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HA/Gelatine bio composite is the main material in making scaffolds
that have the advantage of biocompatibility and high
biodegradability. One method of making scaffolds is using piston
extrusion 3D printing technology, which is compatible with several
types of materials, especially HA/gelatine biocomposites. This study
aims to determine the effect of HA/gelatine bio composite composition
on the filament formation process which is influenced by the
rheological properties of the material. The filament extrusion process
is influenced by rheological properties in the form of viscosity. The
synthesized HA material was then dissolved with gelatin in the ratio
of 1:2, 1.3, 1:4, 1.5, and 1:6 homogeneously. After that, viscosity
measurements were made on each wvariation of HA/gQelatine
composition with a viscometer. The biocomposite solution that has
been mixed homogeneously is then extracted until it comes out of the
nozzle. Meanwhile, the viscosity of the HA/gelatine bio composite
solution when given piston pressure can be known through the
calculation process. The viscosity test results show that there is a
change in the viscosity of the solution. This is caused by the shear-
thickening phenomenon due to the application of pressure on the
fluid. Based on the experimental results, the extrusion results still do
not form filaments, which indicates that the rheological properties of
the HA/gelatine bio composite solution are still too liquid so other
material modifications are needed. The extrusion speed of 0.42 mmy/s
used in this study is too fast for the HA/gelatin material solution, so
it has not formed optimal filaments.

Copyright © 2024 Authors. All rights reserved.

Introduction

Hydroxyapatite (Cai0(PO4)s(OH)2) is an alternative material that is often used in the health
world to treat bone fracture problems. Hydroxyapatite is composed of calcium phosphate
material so that it can regenerate bone tissue itself. This is because most mineral fractions in
human bones have the same structure as hydroxyapatite. Hydroxyapatite also has other
advantages, such as high bioactivity and biocompatibility, and is not corrosive [1]. However,
hydroxyapatite has disadvantages, namely low mechanical strength, and biodegradation, so
modification is needed to increase the efficacy of good bone regeneration [2]. Hydroxyapatite
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also cannot be used as a single scaffold material [3]. Therefore, a combination of organic
polymer materials is needed to handle this problem. Gelatine is an organic polymer material
that is currently being developed. Gelatine has biocompatible and biodegradable properties, so
it can resemble an extracellular matrix (ECM) because it has the same functional groups and can
create a porous structure [4]. In addition, gelatine can increase the cell differentiation process
[5]. The hydroxyapatite and gelatine bio composite is used as the main material in making
scaffolds [6].

Scaffolds are significant in tissue engineering because they allow cells to grow and develop into
bone tissue. In addition, the scaffold plays a role in stimulating cell adhesion so that bone tissue
function can be maintained [7]. Scaffolds are made using several methods, such as freeze-drying
[6] and electrospinning [8]. However, both methods have disadvantages, namely difficulties in
controlling pore size, shape, and porosity. One method that can overcome this problem is 3D
printing. 3D printing is an alternative method for overcoming tissue engineering problems in
these scaffolds. With appropriate modifications and techniques, biologically active molecules
and ligands can be recognized by cells physically or chemically associated with the surface of
the scaffold. This is because 3D printing has a high level of precision and can handle
interconnectivity problems in scaffold manufacturing [9].

One type of 3D printing often used is piston extrusion 3D printing. Piston extrusion 3D printing
uses an extrusion system with a press as a piston to expel the solution from the nozzle to form a
tilament. The advantages of this type are that it is compatible with various materials and has a
high resolution and level of precision [10]. The factor that influences the success of the filament
formation process in piston extrusion is the material ratio [11], machine 3D printing parameters
[12], and environmental influences [13]. This article focuses on determining the effect of
hydroxyapatite and gelatine composition on the filament formation process. Based on research
from Syifa et al. [14], a solution consisting of 3 grams of gelatine dissolved in 10 mL of distilled
water succeeded in optimally forming filaments. Meanwhile, the solution consisting of 2 grams
and 4 grams of gelatine dissolved in 10 mL of distilled water did not form optimal filaments. A
high viscosity will cause the extrusion to clot at the nozzle. Meanwhile, a too low viscosity will
result in extrusion results that are too runny.

Therefore, further research is needed to add hydroxyapatite material to the composition of the
gelatine solution so that it can be utilized in scaffold development. This study aims to determine
the effect of adding gelatine by 2, 3, 4, 5, and 6 mixed with 1 gram of hydroxyapatite on the
filament formation. The suitable bio composite composition is hoped to be found as an optimal
and repeatable filament formation parameter.

Theory and Calculation

Viscosity is a rheological property that measures how resistant a substance is to movement or
flow. Viscosity plays a significant role in the process of filament formation. If the viscosity of
the solution is too low, then filaments cannot be formed from 3D printing because the solution
is too liquid. However, if the viscosity is too high, it will be difficult for the solution to exit the
nozzle so that filaments cannot form [15].

Based on the flow behavior and viscosity, viscosity properties can be divided into two types,
namely Newtonian viscosity, and non-Newtonian viscosity [16]. Newtonian viscosity is a fluid
property where the viscosity remains constant or does not depend on the applied pressure or
shear speed. The solution will flow similarly and will not experience changes in flow behavior
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at high or low pressure [17]. Meanwhile, non-Newtonian viscosity is the property of a fluid
with a viscosity value that changes with pressure or shear speed. In non-Newtonian viscosity,
Newton's law of viscosity does not apply. Therefore, the stress curve is not linear [18].
Viscosity will change along with shear rate or stress changes [19]. Research conducted by
Trachtenberg et al. [20] revealed that changes in viscosity values were caused by the shift rate,
as shown in the following equation.

w @)
14
Based on the equation above, it shows that the viscosity after applying pressure (ngpp) is
influenced by shear stress(7y,) and shear rate (y). Shear stress occurs in a fluid caused by two
forces in opposite directions and parallel to the plane of the fluid. In other words, shear stress
occurs due to parallel forces in the cross-section of the fluid [21]. The following equation can be
used to determine the shear stress's magnitude.
d AP (2)
w221
Where d is the nozzle diameter (mm), AP is the pressure drop value, and L is the nozzle length
(mm). Pressure drop significantly influences the print results from 3D printing extrusion
pistons. When pressure is applied to a solution, friction will occur between the syringe wall
and the solution, resulting in resistance between the syringe wall and the solution [22].
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Figure 1 Extrusion Model with Plunger [22]

Based on the image above, it shows that the extrusion force generates the pressure. Factors
such as nozzle size, material type, and viscosity influence the extrusion force. The plunger's
pressure will increase as the nozzle size becomes smaller [23]. The pressure drop value can be
calculated using the following Hagen-Poiseuille equation [24].

128nLQ (3)
= md*
1 is the initial viscosity value measured using a viscometer, and Q is the solution flow rate. The
following equation can be used to find out the Q value.
v dy’ (4)
CCnTT (2) ¢
F is the total system speed in the form of extrusion and flow speeds. The extrusion speed is
known to be 0.42 mm/s. Extrusion speed is the speed required by the lead screw to push the
plunger so that it can rise and fall using a stepper motor. Meanwhile, flow speed is required for
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the solution to come out of the nozzle and form a filament. Based on research conducted by
Geng et al. [25], increasing the filament width significantly influences the extrusion speed of 0-
30 mm/minute. However, it tends to stabilize at the next extrusion speed. Apart from that, the
tilament width remains stable at a certain speed, so it is essential to know the printing speed
limit that can be used. To determine the flow velocity, it can be determined using the following
equation [25].

Uy D\? ®)

Vg (d)
Meanwhile, shear rate is a change in velocity that occurs in a fluid layer that passes through

another layer at a certain distance [26]. The following equation can be used to find the shear
rate value.

40 (6)

()

Experimental Method
Preparation of Hydroxyapatite and Gelatin Bio composite Solution

Hydroxyapatite powder was previously synthesized via the coprecipitation method by Nawafi
et al. [6]. The study has formed hydroxyapatite characteristics at 20 peaks of 25.88¢, 31.729,
32.199, and 32.84° and successfully formed a Ca/P ratio of 1.69. Then, 1 gram was weighed and
dissolved into 10 mL of distilled water. Gelatin powder made from cowhide (Nurra Gemilang,
Malang) with mass variations of 2, 3, 4, 5, and 6 grams was dissolved into 10 mL of distilled
water with a magnetic stirrer at 40°C with a speed of 400 rpm. Then, the two solutions were
mixed at the same temperature and speed for 1 hour.

Viscosity Testing Before Extrusion

The viscosity of the hydroxyapatite and gelatin bio composite solution with a predetermined
composition ratio was then measured using a Brookfield viscometer. The viscometer spindle is
selected as RV-4 type and then installed into the viscometer. Then, the rotation speed of the
viscometer is set to be constant, namely 50 rpm.

Extrusion of Bio composite Solutions and Calculation of Viscosity Changes When Pressure
is Applied

The solution is measured with a measuring tube of 1.5 mL and then put into a syringe tube.
The extrusion system is arranged as in Figure 2. The extrusion speed and direction can be
adjusted constantly at 0.42 mm/s with the Arduino IDE. Next, the plunger will apply constant
pressure to the solution until it comes out of the nozzle. The viscosity of the bio composite
solution when pressure is applied is then calculated using equation (1-5).
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Figure 2 Design Extrusion System

Result and Discussion
Rheological Properties

Several factors influence extrusion molding results. One of the most critical factors that
significantly influence the printing results is the rheological properties of the HA/gelatin
bio composite solution. This rheological property is a reference in 3D printing because it
concerns the deformation and flow of materials or fluids [27]. The rheological property that
is generally measured is viscosity. Viscosity here can be interpreted as the resistance of a
material to a flow, or in other words, it can also be interpreted as the force required to
maintain a constant flow rate in a fluid [28]. This research uses measurements via a
viscometer and calculations to determine the viscosity value. Viscosity measurement aims
to determine the viscosity value before piston pressure is applied. Meanwhile, viscosity
when pressure is applied can be obtained through a calculation process. The results of
viscosity measurements before being subjected to pressure can be shown in the following

graph.
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Figure 4 Viscosity Before Extruding

The viscosity value of the HA/gelatine bio composite solution increases when various
gelatine concentrations are added. This is due to physicochemical properties and hydrogen
bonds. Gelatine is a polysaccharide synthesized from collagen from animals. These
physicochemical properties are influenced by several factors, namely temperature, pH,
concentration, and time [29]. Gelatine has excellent thickening properties, so it will form a
dense network when it is at ambient temperature. Therefore, the addition of gelatine will
increase the viscosity of the solution. The more particles that influence this in the solution,
the greater the particle density must be accommodated. Based on research conducted by
Cutini et al. [30], hydrogen bonds exist between the PO;~ group in hydroxyapatite and the
NHo> group in collagen material. This is supported by research conducted by Siswanto et al.
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[31], where hydrogen bonds are formed between hydrogen atoms in the OH- group in
gelatine and oxygen atoms in hydroxyapatite. This interaction allows gelatine molecules
and hydroxyapatite particles in solution to bond with each other, thus forming a strong and
stable matrix. Therefore, hydrogen bonds will affect the viscosity of the solution.

Meanwhile, to find the viscosity value of the HA/gelatine bio composite solution when
pressure is applied, one can use equation (1-5). Based on equation (6), the fluid flow and
nozzle diameter influence the shear rate. Based on equation (4) calculations, the fluid
discharge value is 18.62 mm3/s. This is because the extrusion speed used in this study is
only one variation of 0.42 mm/s with a flow speed of 94.2 mm/s. So, the shear rate of the
fluid also has the same value, namely 2.96 s1. Meanwhile, to find the shear stress value, the
pressure drop value must be known first using the Hagen-Poiseuille equation. This
equation explains fluid flow through a cylindrical tube involving piston extrusion in 3D
printing. Equation (3) shows several factors influencing the pressure drop value in piston
extrusion 3D printing: solution viscosity, flow rate, nozzle diameter, and nozzle length.
However, the Hagen-Poiseuille equation only applies to laminar solution conditions and the
absence of turbulence [31]. This laminar flow occurs when fluid particles move in regular
and parallel layers [32]. In laminar flow, fluid particles near the syringe walls move more
slowly, while fluid particles in the middle of the flow move faster. Piston extrusion 3D
printing requires a fluid classified as laminar flow with no turbulence effects so that the
filament can exit the nozzle [33]. Other research conducted by Dee et al. [34] used calcium
phosphate as a ceramic material to manufacture scaffolds, including laminar flow fluid.
Based on equation (3), a pressure drop graph can be obtained for each gelatine
hydroxyapatite composition ratio variation as follows.
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Figure 5 Pressure Drop for Each Composition Comparison of HA: Gelatin

The graph above shows that as the concentration of gelatine increases, the pressure required
by the piston to push the hydroxyapatite gelatine bio composite solution also increases. The
viscosity of the hydroxyapatite gelatine bio composite solution influences this. Higher
viscosity can increase flow resistance, so more pressure is needed to push the solution. The
pressure drop value for each gelatine hydroxyapatite composition is then used to calculate
the shear stress value. The following is a graph of the shear stress for each variation of
Gelatine Hydroxyapatite composition.
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Figure 6 Shear Stress in Each Composition HA /Gelatine

Based on Figure 3, it shows that the shear stress increases as the gelatine concentration
increases. This indicates that the higher the viscosity of the gelatine hydroxyapatite bio
composite solution, the more shear force per unit area is needed to push the solution out of the
nozzle. The viscosity when pressure is applied can be known after knowing the shear stress
and shear rate values. The following results were obtained based on the calculation results.

Table 1 Viscosity Bio composite Hydroxyapatite During Extruding

Ratio HA: Gelatine (w/w) Viscosity During Extruding (mPas)
1:2 36.53
1:3 40.91
1:4 53.02
1:5 58
1:6 62.39

Then, the viscosity of the hydroxyapatite gelatine bio composite solution, when compared with
that before pressure is applied, can be shown as follows.

Based on this, it shows that the increase in viscosity of the hydroxyapatite gelatine bio
composite solution when pressure is applied is caused by the shear thickening effect. When
materials are stressed, these particles interact and can form locked or interlocked structures.
This structure causes an increase in the stiffness and density of the material [39]. This is also
supported by research conducted by Wang et al. [40], the interaction between amino
hydroxyapatite and gelatine forms a structure that is interlocked and interacts chemically
through hydrogen bonds.
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Figure 7 Viscosity of Solution Before and during Extrusion

Extrusion Result

The extrusion results obtained from the research are shown in Figure 8. This indicates that the
HA / gelatine composition ratio's viscosity is still unsuitable to form the expected filaments. The
analysis results show that several factors can influence viscosity, namely extrusion speed and
material composition. An extrusion speed that is too fast means that the material needs more

HA/Gel (1:2) HA/Gel (1:3) HA/Gel (1:4)

HA/Gel (1:5)

Figure 8 Extrusion Result

time to thicken when it comes out of the nozzle, so the extrusion results will be too runny [41].
This study used an extrusion speed of 0.42 mm/s, so it was necessary to adjust the extrusion
speed again. This extrusion speed will affect the flow rate and pressure the plunger provides.
The faster the extrusion speed, the greater the pressure exerted by the plunger to push the
HA / gelatine bio composite solution out through the nozzle.

Apart from that, inappropriate material composition will also affect the viscosity value. In this
study, no cross-linking agent was used in the HA/gelatine bio composite mixture. Cross-
linking agents play a role in connecting molecular chains in bio composite materials so that
later they can form strong cross-links and increase the strength and stiffness of the material

160



Indonesian Physical Review. 7(1): 152-165

([42], [43]). Adding a cross-linking agent to the HA/gelatine bio composite solution also
reduces the tendency for melting or deformation when passing through the nozzle [44]. This is
supported by research conducted by Glukhova et al [45] where the administration of a cross-
linking agent increased the mechanical strength and reduced the viscosity of the material after
being printed using 3D printing. The use of cross-linking agents can also increase dimensional
stability so that it maintains the desired shape and size after the printing process is complete
[46].

Conclusion

The composition of the hydroxyapatite gelatin bio composite significantly influences the success
of filament formation. This is because the composition of the material affects its viscosity value.
Based on the test results, it was found that the higher the concentration of the gelatin mixture,
the higher the viscosity value. This viscosity will later influence the 3D printing extrusion piston
parameters such as pressure drop, shear stress, shear rate, and fluid flow. The viscosity after
being subjected to pressure can be determined by obtaining several parameter values through a
calculation process. Based on the calculation results, it shows that there is an increase in
viscosity when pressure is applied. This indicates that the hydroxyapatite gelatin bio composite
solution is classified as non-Newtonian. The extrusion results show that the gelatin
hydroxyapatite compositions 1:2, 1:3, 1:4, 1:5, and 1:6 have not formed the expected filaments.
The unsuitable viscosity causes this, so modification of the material composition is required.
Apart from that, the extrusion speed of 0.42 mm/s also indicates that it is unsuitable for gelatin
hydroxyapatite solutions. Therefore, it is hoped that future research can adjust other extrusion
speeds so that 3D printing parameters can be found using the suitable extrusion method.

Acknowledgment

The authors show their appreciation and gratitude to the Faculty of Mathematic and Natural
Sciences at Brawijaya University for its financial support. This work funded by Grant No.
4161.3/UN10.F09/PN /2023

References

[1] M. Sari, P. Hening, Chotimah, I. D. Ana, and Y. Yusuf, “Bioceramic hydroxyapatite-based
scaffold with a porous structure using honeycomb as a natural polymeric Porogen for
bone tissue engineering,” Biomater Res, vol. 25, no. 1, pp. 1-13, Dec. 2021, doi:
10.1186/s40824-021-00203-z.

[2] D. T. Dixon and C. T. Gomillion, “Conductive Scaffolds for Bone Tissue Engineering:
Current State and Future Outlook,” JFB, vol. 13, no. 1, p. 1, Dec. 2021, doi:
10.3390/jfb13010001.

[3] G. Fernandez De Grado et al., “Bone substitutes: a review of their characteristics, clinical
use, and perspectives for large bone defects management,” | Tissue Eng, vol. 9, p.
204173141877681, Jan. 2018, doi: 10.1177/2041731418776819.

[4] S. Afewerki, A. Sheikhi, S. Kannan, S. Ahadian, and A. Khademhosseini, “Gelatin-
polysaccharide composite scaffolds for 3D cell cultureand tissue engineering: Towards

natural therapeutics,” Bioengineering & Translational Medicine, vol. 4, no. 1, pp. 96-115, Jan.
2018.

161



P-ISSN: 2615-1278, E-ISSN: 2614-7904

[5]

[13]

[14]

J. Visser et al., “Endochondral bone formation in gelatin methacrylamide hydrogel with
embedded cartilage-derived matrix particles,” Biomaterials, vol. 37, pp. 174-182, Jan. 2015,
doi: 10.1016/j.biomaterials.2014.10.020.

M. R. Nawafi, M. Masruroh, and D. J. D. H. Santjojo, “Morphological and Mechanical
Study of Gelatin/Hydroxyapatite Composite based Scaffolds for Bone Tissue

Regeneration,” Indonesian | Appl Phys, vol. 12, no. 2, p. 235, Nov. 2022, doi:
10.13057/ijap.v12i2.59365.

M. N. Collins, G. Ren, K. Young, S. Pina, R. L. Reis, and J. M. Oliveira, “Scaffold
Fabrication Technologies and Structure/Function Properties in Bone Tissue Engineering,”
Adv Funct Materials, vol. 31, no. 21, p. 2010609, May 2021, doi: 10.1002/adfm.202010609.

Hartatiek et al., “Nanostructure, porosity and tensile strength of PVA/Hydroxyapatite
composite nanofiber for bone tissue engineering,” Materials Today: Proceedings, vol. 44, pp.
3203-3206, 2021, doi: 10.1016/j.matpr.2020.11.438.

C. Wang et al., “3D printing of bone tissue engineering scaffolds,” Bioactive Materials, vol.
5, no. 1, pp. 82-91, Mar. 2020, doi: 10.1016/j.bioactmat.2020.01.004.

B. Zhang, R. Cristescu, D. B. Chrisey, and R. J. Narayan, “Solvent-based Extrusion 3D
Printing for the Fabrication of Tissue Engineering Scaffolds,” IJB, vol. 6, no. 1, p. 211, Jan.
2020, doi: 10.18063/ijb.v6i1.211.

Z. Fu, V. Angeline, and W. Sun, “Evaluation of Printing Parameters on 3D Extrusion
Printing of Pluronic Hydrogels and Machine Learning Guided Parameter
Recommendation,” IJB, vol. 7, no. 4, p. 434, Jan. 2021, doi: 10.18063/ijb.v7i4.434.

S. Jang et al., “Effect of material extrusion process parameters on filament geometry and
inter-filament voids in as-fabricated high solids loaded polymer composites,” Additive
Manufacturing, vol. 47, p. 102313, Nov. 2021, doi: 10.1016/j.addma.2021.102313.

H. Zhang, J. Wang, Y. Liu, X. Zhang, and Z. Zhao, “Effect of processing parameters on the
printing quality of 3D printed composite cement-based materials,” Materials Letters, vol.
308, p. 131271, Feb. 2022, doi: 10.1016/j.matlet.2021.131271.

S. Syaugiyah, D. J. D. H. Santjojo, Masruroh, and H. A. Dharmawan, “The Design of a
Piston Extruder for the Production of Gelatin Filaments Available for Hydroxyapatite
Biocomposite 3D printing,” presented at the International Conference on Functional
Materials Science, Bali: International Conference on Functional Materials Science, 2022,

pp- 1-8.

R. Ershadnia et al., “Non-Newtonian fluid flow dynamics in rotating annular media:
Physics-based and data-driven modeling,” Journal of Petroleum Science and Engineering, vol.
185, p. 106641, Feb. 2020, doi: 10.1016/j.petrol.2019.106641.

M. S. Salehi, M. T. Esfidani, H. Afshin, and B. Firoozabadi, “Experimental investigation
and comparison of Newtonian and non-Newtonian shear-thinning drop formation,”
Experimental Thermal and Fluid Science, vol. 94, pp. 148-158, Jun. 2018, doi:
10.1016/j.expthermflusci.2018.02.006.

162



[21]

[25]

[26]

Indonesian Physical Review. 7(1): 152-165

N. Aldi et al.,, “Experimental and Numerical Analysis of a Non-Newtonian Fluids
Processing Pump,” Energy Procedia, vol. 126, pp. 762-769, Sep. 2017, doi:
10.1016/j.egypro.2017.08.247.

B. Zhang et al., “Porous bioceramics produced by inkjet 3D printing: Effect of printing ink
formulation on the ceramic macro and micro porous architectures control,” Composites
Part B: Engineering, vol. 155, PP 112-121, Dec. 2018, doi:
10.1016/j.compositesb.2018.08.047.

J. E. Trachtenberg, J. K. Placone, B. T. Smith, J. P. Fisher, and A. G. Mikos, “Extrusion-
based 3D printing of poly(propylene fumarate) scaffolds with hydroxyapatite gradients,”
Journal of Biomaterials Science, Polymer Edition, vol. 28, no. 6, pp. 532-554, Apr. 2017, doi:
10.1080/09205063.2017.1286184.

S. Brown, D. Montfort, N. Perova-Mello, B. Lutz, A. Berger, and R. Streveler, “Framework
Theory of Conceptual Change to Interpret Undergraduate Engineering Students’
Explanations About Mechanics of Materials Concepts,” | of Engineering Edu, vol. 107, no. 1,
pp. 113-139, Jan. 2018, doi: 10.1002/jee.20186.

G. Zhong, M. Vaezi, P. Liu, L. Pan, and S. Yang, “Characterization approach on the
extrusion process of bioceramics for the 3D printing of bone tissue engineering scaffolds,”
Ceramics International, vol. 43, no. 16, pp. 13860-13868, Nov. 2017, doi:
10.1016/j.ceramint.2017.07.109.

M. Vaezi, G. Zhong, H. Kalami, and S. Yang, “Extrusion-based 3D printing technologies
for 3D scaffold engineering,” in Functional 3D Tissue Engineering Scaffolds, Elsevier, 2018,
pp. 235-254. doi: 10.1016/B978-0-08-100979-6.00010-0.

B. Munson, D. Young, T. Okiishi, and W. Huebsch, Fundamental of Fluids Mechanics, Sixth
Edition. United States of America: John Wiley & Sons, Inc., 2016.

P. Geng et al., “Effects of extrusion speed and printing speed on the 3D printing stability
of extruded PEEK filament,” Journal of Manufacturing Processes, vol. 37, pp. 266-273, Jan.
2019, doi: 10.1016/j.jmapro.2018.11.023.

M. Hassan, “Thermal energy and mass transport of shear thinning fluid under effects of
low to high shear rate viscosity,” 2022.

H. Herrada-Manchon, D. Rodriguez-Gonzalez, M. A. Fernandez, N. W. Kucko, F. Barrere-
de Groot, and E. Aguilar, “Effect on Rheological Properties and 3D Printability of Biphasic
Calcium Phosphate Microporous Particles in Hydrocolloid-Based Hydrogels,” Gels, vol. 8,
no. 1, p. 28, Jan. 2022, doi: 10.3390/ gels8010028.

R. B. Islami, L. A. Didik, and B. Bahtiar, “Determine of the nira water viscosity by using
video based laboratory falling ball method with tracker software,” Gravity Untirta, vol. 7,
no. 2, Aug. 2021, doi: 10.30870/ gravity.v7i2.10165.

L. C. Sow and H. Yang, “Effects of salt and sugar addition on the physicochemical
properties and nanostructure of fish gelatin,” Food Hydrocolloids, vol. 45, pp. 72-82, Mar.
2015, doi: 10.1016/j.foodhyd.2014.10.021.

163



P-ISSN: 2615-1278, E-ISSN: 2614-7904

[29]

M. Cutini, M. Corno, D. Costa, and P. Ugliengo, “How Does Collagen Adsorb on
Hydroxyapatite? Insights From Ab Initio Simulations on a Polyproline Type II Model,” J.
Phys. Chem. C, vol. 123, no. 13, pp. 7540-7550, Apr. 2019, doi: 10.1021/acs.jpcc.7b10013.

Siswanto Siswanto, D. Hikmawati, U. Kulsum, D. I. Rudyardjo, R. Apsari, and Aminatun
Aminatun, “Biocompatibility and osteoconductivity of scaffold porous composite
collagen-hydroxyapatite based coral for bone regeneration,” Open Chemistry, vol. 18, no.
1, pp. 584-590, Jun. 2020, doi: 10.1515/ chem-2020-0080.

F. J. Garcia Garcia and P. Farifias Alvarifio, “On an analytic solution for general
unsteady/transient turbulent pipe flow and starting turbulent flow,” European Journal of
Mechanics - B/Fluids, vol. 74, PP- 200-210, Mar. 2019, doi:
10.1016/j.euromechflu.2018.11.014.

Z. Wu, L. Zeng, K. Chen, J. Chen, and Y. Zhang, “Experiments on Laminar Flow between
Parallel Plates with a Heterogeneous Slip/No-Slip Surface,” Tribology Transactions, vol. 62,
no. 5, pp. 801-811, Sep. 2019, doi: 10.1080/10402004.2019.1619005.

N. P. Kim, J.-S. Eo, and D. Cho, “Optimization of piston type extrusion (PTE) techniques
for 3D printed food,” Journal of Food Engineering, vol. 235, pp. 41-49, Oct. 2018, doi:
10.1016/j.jfoodeng.2018.04.019.

P. Dee, S. Tan, and H. L. Ferrand, “Fabrication of Microstructured Calcium Phosphate
Ceramics Scaffolds by Material Extrusion-Based 3D Printing Approach,” IJB, vol. 8, no. 2,
p. 551, Feb. 2022, doi: 10.18063/ijb.v8i2.551.

L. Deng, Y. Li, A. Zhang, and H. Zhang, “Nano-hydroxyapatite incorporated gelatin/zein
nanofibrous membranes: Fabrication, characterization and copper adsorption,”
International Journal of Biological Macromolecules, vol. 154, pp. 1478-1489, Jul. 2020, doi:
10.1016/j.jjbiomac.2019.11.029.

Y. B. Pottathara, T. Vuherer, U. Maver, and V. Kokol, “Morphological, mechanical, and in-
vitro bioactivity of gelatine/collagen/hydroxyapatite based scaffolds prepared by
unidirectional freeze-casting,” Polymer Testing, vol. 102, p. 107308, Oct. 2021, doi:
10.1016/j.polymertesting.2021.107308.

M. E. Rosti and S. Takagi, “Shear-thinning and shear-thickening emulsions in shear
flows,” Physics of Fluids, vol. 33, no. 8, p. 083319, Aug. 2021, doi: 10.1063/5.0063180.

T. Shende, V. ]. Niasar, and M. Babaei, “ An empirical equation for shear viscosity of shear
thickening fluids,” Journal of Molecular Liquids, vol. 325, p. 115220, Mar. 2021, doi:
10.1016/j.molliq.2020.115220.

X. Chen, D. Wu, J. Xu, T. Yan, and Q. Chen, “Gelatin/Gelatin-modified nano
hydroxyapatite composite scaffolds with hollow channel arrays prepared by extrusion

molding for bone tissue engineering,” Mater. Res. Express, vol. 8, no. 1, p. 015027, Jan. 2021,
doi: 10.1088/2053-1591/ abdelf.

164



Indonesian Physical Review. 7(1): 152-165

L. Wang, M. Li, X. Li, J. Liu, Y. Mao, and K. Tang, “A Biomimetic Hybrid Hydrogel Based
on the Interactions between Amino Hydroxyapatite and Gelatin/Gellan Gum,” Macro
Materials &amp; Eng, vol. 305, no. 9, p. 2000188, Sep. 2020, doi: 10.1002/mame.202000188.

R. Baptista, M. Guedes, M. F. C. Pereira, A. Mauricio, H. Carrelo, and T. Cidade, “On the
effect of design and fabrication parameters on mechanical performance of 3D printed PLA
scaffolds,” Bioprinting, vol. 20, p. e€00096, Dec. 2020, doi: 10.1016/j.bprint.2020.e00096.

N. Reddy, R. Reddy, and Q. Jiang, “Crosslinking biopolymers for biomedical
applications,” Trends in Biotechnology, vol. 33, no. 6, pp. 362-369, Jun. 2015, doi:
10.1016/j.tibtech.2015.03.008.

A. Lamp, M. Kaltschmitt, and J. Dethloff, “Options to Improve the Mechanical Properties
of Protein-Based Materials,” Molecules, vol. 27, no. 2, p. 446, Jan. 2022, doi:
10.3390/ molecules27020446.

C. E. Campiglio, N. Contessi Negrini, S. Fare, and L. Draghi, “Cross-Linking Strategies for
Electrospun Gelatin Scaffolds,” Materials, vol. 12, no. 15, p. 2476, Aug. 2019, doi:
10.3390/ ma12152476.

S. Glukhova et al., “Printable Alginate Hydrogels with Embedded Network of Halloysite
Nanotubes: Effect of Polymer Cross-Linking on Rheological Properties and
Microstructure,” Polymers, vol. 13, no. 23, p. 4130, Nov. 2021, doi: 10.3390/polym13234130.

D. J. Choi, Y. Kho, S. J. Park, Y.-J. Kim, S. Chung, and C.-H. Kim, “Effect of cross-linking
on the dimensional stability and biocompatibility of a tailored 3D-bioprinted gelatin
scaffold,” International Journal of Biological Macromolecules, vol. 135, pp. 659-667, Aug. 2019,
doi: 10.1016/j.ijbiomac.2019.05.207.

165



