant) dependencer
difference, between the obtained and expected salte
result of both tests is the p value, the so-cgtledlue. If
the p-value is less than the significance leyele. p <a,
we say that it is possible to reject the null hyesis HO
[9,10]. This means that there is some statistically

ff : _ significant dependence between the obtained anectegh

) i Jiwn!f\* il ! ) ) ] values, or a difference that could not be causechayce.
Figure 1 Visualization of cutting a 3D model in &#link BioX |4 case p >a, we say that we cannot reject the null
hypothesis HO. This means that there is no steibti
significant (significant) dependence or differehetween
the obtained and expected values. The significevad o
in these tests represents the probability (errt®) navith
which we reject the null hypothesis even if itriset Theo

The review process continues to notify authoré t
manuscript can be accepted without modificationepted
after modification or rejected. The review processls
with checking the final pdf article version and ioning
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value was set at 0.05, i.e. 5%. Data pieces ofrimdition print; 6>, where 0-unusable, 1-very bad, 2-badvérage,
obtained from the prints are quantitative. The meamant 4-good, 5- very good, 6- consistent with CAD design
system characteristics were calculated based on the The Shapiro-Wilk test showed a significant departur
obtained data, such as linearity, accuracy, stabl&R, from normality, W(30) = .91, p = .015, see Figure 3
and discrimination.
Acceptability of the measurement system: Printability
*  R&R < 10% is fully compliant N

«  R&R = 10%- 30% conditionally acceptable "N 21 |88 = = PR
+ R&R > 30% is not satisfactory and needsZ® * | g’ J % A
improvement. 2 . 24 £ .
S * 3 & * 3 *
3 Resultsand discussion g, * &, |2, ¢
Printability, see Figure 1. Using the B-spline et & 1 El g .
CorelDRAW graphics software, the outline of thetfiand % * * @ w
bottom layers was made, which were then dimendional ? .. e P
compared with the CAD design. A six-level ratinglscn Prints (=10} Rrinss (r=A0) Frints (n=10)
the interval <0 was used to evaluate the printghif the Figure 2 Printability Rating
. A-bar X-bar
7
™\ Mean 4,067
) | Standard Error 0,290 , 6 T
| Median 4250| 8
| Mode 6| g 5
L/ Standard Deviation 1,591 E
7 4 X
Sample Variance 2530 8
Kurtosis 0.736| £ |
Skewness -0,502| &
Range 5 é ’
Minimum 1| =
Maximum 6/ ° 1
Sum 122
Count 30 0
Figure 3 Printability rating
X-bar_porosity Values Xbar
9
Mean 6,167
Standard Error 0,413| o 8 o
Median 7,250 & 7 °
P=2+2+2+2 Mode 8| § X
[ vV 1 Siandard Deviation 2,264 g
0 [em] 1 ZSample Variance 5,126/ § 5 .
Kurtosis 0514| & ,
Skewness -1,267| §
Range 7 % 3
Minimum 1 % 2
Q
Maxlmum 8| 1
185
P=1+1+1+1 P =0+0+0+0 Coum; 30 0

Figure 4: Evaluation of shape similarity
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Evaluation of the shape similarity, see Figure 5. itis necessary to revise the methodology for eatirlg the
three-level evaluation scale in the interval <O waed to similarity of samples.
evaluate the shape of the printout with the CADgie>,
where O-unusable, 1-average, 2-very good. The atiafu  Acknowledgement
of one pore was defined by the difference of thitdno This publication is the result of the project implkntation
surface and the last top surface of the pore. Basttraced Research and development of intelligent traumatoédg
with the b-spline vector function in SW CorelDRAWbur  external fixation systems manufactured by digigalen
central pores were scored on each print. methods and additive manufacturing technology
The Shapiro-Wilk test showed a significant depa&rtur(Acronym: SMARTfix), 1TMS2014+: 313011BWQ1
from normality, W(30) = .78, p <.001, see Figure 4 supported by the Operational Programme Integrated
Infrastructure funded by the European Regional

Evaluation of shape similarity Development Fund. This research was supported by
5 e D e B i project KEGA 050TUKE-4/2022 Additive manufacturing
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