Pre prints.org

Review Not peer-reviewed version

Combination of Review and Design of
Experiments to Optimize Computational
Simulations on Bioprinting Nozzles

J. Carlos Gomez-Blanco , Antonio Macias-Garcia , Jesus Manuel Rodriguez Rego : , Laura Mendoza Cerezo
, Francisco M. Sanchez-Margallo , Alfonso Carlos Marcos Romero , J. Blas Pagador

Posted Date: 8 January 2024
doi: 10.20944/preprints202401.0617v1

Keywords: bioprinting; microextrusion; computational simulation; nozzle

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/990339
https://sciprofiles.com/profile/760950
https://sciprofiles.com/profile/2380074
https://sciprofiles.com/profile/1004132
https://sciprofiles.com/profile/241572
https://sciprofiles.com/profile/976414

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2024 do0i:10.20944/preprints202401.0617.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Combination of Review and Design of Experiments

to Optimize Computational Simulations on
Bioprinting Nozzles

Juan C. Gomez Blanco !, Antonio Macias-Garcia 2, Jestis Manuel Rodriguez Rego 2%,
Laura Mendoza Cerezo ? Francisco M. Sanchez-Margallo ', Alfonso C. Marcos-Romero 2
and José Blas Pagador Carrasco !

1 Jestis Uson Minimally Invasive Surgery Centre. Carretera N-521, km41.8 (10071) Caceres. Spain
https://www.ccmijesususon.com

2 Universidad de Extremadura. Avda. Elvas, s/n (06006) Badajoz. Spain

https://www.unex.es

* Correspondence: jesusrodriguezrego@unex.es

Abstract: 3D bioprinting, like 3D printing, is a process that builds structures by depositing material layer by
layer. In the specific case of bioprinting, these layers are composed of a biocompatible material together with
living cells, allowing the creation of three-dimensional structures that recreate functional tissues and organs.
Bioprinting cell-laden structures is complicated by the high rate of cell damage and stress that occurs during
the process, caused by the high pressures and stresses to which they are subjected. To minimise damage during
the process, it is important to study and optimise certain bioprinting conditions beforehand and to analyse how
they affect the cells by means of computational simulations. In this review, both quantitative and qualitative
data are collected to improve the nozzle geometry through computational simulation studies. Optimal ranges
for nozzle diameter (0.2-1mm) and length (8-10mm; 300-900pum) have been defined, and recommendations for
improving nozzle performance during bioprinting, such as the provision of an inner angle of 20-30°, an inner
EDTA coating and a shear stress of less than 10kPa, have been gathered. Finally, based on the data collected, a
design of experiments is proposed to obtain an optimal bioprinting configuration for a particular bioink.

Keywords: Bioprinting; microextrusion; computational simulation; nozzle

1. Introduction

3D printing is an additive manufacturing process in which layers of material are layered to create
physical objects from a 3D model. This 3D model is created from a CAD (computer-aided design)
software. The resulting file generates a G-code where all the parameters of the 3D printer and the
movement commands are configured. Depending on the application of this technology, different
materials such as polymers, paper, resins or metals can be used, the most common applications being
prototyping in industrial design, architecture or medicine.

When the applications of this technology are focused on medicine for the additive
manufacturing of different tissues, it is called bioprinting. In bioprinting, the material used is a
variety of biocompatible hydrogels together with living cells to create specific three-dimensional
structures to support and nourish these cells. These three-dimensional structures must then be
incubated to produce living tissues.

In bioprinting, materials with well-defined properties are often used as a vehicle for cells. That
is, they have specific biological, physical and mechanical properties to facilitate the bioprinting
process while minimizing cell damage. The development of adequate biomaterials (bioinks) to get
complex geometries while enhance cell survival is considered one of the most important challenges
of bioprinting [1].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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According to the bioprinting technology, there are three main families: inkjet , laser-assisted,
and microextrusion bioprinters [2,3]. Each one of these techniques has advantages and limitations
such as cellular density in bioink, resolution or fabrication speed that must be considered for each
specific application.

Of all the studies available on the experimental study of bioinks in bioprinting, only a few make
use of computational simulations. With regard to these simulations, body fluid dynamics (CFD) is an
important tool when carrying out different studies on bioinks, as it allows their rheological
parameters to be modified in order to study their behaviour using a computer. This computational
study makes it possible to minimise the cost of bioinks and maximise their quantity by using less
material for testing. Despite this, the number of parameters to be studied, together with their possible
combinations, makes it difficult to carry out all the simulations, making it necessary to carry out a
design of experiments beforehand. This design of experiments aims to optimise some bioprinting
parameters, based on the data collected during this review.

This work focuses on knowing the state of the art in this technology, through a well-defined
methodology and systematic review to obtain a sample of the situation and the most important
advances that have been made with respect to computational simulations in bioprinting. Specifically,
this review studies CFD of microextrusion bioprinting technique, making a compilation of useful
concepts for the design and improvements of microextrusion systems.

2. Materials and Methods

2.1. Systematic Review

A systematic review is a process of synthesizing the available evidence in which a review of
quantitative and qualitative aspects of previous studies with the objective of summarizing the
existing information regarding a subject. After collecting the scientific publications of interest, the
information is analyzed and compared with similar studies. In these reviews, original data is not
generated, but information from different scientific sources is collected, analyzed and synthesized for
a better comprehension of the scientific community.

A systematic review must complete the following steps [4], Figure 1:

OBJECTIVE
[Simulation CFD, Nozzie)

)

CRITERIA
Printhead-Mozzie - Mo Printhead-Nozzie
- Simulation Computational Model - Ma Simulation Computational Model

)

DATA REGISTRY

.M»

Bia-printing eguipment and canditions - Characteristics of the simulations

!

EVALLIATION

Figure 1. Methodological proposal for bibliographic review.

This methodological proposal of bibliographic review is extended in the following points:
e A concise definition of the topic to be addressed:
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To initiate a systematic review, it is necessary to identify and convert the problem or uncertainty
into a question that can be answered. To ask a question means to reduce it to clear and precise terms,
identifying its main components.

In this case, the objective of the review is to know the state of the art of CFD simulations in
bioprinting, but specifically in terms of the nozzle or the printhead.

e  Specification of inclusion and exclusion criteria:

In this review, no typical exclusion criteria have been used, such as the methodological type of
study, year of publication or sample size. However, all those not containing information related to
the extrusion printhead and/or nozzle and computational simulation have been excluded.

e Data recording and quality assessment of the selected articles:

It is important to record the relevant characteristics of each article with all rigor and detail.
Quality evaluation is necessary to limit biases, form a more precise idea of the potential comparisons
and guide the interpretation of the results.

All data were collected and recorded following the conceptual map of Figure 2. In this sense, all
possible information will be divided into 2 main blocks. The first one regarding to bioprinting
hardware and laboratory conditions and in the second one regarding to all features of computational
simulations. Both main blocks are sequentially sub-divided to grant equally distributed information
and fair comparison (Figure 2).

PRINTHEAD-NOZZLE 'SIMULATION-COMPUTATIONAL MODEL
SYRINGE# || SYRINGE+ || SYRINGE+ ‘ POLIMERIC H METAL H OTHER ‘ ‘SIMULATION H SPEED H STRESSES H PRESSURE H FLOW. ‘ BOUNDARY
NEEDLE COAXIAL || CONICAL CONDITIONS

NEEDLE NEEDLE l l— l l l l
APLICATION MATERIAL HYDROPHOBIC ouTPUT H PRINTHEAD ‘ NORMAL H SHEAR ‘ MASS H VOLUMETRIC ‘
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DIRECTION
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DRIVEN PRESSURE
Figure 2. Concept map for data extraction of computational simulation of bioprinting nozzles.

‘ NEUMATIC ‘

e Interpretation and presentation of results:

In this step, all information recorded is analyzed and discussed obtaining useful information for
the scientific community.

To report the review results, it should be borne in mind that the basis is systematization. So, all
the steps in the review development process must be included in a clear and detailed way, in order
that any reader who wishes to repeat the study can do so.

An example of the application of this literature review methodology and its subsequent
application would be to use the data in the design of the experiment.

2.2. Design of Experiments

A design of experiments could be used to select the most favorable conditions to obtain the
optimum values of those parameters that can affect the bioprinting process. To this end, different
working conditions should be simulated using the bioprinting model. The objective would be to
establish the influence of these operating variables on the bioprinting process, as well as the possible
interactions between them. After that, results should be analyzed to determine optimum values
within the study limits.

A Factorial, Central, Composite, Orthogonal and Rotatable Design of Experiments (FCCOR
DoE) is proposed and some operational variables and response variables should be selected.
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The total number of experimental runs (N) for the statistical design will be N=2k + 2k + n, where
k is the number of operational variables and n is the number of replications of the central experiment.
In the case k was equal to 4, and n was 12 to ensure both, orthogonality and rotatability of the design,
the design should consist of a total of 36 experiments. The axial distance must be defined as o=(Nr)'/4
where Nt is the number of factorial experiments, i.e., 2. Hence, since k=4, , ® was equal to 2 and the
coded values of each of the four operational variables of the design were (-2, -1, 0, 1, 2).

The statistical analysis of the experimental results should be performed with the aid of the
Statgraphics Centurion XVI™ software. The numerical analysis must include an ANOVA test and a
Quadratic Regression Analysis to obtain the response fitting curve. Also, the experimental conditions
leading to an optimum value of the response variables. The graphical analysis of the experimental
results must consist of the Pareto, main effects, interactions and response surface (RS) plots (Figure
3).

’illgﬁfam

Figure 3. Statistical analysis using Stratgraphics Centurion XVI software; Numerical analysis using
ANOVA and quadratic regression analysis; Graphical analysis using Pareto diagram, main effects,
interactions and response surfaces.

3. Results and Discussion

3.1. Systematic Review Analysis

Following this methodology all papers were obtained in the databases: PubMed, SCOPUS, and
WoS, using a series of search strings:

e  “bioprinting AND extrusion AND nozzle”.

e “bioprinting AND nozzle AND computational”.

e “bioprinting AND nozzle AND fluid”.

e “bioprinting AND nozzle AND printhead”.

A total of 74 papers were obtained using these search strings. After that, repeated ones and those
that did not match the inclusion criteria were discarded, obtaining a final number of 20 papers to
analyze (Figure 4).
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Figure 4. Items included and excluded from the systematic review based on the connectors used.

From the 20 selected articles it is shown that since 2015 there has been a considerable increase in
research related to computational simulation of bioprinting billets.

Once all papers were analyzed some features can be discussed. Following the block division
performed, the first results to discuss are the ones regarding to all features of bioprinting hardware.
In this sense, from all selected papers 14 are original works, the other 4 papers are general bioprinting
reviews. In those reviews [2,3,5,6] general information of bioprinting is provided including an
explanation of technologies types, materials used, among other useful information. In general, most
of papers use extrusion bioprinting, with the exception of Carmelo de Maria et al [7] and Shi et al [8]
that use inkjet bioprinting or Ponce-Torres et al [9] that use a gas flow to produce fibers (Figure 6).
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Figure 5. Selected articles divided by year.
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CHARACTERISTICS OF BIO-PRINTING

Types of bio-printing: Extrusion Ink jet Gas flow
11 2 1

NOZZLE GEOMETRY

Nozzle types: Coaxial Conical Microfluidic Others
2 3 2 7
Nozzle dimensions: Diameter (mm) Length (mm)
0.2-1 89-10
Nozzle geometry: Internal angle
200 - 300
COMPUTATIONAL SIMULATIONS: 9

Figure 6. Bioprinting characteristics, nozzle geometry and computational simulation.

According to the 14 original papers, there are a huge discrepancy between the geometrical
construction of the nozzle. Three main constructions were used: syringe with a coaxial needle [5],
[10], syringe with a conical tip [8,11,12] and microfluidics nozzles [13,14]. Other authors uses different
geometries [7,9,15-19]. On the other hand, the nozzle diameter varies from 0.2 to 1 mm in different
works. Studies using coaxial needle proposed diameters of 810, 710 and 630 um [10] or 200-450 um
[5], while those ones using conical tip used 100 um [8], 500-1000 pm [11] or 440 um [12]. Studies about
microfluidics nozzles set up different diameters: 840, 610, 400, 250 and 200 pm [13] or 1270, 910 and
470 pum [14]. Regarding the nozzle length, Martanto et al [11] and Reid et al [20] agree using 8,9 - 10
mm, while Jia Shi et al [8] and Ponce-Torres et al [9] use 300 and 900 pum, respectively. Martanto et al
[11] perform a very complete study of geometrical influence in extrusion simulations and one of the
most important results in their paper is that they recommend an inner nozzle angle from 20 to 30° to
reduce shear stresses. It is important to note that this large range of variation in geometrical
measurements makes difficult a fairly comparison of results among different studies (Figure 6).

Other important factors are the inner coating of the nozzle and the materials used for its
construction. This information can be very helpful in computational simulations due to friction
between the bioink and the walls of the nozzle, provoking different shear stresses and cell damages.
Unfortunately, only Parzel et al [16] uses Ethylene Diamine Tetra-acetic Acid (EDTA) as an inner
coating and Shi et al [8] and Ponce-Torres [9,19] use glass as a construction material. The rest of the
authors do not specify any kind of coating or material to be considered.

On the other hand, the most important physical parameters in the bioprinting process are
summarized in Figure 7. The data represented are within a range of values obtained from the articles
that have been selected according to the keywords used in the search (Figure 7).
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7
PHYSICAL PARAMETERS OF THE BIO-PRINT
Temperature: 20-37°C
Volumetric flows: 0.1-266 pL/s
Masic flow: 90-100 mg/min
Pressure: 14 - 40 kPa
Viscosity (hydrogels): 1-9.8 mPa-s
Viscosity: 30x10° —30x10® mPas.

Figure 7. Physical Parameters of the bioprinting.

Laboratory atmospheric parameters can have a high impact on the rheological parameters of the
used bioink. Among all analyzed papers, authors present their results at room temperature [3,16],
[19] or at 37 <C [5,11,15,20].

The second main block is regarding to all features of computational simulations. In this sense,
the 9 papers that perform computational simulations of their systems obtained different results
hardly comparable due mainly to different geometries, materials, boundary conditions or inlet
parameters. Therefore, in this part only a summarization of the results is going to be exposed.

Regarding to boundary conditions, inlet flow is set with volumetric flows values varying from
0.1 to 266 uL/s [11,12,14,20] or masic flow of 90-100 mg/min [12]. In the same way, Gohl et al [12] use
pressure from 14 to 40 kPa as the inlet pressure of the bioink. Also, some authors showed the viscosity
of their bioinks, Shi et al [8] and Martanto et al [11] uses hydrogels with viscosities varying in the
range 1-9.8 mPa-s. Other authors as Derakshanfar et al [2], Suntornnond et al [18] or Kyle et al [3] use
bioinks with higher viscosities on the range 30x10> — 30x108 mPa-s (Figure 8).

CED SIMULATION

Velocity: 1.6 - 266.6
Pressure: 1-300 kPa
Shear stresses: < 10 kPa

Figure 8. CFD simulation.

The main results of CFD simulations works are usually velocities, pressures, and stresses. In this
review, velocities varies from 1.6 to 266.6 mm/s [5,10,12,14,15,17-20] with a single value beyond this
range, Shi et al [8] obtained 3.04m/s. Pressures varies from 1 to 300 kPa [5,11,15,18-20], but several
authors conclude that shear stresses must be below 10 kPa [3,8] (Figure 8).

Finally, according to the state of the art obtained with this review a design of experiments (DoE)
can be proposed. So, this DoE could be used to examine different working parameters of the
bioprinting process. As an example, a specific DoE using four operational variables: namely,
“temperature” (T), “volumetric flow” (V), “pressure” (P), and “viscosity” (v) is presented in the next
section, whereas “line width” (W) and “line uniformity” (U) were considered as the response
variables.
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3.2. Design of Experiments

Different bioprinting parameters can be tested, varying temperature (T) from 37 to 20 °C,
volumetric flow (V) from 266 to 0.1 puL/s, pressure (P) from 40 to 14 kPa and viscosity (v) from 30x108
to 30x10°mPa-s.

If the number of variables is 4, i.e. k=4, ,, © was equal to 2 and the coded values of each of the
four operating design variables were (-2, -1, 0, 1, 2).

From the values of the variables, the maximum and minimum values, the central value and the
step are determined (Table 1).

Table 1. Maximum, minimum, central value and step of the variables.

Variables Central Step Maximum | Minimum
Temperature (T) 28,50 4,25 37 20
Volumetric flow (V) | 133,050 66,475 266 0.1
Pressure (P) 27 6.5 40 14
Viscosity (v) 1,515-108 | 0,7425-108 30-108 30-105

From the data of Table 1 and the coded variables, the coded table of the design of experiment is
constructed using the codes (-2, -1, 0, 1, 2). Subsequently, the table of values of the decoded variables
is determined, to finally determine the optimal conditions that should be used to obtain the best
experimental result.

4. Conclusions

The methodology of the systematic review is an excellent way to know the current status,
progress and fundamental concepts of a research line, but additionally, it can be used to identify
challenges and new topics.

Hence, in this review, the main variables involved in a bioprinting nozzle design and its use are
identified. Furthermore, common ranges for nozzle diameter (0.2 - Imm) and length (standard of 8 —
10mm and microneedle version of 300 - 900 um) are exposed. Regarding to CFD, a heterogeneous
setting of simulation makes difficult a fair comparison among all studies, but maybe an interesting
conclusion is the need to keep shear stress below 10 kPa to minimize cell stress.

Likewise, some authors recommend the following features for a better performance of the
nozzle: inner angle (20 — 30 9) to reduce shear stress or inner coating (EDTA).

Finally, a design of the experiments is proposed to optimize bioprinting parameters using data
obtained in the previous review.
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