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 A B S T R A C T 

This paper presented extrusion-based 3D bioprinting of gelatin hydrogel 
and optimisation of material properties and process parameters, in order 
to improve printability of hydrogel. Gelatin hydrogel was prepared by 
mixing it with water in concentration of 13.04 wt%. Dimensional accuracy 
of the bioprinting was studied and significant changes in comparison with 
designed geometry were noted. Gelatin hydrogel made only with water 
showed inadequate thixotropy for extrusion based bioprinting and poor 
mechanical properties of the printed sample, and needs additional 
constituents to enable good printability with satisfying dimensional 
accuracy. We presented parameter optimisation index (POI), shear 
thinning model and friction factor of gelatin hydrogel by using analytical 
approach. Friction factor of the gelatin hydrogel during bioprinting was 
0.268 10-5. Analytical models of shear thinning and friction factor were in 
consistence with experimental data, and indicated that such approach can 
be used in optimisation of bioprinting parameters and material properties. 
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1. INTRODUCTION  
 
Additive manufacturing (AM) represents 
production technologies in which the product is 
fabricated by successively adding layers of 
material upon each other. They have found 
application in various fields. 3D bioprinting is 
emerging as one of the AM technologies with 
application in bioengineering for fabrication of 
scaffolds that can be used for cell seeding or 
even organ printing [1]. Three dimensional (3D) 
bioprinting is state-of-the-art research area by 
involving combination of cells, growth factors, 
and biomaterials to fabricate biomedical parts 

that maximally mimic natural tissue 
characteristics [2]. Range of materials is under 
research for the use in bioprinting. Materials 
that have been used for 3D bioprinting (often 
called bioinks) are natural polymers, such as 
collagen [3], gelatin [4], alginate [5], hyaluronic 
acid (HA) [6], and synthetic polymers, such as 
PVA [7] and polyethylene glycol (PEG).  
 
Gelatin is one of the basic materials that is 
studied for use in bioprinting, but it usually 
needs some additives or chemical crosslinking to 
achieve good printability and mechanical 
properties of bioscaffold. There are many 
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material combinations that have been 
experimentally tried to improve gelatin-based 
hydrogels, such as crosslinking with microbial 
transglutaminase (mTgase), in order to print cell 
bearing hydrogels [8]. However, exactly 
determined material and process parameters for 
gelatin-based hydrogels in bioprinting are still 
under research. Bioprinting technologies are 
also under research, whereas extrusion-based 
bioprinting has been the most studied since it is 
low cost and efficient technology.  
 
Rheological behaviour of hydrogels is of the 
utmost importance in bioprinting. For extrusion-
based bioprinting, one of the main influential 
factors on material behaviour is shear thinning 
property that is closely related to material 
printability and dimensional accuracy [9]. Shear 
strain during bioprinting was not experimentally 
measured, since soft materials in bioprinting 
tend to behave differently than standard hard 
engineering materials, for which there are 
experimental measurement techniques. 
Analytical solutions for shear thinning involve 
complex continuum and fluid mechanics and 
are also under research. Modeling of 
bioprinting must consider complex physical 
and chemical phenomenon during the process 
[10], and shear thinning and fluid dynamic of 
the hydrogel is of the utmost importance for 
understanding the process.  
 
In this paper, we experimentally tested 
extrusion-based 3D bioprinting of gelatin mixed 
with water and determined the most influential 
factors on the quality of printed sample. We 
presented analytical solution for shear thinning 
and friction factor and validated it by using data 
from bioprinting experiment. We introduced 
parameter optimization index (POI) in 
extrusion-based 3D bioprinting. There is a need 
for further study, but this investigation showed 
that combination of experimental trials, and 
optimisation methods with theoretical physics 
and fluid mechanics can efficiently assist in 
getting the optimal set of printing parameters, 
and material properties, aiming at design and 
fabrication of bioscaffolds. 
 
 
2. 3D BIOPRINTING TECHNOLOGIES  

 
Extrusion-based bioprinting is the most used 
method of 3D bioprinting, where complex 3D 

structures are created by extruding the material 
in a form of filament. The main requirement of 
the extrusion-based bioprinting is prevention of 
droplet formation. Instead, thin filament-like 
soft material is forming 3D scaffolds. Droplet-
based 3D bioprinting, utilizes the formation of 
discrete droplets, by using some of the methods 
such as electrohydrodynamic jetting, inkjet 
bioprinting and laser-assisted bioprinting. Three 
most common methods of 3D bioprinting are 
shown in Fig. 1. 

  

 
Fig. 1. Three most common methods of 3D bioprinting. 

 
Extrusion-based bioprinting is suitable for soft 
materials that exhibit shear thinning property. 
Shear thinning is usually associated with non-
Newtonian fluids (or in this case hydrogels), 
where its viscosity decreases under shear strain. 
Accordingly, such hydrogels subjected to 
pressure during extrusion form thin filament at 
the output of the syringe, instead of the droplet. 
However, not all materials have shear thinning 
property and cannot be used in extrusion 
bioprinting. Droplet-based bioprinting has 
higher accuracy but the availability of 3D 
printers is scarce. In general, this is very 
interesting research area from aspect of 
biomedical applications. Laser-assisted 
bioprinting has higher resolution than inkjet 
method and solves the clogging problem 
because it is not using the nozzle, but it is still at 
the very beginning of research. Development of 
3D bioprinting is conditioned by the 
development of bioinks, or suitable materials for 
bioprinting. Different composite hydrogels are 
studied aiming at optimal material properties 
for extrusion-based bioprinting, as simple and 
low cost solution. 
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High accuracy of details is necessary in order 
to mimic the structures of native tissue. Often, 
this imposes limitation on extrusion-based 
method.  Using nozzle tips or needles with a 
smaller diameter should provide higher 
accuracy but clogging problems often arise 
when combining small diameters and viscous 
materials. Another issue can be decrease in 
cell viability due to higher shear stress. 
Materials with higher viscosity have 
favourable mechanical properties and retain 
shape easier than hydrogels with lower 
viscosity. Perfect material for extrusion-based 
bioprinting would have a viscosity high 
enough to retain shape of a complex multi-
layer 3D structure, and exhibit shear thinning 
during the process of extrusion through the 
nozzle. It should become thinner during 
extrusion, restore its original thickness 
afterwards, within 3D structure and also, 
exhibit some degree of hardening after 
extrusion, in controlled manner. This is yet very 
difficult to achieve. If hydrogel does not have 
these properties, it is usually cross-linked with 
some suitable agents, or further mixed to form 
composite structure. Using secondary-
crosslinking when printing with lower viscosity 
hydrogel can be a successful approach also to 
ensure cell viability. Beside viscosity, surface 
tension has governing influence on either 
filament or droplet formation during extrusion, 
whereas low surface tension is favourable [11]. 
 
2.1 Gelatin and gelatin-based hydrogels 

 
One of the most common materials for soft 
biocompatible scaffolds, and widely used in 
biomedical research, is gelatin. Gelatin is 
polypeptide mixture derived from collagen 
through the process of partial hydrolysis. It is 
biocompatible and promotes adhesion, 
migration, proliferation and differentiation of 
cells. However, gelatin forms thermo-reversible 
hydrogel which is not stable. Chemical 
modifications and crosslinking are usually used 
to overcome this issue. Its properties, in 
general, depend on the origin. Gelatin derived 
from collagen taken from animal body parts has 
humanlike polypeptides, and gelatin derived 
from fish has lower melting and gel points and 
higher viscosity. Average molecule length and 
molecular weight of gelatin polypeptide 
depends on the origin of the material and the 
process of hydrolysis. 

Gelatin-based hydrogels are made by cooling a 
gelatin solution, basically with water. Gelatin is 
water-soluble and can absorb up to 10 times its 
weight in water. Temperature, pH, 
concentration and method of preparation all 
significantly influence the behavior of gelatin 
solution or resulting hydrogel. Typically, 
gelation (gel transition) occurs at low 
temperatures in a range of 20 – 30 °C. 
Hydrogen bonds, electrostatic and hydrophobic 
bonds are created during the sol – gel 
transition, which are thermo-reversible. Such 
hydrogels are used for 3D bioprinting of 
scaffolds, aiming to support cell function and 
proliferation, or to form sacrificial material for 
further processing of final biomaterials.  
 
One of the main requirements for the scaffold is 
to exhibit appropriate mechanical properties 
that are closely linked to the concentration of 
the hydrogel solution. Other important 
properties are temperature, pH, viscosity, and 
presence of additives or other agents. 
Mechanical strength and rigidity are low 
because gelatin-based hydrogels are created 
through physical crosslinking. Since many 
applications require better mechanical 
properties, methods of improvement have been 
studied. Mixing of gelatin with other substances 
is an easy and effective method. GelMA (gelatin-
methacrylamide) is a hybrid hydrogel created by 
mixing gelatin and methacrylate that has better 
printability and viscosity compared to gelatin-
only hydrogels. Higher mechanical strength and 
print accuracy can be achieved after 
photopolymerization of GelMA, using 
photoinitiators and UV light. Another effective 
method is chemical crosslinking of polymer 
chains, to create bigger macromolecules. But 
some issues are recognised with chemical 
reagents, such as with aldehyde, that is toxic for 
cells even when the cells are encapsulated [12]. 
 
 
3. PARAMETER OPTIMIZATION INDEX (POI) 

IN EXTRUSION-BASED 3D BIOPRINTING 
 
There are many influential variables in the 
extrusion bioprinting that affect the final quality 
of the printed scaffold. Experimental studies are 
conducted to find optimal set of parameters 
(printing speed, fluid velocity, dimensional 
properties, etc.), but material properties 
essentially determine the printability. 
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Considering numerous mutually dependent 
process parameters, available methods of 
parameter optimisation should provide directions 
to get the best scaffold with necessary properties.  
 

Understanding the relationship between 
accuracy and shear stress is very important for 
the bioprinting process. Accuracy A can be 
measured experimentally by measuring printing 
line width l (equation 1), while shear stress τ is 
usually analytically described. Standard 
experimental methods to determine shear stress 
are not yet applicable for extrusion of soft 
materials. The relationship between pressure p, 
nozzle diameter D and shear stress τ (equation 
2) is known in fluid mechanics. According to 
[13], parameter optimization index (POI) can be 
introduced to maximize accuracy and minimize 
shear stress (equation 3) and (equation 4), 
where needle gauge G refers to the needle 
opening size, where the bigger gauge means 
smaller diameter. 
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Optimization index (POI) for  a  specific  material 
across  a  range  of  printing  parameter can be 
normalised relative to the maximum POI in 
series of tests, as shown in (equation 5), where i 
denotes  POI  for  individual  set  of  parameters; 
MAX,n denotes the maximum POI of the entire 
range tested; and n is the number of discrete 
combinations of tested parameter [13]. 

nMAX

i
i
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,
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In case of incompressible fluids (such as 
hydrogel solution in extrusion bioprinting), 
Bernoulli's equation is valid. Two specific points 
for the flow of hydrogel during bioprinting can 
be setup: the first one where syringe plunger 
touches the solution and the second one at the 
needle tip. Pressure at the point where hydrogel 
leaves the needle is atmospheric pressure and 

height reference plane can be chosen as h1=0, h2-
h1=h. Accordingly, the relationship between fluid 
flow velocity and pressure can be given as in 
equation 6, where P refers to absolute pressure; 
ρ is solution density; v is fluid flow velocity at 
streamline; g is gravitational acceleration; and h 
refers to height (or hydraulic head). From this 
equation POI can be calculated with 
experimental data. 
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3.1 Shear-thinning model and friction factor 

in extrusion-based 3D bioprinting 
 
Assuming negligible fluid and particle inertia, 
the fluid dynamics of the investigated system is 
governed by the following mass and momentum 
balance equations [10,14-16], as given in 
equations 7-10, where u - velocity; τ – shear 
stress tensor; p – pressure; I  – unit tensor (3x3); 
η – viscosity; σ – strain rate tensor, and T means 
that velocity vector is transposed. 
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                                 (8) 
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T
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 
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Tensor σ is traceless trσ=0 (traceless stress 
tensor) and pressure is consistent with the 
continuity equation. The tracefree requirement 
together with the physical requirement of 
symmetry σ = σT imply that there are only three 
independent shear components (off – diagonal 
elements) and two normal stress differences 
(diagonal elements) of the deviatoric stress. 
Thus, in Cartesian coordinates equations 11-13 
are valid. 

yxxy                              (11) 

zxxz                              (12) 

zyyz                              (13) 

We model the suspending fluid by the power-law 
constitutive equation 14, where m is the 
consistency index – (viscosity factor); and n is the 
flow index and ϒ effective deformation rate or 
rate of shear. Accordingly, equation 15 is valid. 
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  1 nm                        (14) 




 :2                         (15) 

This analytical model predicts shear thinning for 
n < 1, and equations 16 and 17 are valid. 
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F
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xyxy                              (17) 

Relationship between shear stress τ and shear 
rate γ is usually plotted in log - log coordinates, 
whereas for a shear-thinning fluid it can be 
approximated by a straight line over an interval 
of shear rate (equation 18). Then the viscosity 
can be expressed as in equation 19 and power 
law fluid is given in equation 20. 
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The velocity can be expressed as in equations 
21, 22. In shear-thinning fluids, equations 23, 24 
are valid. 
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In most cases, the value of η∞ is only slightly 
higher than the solvent viscosity η0. Parameter 
m is the consistency index (viscosity factor) with 
units [Pasn], where n is flow index (shear 
thinning factor), with values of 0 < n < 1. In non-
Newtonian fluids, one cannot talk about 
viscosity, since the relationship between the 
applied shear stress and the shear rate is not 
constant. The viscosity function is called 
apparent viscosity, and is a function of the shear 
rate, as given in equation 25. 

  tcons tan 



             (25) 

When a liquid flows through a tube it forms a 
velocity gradient, and a shearing effect occurs. 
Some methods have been developed to measure 
the flow properties of fluids by using capillary 
tubes through which a fluid is forced to flow due 
to applied pressure or hydrostatic pressure. If 
the volumetric flow, tube dimensions and 
applied pressure are known, curves of flow can 
be plotted and the apparent values of the 
viscosity can be calculated. Certain assumptions 
should be made to develop general equations 
that allow calculation of the shear rates and 
shear stresses for a specific point in the tube. 
 
Equations 26 – 28 are valid for both non-
Newtonian and Newtonian fluids, where q is the 
volumetric flow through the capillary of length l 
and radius R, and P is the applied pressure. In 
these equations, the value of b can be calculated 
by plotting (4q/R3) vs. (∆PR/2 l) in double 
logarithmic coordinates, where b represents the 
slope of the straight line formed in such a way. 
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Fluid friction factor for laminar flow can be 
expressed as in equation 29, where ReG is 
generalized Reynolds number (equation 30), 
where d – diameter; v – mean velocity of the 
fluid; ρ – density of the fluid; n – shear thinning 
factor; m – viscosity factor. 

Ge
R

f
16

                                 (29) 

n

n

nn

e
n

n

m

vd
R

G





















31

4

8 1

2 
            (30) 

 
 
4. MATERIALS AND METHODS 
 
We used gelatin-based hydrogel for 3D 
bioprinting. We added 15 g of food grade gelatin 
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to 100 ml of water to achieve the concentration 
of 13.04 wt% and the mixture stayed at room 
temperature for 5 minutes. Afterwards it was 
heated to 50 °C and the liquefied solution was 
loaded in the syringe. The sample was printed by 
using extrusion-based bioprinter (Tissue Scribe, 
3D Cultures) with 10 ml syringe and 0.838 mm 
diameter needle. 
 
We used open-source slicer software Cura to set 
the printing parameters, as given in Table 1. 
Printing speed (nozzle speed while extruding) 
was 0.1 mm/s, printing platform was at room 
temperature while the material-loaded syringe 
was heated to 43 °C. After several trials, this was 
found to be the most suitable temperature for 
this hydrogel. At lower temperatures the needle 
got clogged while at higher temperatures the 
viscosity was too low and no shape of the 
printed structures could be retained. 
 
Table 1. 3D printing parameters for gelatin-based 
hydrogel. 

Layer Height 1 mm 

Wall Thickness (Shell) 2 mm 

Infill 33% 

Printing Temperature 43 °C 

Platform Temperature Room Temperature 

Print speed 0.1 mm/s 

Travel speed 250 mm/s 

 

We calculated parameter optimisation index 
(POI) for this hydrogel, with our experimental 
data from 3D bioprinting. Plunger diameter was 
14.2 mm, plunger speed was 0.011 mm/s and 
inner diameter of 18G needle is 0.838 mm. With 
these values we can calculate velocity , and 
pressure, where hydrogel solution density was 
taken as 0.989 kg/dm3, height was 9.3 cm, line 
width was 3 mm and needle gauge was 18G. We 
calculated Reynolds number for our gelatin 
sample using equation (28) and friction factor 
using equation (29). 
 
 
5. RESULTS AND DISCUSION 
 
Bioprinting of gelatin mixed only with water is 
possible, but dimensional accuracy is lacking, as 
shown in Table 2. After several variations of 3d 
printing parameters, we determined those 

values that allowed printing, but the quality of 
samples was not satisfying for further 
manipulation of samples. However, it allowed us 
to validate analytical model of shear thinning 
presented in previous chapter. This model, along 
with optimisation method, can further enable 
more precise determination of printing 
parameters for the best quality design of scaffold 
3d geometry and structure, with other gelatin-
based hydrogels. 
 
Table 2. Change in cross-sectional dimensions of the 
3D printed sample of gelatin-based scaffold. 

 
CAD 

model 

Immedi
ately 
after 

printing 

After 4 
days 

After 7 
days 

Sample length 
[mm] 

30 34 27.4 27 

Sample width 
[mm] 

20 23 17.6 17.5 

Sample height 
[mm] 

4 10 5.4 4.5 

 

 
Fig. 2. A droplet visibly emerging from the syringe. 
 

This low dimensional accuracy can be 
elaborated mainly due to formation of droplets, 
instead of thin filament at the outlet of the 
needle, as shown in Fig. 2. It can be seen that 
droplet size is noticeably larger than the needle 
diameter thus indicating high surface tension. 
Accordingly, the line width was significantly 
wider than the needle diameter (nozzle opening 
size). Increase in line width due to line 
collapsing is noticed even in successful prints, 
where filament formation is facilitated [17]. 
 

3D CAD model used to generate G-code for this 
sample had its rectangular cross-section 
dimensions assigned to be 30 x 20 x 4 mm. The 
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sample was measured several times. 
Immediately after the printing its dimensions 
were 34 x 23 x 10 mm, with significant changes 
in comparison to design, especially related to 
sample height. The sample was stored in closed 
container in refrigerator and measured again 
after 4 and 7 days when it exhibited significant 
shrinkage, as shown in Table 2. It is obvious that 
water was evaporating rapidly. The sample had 
very small number of bubbles after the printing, 
and with time, number of bubbles increased, 
thus indicating certain chemical reactions. 
Gelatin-based hydrogels are organic in nature, 
meaning that it is prone to bacteria and mold 
growing. Some samples that were left at room 
temperature (around 27 °C during the day and 
around 20 °C during the night) exhibited 
significant bacteria and mold growing after only 
one day and were further unusable. Samples that 
were left in refrigerator did not show any signs 
of molding, even after 14 days. However, 
samples changed their dimensions over time, 
especially the sample height was decreased, and 
number of bubbles increased, as can be noticed 
in Fig. 3. Increase of bubbles was rapid in first 4 
days, after which it significantly slowed. 
 

 

Fig. 3. Top view of the bioprinted gelatin sample over 
time: a), b) Right after printing; c), d) After 4 days; e), 
f) After 7 days 

 
Droplet formation was fast enough for a printed 
line to appear as continuous, but as the layers 
went, geometry became increasingly distorted. 

We deposited 4 layers and the 4th one was very 
close to the needle tip, due to significant increase 
of real layer height in comparison to designed one. 
Geometry of the printed sample was visibly 
distorted due to droplet formation during the 
extrusion. Droplets of the first layer would fall and 
stick approximately where they were supposed to 
(according to the G-code) but in the next layers, 
the droplets were prone to slide over uneven 
surface of the previous layer and subsequently 
solidify in the incorrect position, thus significantly 
distorting the geometry. This gelatin hydrogel 
solution also showed very poor adhesion of 
subsequent layers. Also, sharp angles were very 
prone to errors in printing. When assessing the 
hydrogel printability there are many influential 
factors that need to be considered, such as printing 
distance, sharp angles, line collapsing, layer 
adhesion and accumulation of height errors [17]. 
 
Printing distance decreased from 13 mm at the 
beginning to 3 mm by the end of the printing 
process, meaning that real layer height was 
significantly larger than the setup of 1 mm 
(value set in the slicer software). This is another 
consequence of the droplet formation. However, 
after 4 days, the sample height decreased from 
10 mm to 5.4 mm and further to 4.5 mm after 7 
days (Table 2). Other two dimensions did not 
change that much over time, thus indicating that 
not only the evaporation of water is the reason 
of such discrepancies in dimensions. Lack of 
shear-thinning properties or thixotropic 
behaviour of gelatin-based hydrogels was 
studied also by other authors [18]. 
 
Figure 4 shows the sample after 4 days and if 
compared to images in Fig. 3, it can be seen that 
shear creep and sliding of layers occurred over 
time, along with increase of number of bubbles. 
Gilsenan and Ross-Murphy [19], studied creep of 
gelatin gels and showed that there are co-
dependencies between hydrogel concentrations, 
dynamic viscosity, and creep rheological 
behaviour. Shear creep of gelatin influences 
changes in dimensional measures of the sample 
over time and cannot be neglected, since it was 
evident very quickly, as shown in Figs. 3 and 4. It 
can be seen that upper layers slid over lower 
ones, and base layer spread out under the 
weight of upper layers. This clearly indicated 
that pure gelatin hydrogel did not provide 
necessary mechanical properties to support 
further cell seeding. 
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Fig. 4. Sample after 4 days, showing sliding, shear creep 
and increased number of bubbles in top surface layer. 
 

The value of calculated POI from equation (4), 
was 0.02 1/mmPa. Further experiments would 
be needed for normalisation of this value 
relative to the maximum value in the series of 
printing samples with different material and 
process parameters. 
 
The consistency index (viscosity factor), m, and 
flow index (shear thinning factor), n, of gelatin 
can be found in literature [20], and we adopted 
the following values: m = 7 Pasn, n = 0.989. 
Accordingly, we calculated Reynolds and friction 
factor as follows.  

7105962.0 eGR                   (31) 

510268.0 f                       (32) 

It can be seen that values of Reynolds number 
and friction factor both correspond to those that 
can be found in the literature. The value of 
friction factor is very small which is favorable 
for easy sliding of layers over each other, what is 
in consistence with Figs. 3 and 4, that indicated 
layer sliding. Additionally, solidification of 
gelatin hydrogel occurred very fast after the 
printing and prevented good layer adhesion.  
 
After 14 days, the sample was very thin, without 
mechanical strength and also showed initial 
signs of cracks, as shown in Fig 5. Network of 
very thin cracks can be seen throughout the 
whole sample and were especially exhibited in 
zones where bubbles initially appeared and 
were still visible after 14 days (Fig 5).  
 

Our results showed that gelatin hydrogel that is 
made only by mixing gelatin with water is prone 
to significant changes in short time.  

 
Fig. 5. Sample after 14 days, showing initial signs of cracks. 

 
Cell seeding on bioprinted scaffolds needs 
appropriate timeframe during which the scaffold 
geometry and structure should not drastically 
change. We demonstrated that analytical model 
of shear thinning and friction factor can be used 
to assist in determination of the most optimal 
material and process parameters. Further tests 
with gelatin-based hydrogel with additional 
compounds (such as methyl methacrylate, MMA, 
or hydroxyapatite, HAp) are foreseen, together 
with optimisation of 3D bioprinting parameters 
to achieve the optimal bioscaffold.  
 

 
6. CONCLUSIONS 
 
Our results showed that behaviour of hydrogel 
solutions during 3D bioprinting is highly 
dependent on numerous influential parameters. 
Material properties such as chemical 
constituents and gel concentration are the most 
influential factor, but preparation procedure 
also has the essential influence on printability of 
hydrogel. Shear thinning property of the 
hydrogel determines the possibility to form thin 
filament instead of the droplet on the output of 
the needle, during the extrusion-based printing, 
thus significantly influencing dimensional 
accuracy of the printed scaffold. Proposed 
analytical shear thinning model supported 
experimental data and showed that it can be 
used to assist in optimisation of material and 
process parameters of 3D bioprinting. Very low 
friction factor of the hydrogel solution flow is 
necessary, but it should be optimised in such 
way to prevent sliding of layers over each other 
during the printing, in order to provide layer 
adhesion. Shear creep was noticed, along with 
exhibited sliding of layers over time, after the 
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printing. Further research is needed related to 
material constituents of the hydrogel, as well as 
printing parameters, aiming at optimal 3D 
bioprinting of bioscaffolds.  
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