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Regenerative medicine has evolved with the rise of tissue engineering due to
advancements in healthcare and technology. In recent years, bioprinting has
been an upcoming approach to traditional tissue engineering practices,
through the fabrication of functional tissue by its layer-by-layer deposition
process. This overcomes challenges such as irregular cell distribution and
limited cell density, and it can potentially address organ shortages, increasing
transplant options. Bioprinting fully functional organs is a long stretch but the
advancement is rapidly growing due to its precision and compatibility with
complex geometries. Computational Fluid Dynamics (CFD), a carestone of
computer-aided engineering, has been instrumental in assisting bioprinting
research and development by cutting costs and saving time. CFD optimizes
bioprinting by testing parameters such as shear stress, diffusivity, and cell
viability, reducing repetitive experiments and aiding in material selection and
bioprinter nozzle design. This review discusses the current application of CFD
in bioprinting and its potential to enhance the technology that can contribute

or organ after losing an organ or damaging
tissues after an injury or because of genetic
abnormalities.

Tissue engineering is an interdisci-
plinary field that focuses on how new
biological functional substitutes can be
developed to serve the purpose of regener-
ating damaged tissues from living cells.’!
W. T. Green, M.D., a pediatric orthopedic
surgeon conducted experiments to gen-
erate cartilage in the early 1970s, failed
to regenerate cartilage tissue, yet assured
a promising advanced future of tissue
engineering with the upcoming biocom-
patible materials that will be developed
later in the years.*! This revolutionary
concept was first introduced in the early
1970s and further applied in various areas

to the evolution of regenerative medicine.

1. Introduction

As the world is fast-forwarding in terms of technology, the future
of healthcare is advancing too, giving researchers more options
to integrate it in the medical fields. The latest developments in
the field of nanotechnology and 3D printing gave doctors an op-
portunity to find effective alternative cures. Within the scope of
additive manufacturing (AM), apart from the achievements of 3D
printing to print prostheses and design implants,!!! bioprinting
has given possible ways to successfully grow tissues and further
organs, a step forward in tissue engineering.l?l This is a major
progress in terms of helping patients receive a functional tissue
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of specialization, resulting in extensive
research in skin tissues, heart tissues, and
cartilage tissues. The significance of tissue
engineering is that it gives the potential
that damaged tissues can be replaced
with new ones through bioengineering in a laboratory environ-
ment and then later implanted within the human body.”!
Tissue engineering, with the help of AM techniques, has
shown more favorable solutions to complications found during
the traditional tissue engineering process. Traditional tissue engi-
neering techniques include adding regenerative cells to a scaffold
containing growth factors and eventually allowing a functional
matrix to be formed. The main factor that brings this technique
to a disadvantage is that the required result is not often achieved
due to the irregular distribution of cells within the mixture. How-
ever, the utilization of 3D bioprinting that prints on a layer-by-
layer basis thus further allows to obtain the desired complex ge-
ometries and generate functional tissues.[®/ As mentioned ear-
lier, the shortage of donated healthy organs has created a demand
for bioprinting technologies due to their favorable approaches in
terms of generating highly precise tissues that are not rejected
by the host body’s immune system, thus raising the possibility
of lab-grown organ transplantation.?! Moreover, a few other no-
table characteristics of bioprinting include its ability to “adapt-
ability to a traditional, modular or mixed approach” and capacity
to print details down to the range of 50-200 um.’! Conventional
bioprinting techniques usually follow a layer-by-layer manner to
construct 3D structures, like extrusion-based, droplet-based, and
laser-assisted including digital light processing (DLP) and stere-
olithography (SLA).I”l There are also some new technologies that
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do not follow the layer-by-layer method such as volumetric bio-
printing (VBP), which is a notable advancement in bioprinting,
also known as computed axial lithography (CAL), that enables
printing large cm-scaled structures in a considerable short time
with high resolution.®) In addition to that, with the increasing
research in the field of bioprinting, the application of computa-
tional methods has increased significantly to ensure the most ac-
curate results.

Computational fluid dynamics or in short CFD is a branch
of fluid dynamics that has been applied in various engineer-
ing fields that uses a combination of both numerical analy-
sis and computational software to solve complex fluid-related
problems.®] CFD modeling and its importance can be seen in the
field of aerospace, where the most accurate fluid flow is analyzed
with varying boundary conditions that help the engineers detect
and fix possible design errors during the initial phase.l'" This is
one of the various places CFD is constantly used in R&D sectors
of such industries. The importance of CFD is not limited to only
the aerospace or automotive industries; rather, it is applicable in
the field of bioengineering, with more researchers’ growing in-
terest toward its practical use. Moreover, CFD is more popular as
a cost-saving alternative with very accurate results compared to
experimental results./!!]

Within the scope of bioprinting, CFD has been an impor-
tant tool for testing specified printing parameters such as noz-
zle speed, shear stress, printability, cell viability, and so on. Test-
ing these parameters with multiple repetitions increases the cost
and the time it takes to obtain accurate results. CFD decreases
the number of repetitions thus making it more efficient for
research.[?] For instance, the bioink used for the experiments
conducted for analysis of printability is costly. Using CFD, the
flow behaviors and deformation of the material under stresses
can be computationally studied. In one study, OpenFOAM soft-
ware was utilized to study the relation between hydrogel mass
flow rate, different nozzle designs, and operating pressure.!**!
Similarly, other CFD softwares such as ANSYS Fluent, COMSOL,
and FLOW-3D have been used to study further design parame-
ters and nozzle designs. CFD for bioprinting is not limited to noz-
zle designs but goes beyond to simulate the relation between the
characteristics of bioink and nozzle designs on cell viability. In
another study, COMSOL was used to compare the effect of shear
stress on cell viability between cylindrical and conical nozzles.!*]

This review paper provides an overview of CFD applications in
bioprinting technology with the most recent studies in the liter-
ature. The study may pave the way toward improving the perfor-
mance of bioprinting with the help of CFD.

2. Bioprinting Methods and Materials

2.1. Bioprinting

Traditional tissue engineering strategies involved the seeding of
cells onto scaffolds, which are solid structures that maintain the
shape and mechanical properties of the tissue and provide a sub-
strate for cell attachment and proliferation.[*>] However, the limi-
tations of traditional strategies such as limited cell density, lower
precision in cell placements, the inability to control pore distribu-
tion, and difficulties in manufacturing patient-specific tissues re-
quired new techniques to solve prevalent challenges.['®] Bioprint-
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ing was initially developed in the 1980s to construct 2D tissues,
but only recently has the technology become capable of construct-
ing 3D constructs. However, even with current advancements in
scaffold manufacturing technologies, there is a long way to go to
fully develop and substitute human organs with bioprinting.[']

Bioprinting is a game changer in the rapid manufactur-
ing of tissue constructs and provides great benefits that solve
some of the problems related to traditional tissue engineering
techniques.['®] Bioprinting can be defined as the spatial arrange-
ment of living cells, biomaterials, and biologics in a layer-by-layer
fashion to obtain a 3D structure that mimics tissue constructs
and can be used for regenerative medicine, cancer research, and
tissue engineering.'® 3D printing completely functional organs
is a long-term goal; nonetheless, the field is moving in the cor-
rect direction, and research is being conducted to close the gap
between reality and imagination.['’]

Typical stages for bioprinting a tissue construct from start to
finish involve pre-processing, processing, and post-processing
steps.['] Pre-processing involves target-specific cell culturing
and generating a 3D scaffold model of the tissue construct. First,
specific cells are isolated and proliferated to large numbers to be
used later in the processing stage. Second, MRI or CT scan im-
ages of the targeted tissue are generated which are processed and
reconstructed to a 3D image format. G-code, which is the pathway
that a bioprinter nozzle would follow in a spatial arrangement, is
extracted from the 3D image format, and sent to the 3D bioprinter
for the processing stage.?%! In the processing stage, isolated and
cultured cells from the pre-processing are mixed with hydrogel
and biologics to form the bioink for the scaffold-based fabrica-
tion. Scaffold-based fabrication consists of three major strategies:
droplet, laser, and extrusion-based. In most of these strategies,
the G-code dictates the movement of the extruder, and 3D cell-
laden constructs are produced. Post-processing might involve a
bioreactor or crosslinking mechanisms that would provide a me-
chanical or chemical stimulus to reinforce the development and
maturation of tissue constructs until they reach their desired
application.?%]

2.2. Types of Bioprinting Modalities

There are two main categories for bioprinting modalities,
scaffold-based and scaffold-free. Scaffold-based bioprinting is
further divided into three major fabrication techniques, namely:
extrusion-based, droplet-based, and laser-based.?!! The emer-
gence of fused deposition modeling paved the way for the 3D
printing of intricate geometries which was later introduced into
tissue engineering to create porous scaffolds that act as a solid
structure for cell attachment, proliferation, and cell growth.!??]

2.2.1. Scaffold-Based Bioprinting

Extrusion-Based Bioprinting: In extrusion-based bioprinting,
the bioink is released via an extruder, which is controlled via
an automated three-axis robotic system, in a precise deposition
of cells in cylindrical filaments.[?! These cylindrical filaments
form the desired 3D porous scaffolds layer by layer. The robotic
system is guided by the G-code from computer-aided design
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Figure 1. Selected 3D bioprinting approaches. a) Extrusion-based bioprinting method involving three types: pneumatic, piston-driven, and screw-driven
dispensing systems to deposit a continuous filament of bioink-containing cells. b) Two components of inkjet bioprinting, thermal and piezoelectric

activated printing. Thermal print head is heated electrically to produce air-

pressure pulses that force the droplet from the nozzle, whereas a mechan-

ical pulse produced by an actuator to force the materiel as a droplet in piezoelectric-activated printing head. c) Laser-assisted bioprinters. The laser
focuses its energy on an absorptive layer, generating a vapor bubble within bioink-containing cells. This process facilitates the transfer of bioink droplets

encapsulating cells onto a substrate.

(CAD) software, which enables the user to print rapidly by
loading the CAD file. The CAD file is obtained from the scanned
images by MRI or CT as highlighted above in the pre-processing
stage.[?] Some extrusion-based printer also consists of a fiber
optic light source for disposition area activation, a photo initiator,
piezoelectric humidifier for crosslinking the materiel right after
deposition, and a video camera for x—y—z axis control.?*! For
minimum retooling, some printers consist of multiple heads
to decrease the print time or to deposit multiple materials.[?]
Extrusion-based bioprinting is further divided into two main
mechanisms (Figure 1a), namely: pneumatic and mechanical.
A pneumatic-based system utilizes air pressure to push the
bioink out of the nozzle by using a valve-based or valve-free
configuration.?®! A mechanical system involves a mechanical
device such as a piston or screw to extrude the bioink from the
nozzle, and both have their respective pros and cons.[?’! The
flexibility of materials such as biocompatible copolymers, cell
spheroids, and hydrogels that can be used and deposited in the
form of continuous beads adds to their functionality.
Droplet-Based  Bioprinting: Droplet-based bioprinting  in-
volves manipulating the bioink via gravity, atmospheric pressure,
and fluid mechanics such that the nozzle ejects a controlled
volume of bioink in a droplet fashion.[?”) A controlled volume
of bioink deposition at predefined locations offers great control,
agility, versatility, and simplicity as opposed to extrusion and
laser-based bioprinting.!?*! Droplet-based bioprinting can be
further divided into inkjet, acoustic, and micro-valve bioprinting
modules, which have their pros and cons over each other.[?]
Acoustic method utilizes the acoustic field to eject droplets,
while the micro-valve uses a pressurized reservoir and a nozzle
which is electromechanically controlled to create droplets. Inkjet
modality further divides into continuous, thermal, piezoelectric,
electrostatic, and electrohydrodynamic jet bioprinting, all of
which are operated via different mechanisms.[?""?2] The most
favored Inkjet based bioprinting methods are the ones with
thermal and piezoelectric printing heads (Figure 1b). In thermal
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inkjet printers, the print head is heated electronically, which
allows pulses of pressure to eject drops from the heated nozzle,
which can heat up from 200 to 300 °C under localized heating
without affecting the stability of the biological substances.[?#?9]
Furthermore, some inkjet printers also contain a piezoelectric
crystal that splits the liquid into droplets at regular intervals
using an acoustic wave inside the nozzle. This occurs when
a voltage is applied to the crystal; it changes its shape rapidly,
generating the pressure required to eject droplets.*%]

Laser-Based Bioprinting: Laser-based or laser-assisted bio-
printing uses LIFT (laser-induced forward transfer) technology
for high-resolution patterning. The setup consists of three major
parts (Figure 1c): a laser pulse source, a receiving substrate,
and a ribbon.’! Lasers with a wavelength of ultraviolet in the
electromagnetic spectrum or near ultraviolet are used as energy
pulses directed toward the ribbon. The ribbon comprises three
layers: transparent glass, a laser-absorbing metal, and a layer.
The energy pulses directed toward the ribbon melt the metal
layer which creates a pressure vacuum for the bioink to form
a bubble that drops onto the receiving substrate. This method
can continuously print individual cells at desired coordinates
with a high density, precision, and resolution. Similarly, like
other bioprinting modalities, laser-based bioprinting is also
divided into many categories, out of which the most used are
laser-guided direct writing, SLA, and DLP.[??]

Light-based bioprinting is another type of bioprinting method
that is considered to be under the laser-based techniques that em-
ploy various ways that utilize light to induce polymerization to
photopolymerizable bioinks or biomaterials in order to perform
layer-by-layer deposition. The most common is DLP method
which uses digital micromirror devices (DMDs) or liquid crystal
display that projects light over photosensitive biomaterials that
in turn allows for the layer-by-layer forming of organic cellular
structures.3?! The DMD, which is coupled to a light projector,
projects a 2D image of each layer onto the bioink, hardening
or crosslinking it when exposed to light.[*” This method is re-

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

85UB017 SUOWWIOD B8O 3(gedldde ayy Aq pausenob ale sajole O ‘8N JO Sa|nJ 10y Areiq1T 8UIUO 8|1 UO (SUONIPUOD-PUe-SWLBIW0D" A8 1M ALe.q Ul UO//:Sdny) SUOBIPUOD pue swie 1 8y 88S *[7202/TT/8Z] uo ARiqiTauluo A|im ‘AiseAIuN (N9 Ye|Inpqy Ad £7900v202 WUPe/Z00T 0T/10p/Wod"A8 | im Areiq1jeuljuo//:sdny woly pepeojumod ‘0z ‘v202 ‘65922612


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

peated for each layer until the desired structure is complete. DLP
bioprinting has great resolution, fast printing speeds, and com-
patibility with a variety of biomaterials, making it ideal for tis-
sue engineering and regenerative medicine applications.[**] An-
other light-assisted bioprinting technique is the less common
two-photon polymerization (2PP) bioprinting technique, where
femtosecond laser is utilized to accurately direct light onto a
photosensitive material, causing polymerization only at its fo-
cal point. This causes the construction of high-resolution struc-
tures with sub-micrometer precision. Although not as widely em-
ployed in bioprinting as in other applications, 2PP has the ability
to produce sophisticated microstructures and scaffolds for tissue
engineering.[**]

2.2.2. Scaffold-Free Bioprinting

Scaffold-free bioprinting assembles the smallest unit “single-cell
suspension, spheroids, tissue strands or cell sheets,” by combin-
ing them to build larger constructs and it depends on the cells
creating the extracellular matrix.3%! Biocompatibility being one of
the deciding factors for choosing a bioink for a specific bioprint-
ing application, can be greatly increased when using only cells
as the bioink without mixing it with a biomaterial such as hydro-
gels in scaffold-free bioprinting. The reason for this is the usage
of patient-derived cells that can lead to the creation of fully autol-
ogous tissue constructs. Moreover, spheroids-based methods re-
duce or eliminate cell damage produced via shear stresses from
nozzle extrusions. A common limitation of this method is that
the cell units do not produce stable solid structures or assemblies
and chemical means are required for intercellular adhesions. In-
tercellular adhesions or structural cohesions require additional
time and are dependent on cell type. Furthermore, the biome-
chanical properties of scaffold-free tissue constructs are less pre-
dictable as opposed to scaffold-based.!3¢]

2.2.3.VBP

VBP or CAL is a relatively recent bioprinting classification, hav-
ing been first introduced in 2017.1%”) that has sought to capitalize
on the printing speed and geometrical accuracy of 3D biostruc-
tures. It uses a similar principle of light-based bioprinting meth-
ods of photopolymerization but differs as the fabrication is rapid
and simultaneous and not the layer-by-layer process of light-
based methods.[*® In VBP, a 3D light dose is applied to a volume
of photo-responsive polymer material, resulting in synchronous
polymerization throughout the volume.[*"] This enables the layer-
less creation of centimeter-sized constructions, considerably low-
ering printing time compared to traditional layer-by-layer meth-
ods. Furthermore, VBP frequently employs spatially modulated
light sources that encode visible light with tomographic back pro-
jections, allowing for fine control over the printing process and
the development of intricate 3D cellular structures.!*(]

2.3. Biomaterials

The human body has miraculous healing capabilities however,
this regenerative ability is limited by time, the size of the injury,
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and available nutrients.[*!! Historically, the application of bioma-

terials had been the replacement of damaged tissues, like frac-
ture fixation of bone, the development of artificial heart valves,
dressing of wounds, etc.[*?] Recently, biomaterials are being re-
searched for bioprinting applications to be used as a building
block for bioink.[*!! Biomaterials can be defined as a category of
materials that can interact and interface with biological systems.
Biomaterials can play an important role as a replacement for a
part or a function of the human body safely and reliably. More-
over, theological properties such as viscosity, yield stress, etc. can
influence the shape and quality of tissue constructs, and there-
fore, choosing a biomaterial for a specific application requires
research before printing.[*]

Biomaterials can be classified into three major categories
based on their chemical composition: ceramics, composites, and
polymers.[*l The composite type is a combination of both ceram-
ics and polymers. For bioprinting, the most important class of
biomaterials are polymers, mainly because of their similarities
with connective tissues, and they are widely used in both tissue
engineering and regenerative medicine. The polymer class is fur-
ther classified into two main groups: natural and synthetic.[*’]
Natural polymers such as alginate, collagen, chitosan, agarose,
etc. are preferred over synthetic polymers due to biocompati-
bility, biodegradability, and other crucial characteristics.[*¢] Syn-
thetic polymers such as polyester, polyether, polyethylene deriva-
tives, polycarbonates, etc. can be modified versions of nat-
ural polymers or completely altered via tailored characteris-
tics such as mechanical constraints, shape, reproducibility, and
degradability.*!]

2.4. Bioink

Bioink differs from biomaterials as it can be defined as a spe-
cific formulation of cells that are required for a bioprinting tech-
nology and it might contain biomaterials or biologically active
components.l*’] The bioink formulation, as depicted in Figure
2a, plays a pivotal role in bioprinting, offering a nuanced under-
standing of the diverse polymer configurations essential for con-
structing intricate tissue constructs.[*8]

For bioprinting, the bioink can be divided into two major types:
scaffold-based, and scaffold-free.

(a) Scaffold-based bioink: In scaffold-based bioink, cells are
loaded into biomaterials such as hydrogels which allow cell
proliferation and the growth of tissue constructs.[*!

(b) Scaffold-free bioink: In scaffold-free bioink, only cells in dif-
ferent encapsulations such as tissue spheroids, cell pellets,
tissue strands, etc., are 3D printed without a biomaterial.[>"]
In this way, the risk of infection, immune response, and
disease transmission can be avoided, and other prob-
lems related to scaffold-based bioink can be fundamen-
tally solved.’!! The choice of bioink is also dependent
on the application and fabrication techniques. Specifica-
tions for bioink can range from rheological properties
such as shear-thinning, thermal conductivity, mechanical,
etc. to qualities such as cell attachment, proliferation, cell
growth, etc.[>?]
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Figure 2. a) Polymer or polymer mixtures, exemplified by gelatin, 4-arm PEG amine, and gelatin methacrylate, can exist in linear, branched, or multi-
functional forms. The representation includes amines (red circles), methacrylate groups (blue triangles), and SVA groups of PEGX (yellow stars), where
PEGX can be linear or multiarm with varying chain lengths. Optionally, cells can be integrated by blending them with polymers and PEGX to create
the bioink. The printing process involves mixing PEGX, with or without cells, into the polymer solution, loading it into the printing cartridge, and 3D
printing multilayer structures after gel formation. Adapted with permission.[*3] Copyright 2015, Wiley-VCH. b) Highlights various crosslinking methods
employed in the 3D bioprinting of hydrogels. Reproduced with permission.[>4! Copyright 2020, Wiley-VCH.

2.5. Crosslinking Techniques

Another critical issue is crosslinking, which is a stabilization
process in which one polymer chain bonds with another poly-
mer chain that converts a liquid polymer into a solid or solid-
like structure, resulting in losing their ability to move freely
as an individual chain.’*] An appropriate crosslinking mecha-
nism for different bioprinting modalities is crucial for achiev-
ing the cellular behavior of loaded live cells, better printability,
and biomechanical stability for printed structures.[** Crosslink-
ing strategies have two major categories: physical crosslinking
and chemical crosslinking, which are further divided into sub-
categories.>®] Physical crosslinking is inter-molecular interac-
tions such as ionic bonding, hydrogen bonding, polymerized en-
tanglements, etc.,[*®l while chemical crosslinking includes photo-
polymerization,®”] enzyme-induction,®® click reactions, etc.>!
Figure 2b shows various crosslinking methods employed for the
bioprinting of hydrogels.[>*!

3. Computational Analysis of Bioprinting

3.1. History of CFD

CFD has been used since the late 1950s using computer software
for 3D transient applications and for incompressible flow.[%] The
first attempt at a modern-day CFD problem was done by Lewis
Fry Richardson in 1922 using around 60 000 “human calcula-
tors” around a globe that resembled Northern Europe to predict
the weather and analyze the fluid flow across certain areas. His
method was the basis for modern-day CFD, laying the founda-
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tion of cells—“human calculators”—and numerical instability as
his method had to make sure that the cells performed the calcu-
lations at the same time.[5!]

Since then, CFD has been used in many applications, as men-
tioned in the introduction to this paper, such as the aerospace
and automotive industries. CFD has been a key element in R&D
in many research fields, namely, bioengineering, environmental
engineering, biomedical applications, and HVAC for industrial
applications. The engineering applications that have been con-
sidered in the aforementioned fields are cavitation prevention,
simulation of rotating machine elements in machinery, simula-
tion of laminar and turbulent flow, aerodynamic simulation, and
heat transfer simulation, to mention a few.[?]

One of the reasons for this review is to discuss the CFD aspect
of bioprinting, an AM method for tissues. CFD has been used in
bioprinting to simulate the rheological properties of bioink, espe-
cially the shear stress at the end of the nozzle,[®) the diffusivity
of the final scaffold,[®] as well as the cell viability, which is nega-
tively affected because of the shear stresses toward the end of the
nozzle, which in turn is caused by the velocity gradient toward
the end of the nozzle.[%’] Therefore, nozzle design and design pa-
rameters will also be discussed later on.

3.2. Analysis of Different Types of CFD Software and Their Uses
with Bioprinting
Bioprinting encapsulates many areas and some of them use CFD

to make analyses such as the printability of the inks,®] the cell
viability,?2%7] and nozzle design.['26>%8] The CFD method incor-
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Table 1. Summary of CFD software’s for bioprinting.

Name Purpose Type of Studied rheological properties Reference
bioprinting
method
IPS IBOFlow To simulate the flow behavior of the bioink and Extrusion Viscosity, flow rate, pressure [63]
predict the final shape
COMSOL Multiphysics/COMSOL To study the diffusion in scaffold design and how Extrusion Effective diffusivity [64]
4.0a the pore structure affects it Droplet Flow rate, viscosity, density [69]
COMSOL Multiphysics 4.2 To simulate the flow in the microfluidic channel Extrusion Viscosity, shear stress [70]
COMSOL Multiphysics 5.2a To investigate the effect of shear stresses in the Extrusion Process-induced shear and [71]
printing geometry (conical/straight nozzles) and Extrusion extensional stress [72]
the cell viability Extrusion Shear stress, pressure, temperature, [73]
Simulate fluid flow inside the needle on the printing Droplet velocity [74]
profile to investigate velocity field and mass flow Droplet Shear stress, viscosity, pressure, [75]
rate Droplet concentration [76]
To examine the flow of non-crosslinked gelatin in Shear stress, pressure, viscosity,
the needle flow rate
To identify the shear stresses and pressure drop Pressure, concentration, solid stress
that cells experience in the bioprinting process Concentration, mass flow rate,
To improve drug transport in the intraperitoneal momentum
region during peritoneal metastasis
To study the 3D matrix profile at the bottom
channel and the top channel
Devising a mathematical model to simulate the
mass and momentum transport in the
microfluidic device
ANSYS Workbench/ANSYS To examine the maximum wall shear stress in three Extrusion WSS, mass flow rate [12]
Fluent/ANSYS CFX different nozzle designs: tapered conical, conical, Extrusion Viscosity, storage modulus, loss [77]
and cylindrical Extrusion modulus, shear stress, flow rate [78]
To study the wall shear stress in conical and Extrusion Shear stress, concentration [79]
straight-shaped nozzle Droplet Shear stress, pressure, velocity, [80]
To simulate the flow hemodynamics in pulmonary Extrusion shear rate, dynamic viscosity, [871]
artery geometries Scaffold-free mass flow rate [82]
To identify the pressure gradient and maximum Laser Shear stress, velocity, viscosity [83]
shear stress at the top of the nozzle to verify Laser Shear stress, porosity [84]
analytical calculations Force, pressure, shear stress, flow
To study the effect of shear stress in piezoelectric rate, oxygen distribution
print-head used in drop-on-demand (DoD) Velocity, shear stress
bioprinting method Velocity, length of jet, mass flow
To investigate porosity in scaffolds and the rate, droplet size
relationship between pore structure and scaffold
maximum shear stress
To improve tissue design and bioreactor
implementation
To analyze flow in a recanalized model of
aortopulmonary collateral arteries that are
affected by Tetralogy of Fallot
To assess the growth and development of flow and
the outcome of printing, that is, the printing
quality
FLOW 3D To study droplet formation in inkjet printing Droplet Density, viscosity, surface tension, [85]
modality velocity
OpenFOAM To optimize nozzle design and identify all major Extrusion Shear stress [68]
printing factors that affect the printing process Extrusion Shear stress, porosity, surface [86]
To investigate the effect of shear stress prevention Extrusion roughness [13]
methods to improve cell viability Viscosity, flow rate, pressure, shear
To investigate the flow in the printer head and the stress
deposition to identify the relationship between
printing parameters and hydrogel behavior
(Continued)
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Name Purpose Type of Studied rheological properties Reference
bioprinting
method
ABAQUS To study the mechanical properties of hydrogels at Extrusion, Viscosity, cell density, shear stress, [87]
various cell densities and types of cell droplet, shear modulus
distributions, that is, corner, cluster, and random laser
Gerris To examine the viscous boundary layer inside the Droplet Velocity, viscosity, surface tension [88]
droplet and the formation of the rim
SOLIDWORKS flow simulation To investigate the syringe cooling system used in Extrusion Pressure, flow rate, viscosity [89]

the printer

porates the pre-processing, solving, and post-processing system,
which are used congruently by different software and further
methods. This system, along with different discretization meth-
ods, is used by different software to analyze different aspects of
different printing methods. Different types of CFD software and
the methods they employ are exclusive to the application they are
to be used for. Table 1 summarizes the different types of CFD
software, their purposes, printing method which employs them,
and studied rheological properties.

In Figure 3, a flow chart of CFD is shown depicting the detailed
steps of the CFD methodology for Fluent. It is divided into three
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Figure 3. The detailed CFD methodology with the pre-processing, solver,
and post-processing.[%°]
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major segments, pre-processing, solver, and post-processing. The
development aspect of the CFD bundle is mainly seen in the pre-
processor. The solver segment focuses on the constraints such
as boundary selection and model selection. The results of these
constraints and diversions due to course plots are shown in the
post processor.[*"]

3.3.. CFD Method for Bioprinting

The pre-processor determines the number of elements, defines
the domain and fluid properties, assigns the initial physical
states, and selects the boundary conditions that are to be used
in the simulation. The solver integrates the governing equations
over all the control volumes that were defined using the num-
ber of elements and nodes at the pre-processing stage. The solver
then converts the differential equations that are to be integrated
into algebraic equations—which is called discretization—that are
then solved linearly by iterations. The solver also employs exist-
ing numerical methods for the specific problem which uses the
appropriate parameters to calculate a suitable solution. The post-
processor involves charts, surface, vector and contour plots, and
flow animation, in order to visualize the results, and later ana-
lyze them.[®] Moreover, CFD is used for bioprinting applications
to reduce costs and with modern computing, highly accurate re-
sults can be observed for the simulations. It is worth mentioning
that CFD for bioprinting mainly participates in printability and
cell viability.[%!

3.3.1.. CFD for Extrusion-Based

Material extrusion, a filament-based bioprinting process, is
widely adopted for its high efficiency, versatility with various bio-
materials, and ease of execution. In this process, filament mor-
phology is of paramount importance as it forms the basic build-
ing blocks for printed 3D structures and it determines the print-
ing resolution, surface quality, and structural integrity of the final
product. CFD for extrusion-based bioprinting has been tremen-
dously useful in designing the nozzle, investigating the rheolog-
ical properties of the bioink, such as velocity, pressure, and shear
stress, and analyzing the results which are the printing param-
eters such as the printability, and cell viability.®’] and the shape
fidelity.”>*] These parameters are further investigated later in
this review. Figure 4 shows an example of analytical and CFD
analysis for extrusion-based bioprinting. The geometry of noz-
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Figure 4. CFD for extruding-based bioprinting. a-i) The geometry and the mesh and boundary conditions of a 2D axisymmetric CFD model. The di-
mensions are in mm. ii-v) For a printing needle with an outlet radius diameter D = 0.61 mm and mass flow rate m = 12.37 mg s~', distribution of
selected flow parameters obtained from analytical calculation (red line) and CFD simulation (dotted black line) are graphed. ii) Axial velocity, iii) shear
rate, iv) shear stress, and v) dynamic viscosity. Adapted with permission.!”?! Copyright 2020, IOP Publishing. b-i) Front view of a simulation of filament
deposition and ii) side view of a simulation of filament deposition. Adapted with permission.[>>] Copyright 2021, Elsevier.

zle design was analyzed with Ansys Fluent as well as axial ve-
locity, shear rate, shear stress, and dynamic viscosity.””! In an-
other study, CFD was used to study the printing performance of a
jammed gelatin microgel-based composite ink during extrusion,
with a focus on the filament cross-sectional morphology and the
impact of the ink’s yield stress on printability (Figure 4b).[*>!

3.3.2.. CFD for Droplet-Based

Droplet-based bioprinting techniques require CFD for analyzing
different parameters as well, such as viscoelasticity!®*! and fluid
flow, especially in microfluidic channels.[®”) Moreover, microflu-
idic advancements such as the tumor-on-chip system have been
subject to CFD simulations as well to investigate the movement
of substances near the tumor in the system.”*7¢l Droplet forma-
tion, for example, was simulated using FLOW 3D software for dif-
ferent bioink formulations as shown in Figure 5% Their results
were validated by experimental results of imprinting bioinks on
different substrates. Their simulation studies demonstrated that

Adv. Healthcare Mater. 2024, 13, 2400643 2400643 (8 of 21)

bioinks with higher viscosity necessitated higher velocities for ef-
fective jetting.

3.3.3.. CFD for Laser-Based

SLA, a common type of laser-based bioprinting technique, has
been in use for various biomedical applications. Many studies
show that CFD was used to analyze the dynamics of blood flow
(hemodynamics) on bioprinting structure that was fabricated uti-
lizing the DLP technique.l”8#] Tomov et al.[®! prepared a study
in which a model utilized an in vitro platform incorporating DLP
bioprinted bifurcated pulmonary arteries (PA), seeded with hu-
man endothelial cells and perfused at physiological flow rates, to
simulate vascular anastomosis and aid in procedural planning to
reduce restenosis, with CFD employed to quantify flow velocity
and wall shear stress (WSS) within the bioprinted arteries, iden-
tifying regions prone to stenosis. Figure 6a shows the dynamics
of PA constructs involved in fluid flow patterns crucial for opti-
mizing bioprinted vascular structures. CFD simulations, using

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. CFD for droplet-based bioprinting. Formation of droplets and the trailing effect observed in a) BSA bioink 1 (BSA 4+ No modifier); b) BSA
bioink 2 (BSA + CMC); c) BSA bioink 3 (BSA + Triton X-100); d) BSA bioink 4 (BSA + CMC + Triton X-100). Adapted with permission.[®°] Copyright

2016, Elsevier.

Ansys FLUENT solver, analyze flow velocity, pressure distribu-
tion, and shear stress as the study explored the effects of conduit
diameter and angle on flow hemodynamics, providing insights
into different design configurations to optimize flow patterns in
PA constructs. The same group conducted another CFD study for
a DLP bioprinted patient-specific human heart model, as seen in
Figure 6b.”) The bioprinted human heart model of the human
embryonic and fetal left ventricle was analyzed experimentally
using ultrasound and 4D MRI and computationally using CFD,
focusing on flow velocity and shear stress. They obtained consis-
tent results with both the experimental and CFD studies.
Moreover, the 2-photon polymerization (2PP) technique was
also used to create microfluidic chip devices, where CFD was em-
ployed to analyze the flow of the medium within the device.%!
Another type of laser-based technique was laser-induced forward
transfer (LIFT), where the jet flow was optimized using CFD.®Y
CFD simulation stands as a potent and effective tool that aids the
design process in laser-assisted bioprinting method as well, min-
imizing the labor-intensive nature of experimental endeavors.
Through the integration of CFD with bioprinting experiments,
a sample of study shown in Figure 7, it becomes possible to pre-
dict distinctive characteristics of jet and bubble formation in the
initial stage of the study.[®*l This, in turn, guides the bioprinting
process, improving printing quality by suggesting optimal print-

Adv. Healthcare Mater. 2024, 13, 2400643 2400643 (9 sz'l)

ing parameters. This recommendation is derived from the corre-
lation between the jet regime and the resulting printing patterns
on the substrate.

3.4. Application of CFD
3.4.1. Printability

The printability of the bioinks has been subject to research,
with studies covering the different types of bioprinting meth-
ods: extrusion-based, droplet-based, and laser-based. For the
extrusion-based printing method, printability is defined as the
suitability of the bioink that is to be used in terms of certain
parameters, such as its extrusion capability, shape fidelity, and
accuracy.[°®! For droplet-based or inkjet bioprinting, printabil-
ity refers to the accuracy of the droplets that are produced in
the air.!”] Laser-based bioprinting uses printability to define how
well the uniformity of the jet is produced so that it can form ac-
curate droplets and settle them onto the substrate.[1"]
Printability is defined by certain parameters such as extrud-
ability, strand printability, integrity factor, irregularity, and pore
printability.l°>191] The extrudability is the capability of the extru-
sion to be conducted, thereby meaning the pressure that is least

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 6. CFD for DLP-based bioprinting. a-i) Averaged flow patterns produced over a single peristaltic flow cycle (left) and flow patterns at two specific
time points (¢ =0.13 s, top right and t = 0.37 s, bottom right). ii) Averaged shear patterns generated during one cycle of peristaltic flow (left) and shear
patterns at two specific time points (t = 0.13 s, top right and t = 0.37 s, bottom right). Adapted with permission.l”8] Copyright 2021, Wiley-VCH. b)
Conversion of a patient-specific 3D printed fetal left ventricle geometry into a i) meshed boundary for CFD analysis conducted using an ii) anatomically
suitable flow wavefront. iii) CFD outcomes showcased velocity and wall shear stress at peak flow. The inset in (ii, right panel) provides magnified views
of peak wall shear stress, exhibiting higher values at the aortic outflow tract. Adapted with permission.[®’] Copyright 2021, Wiley-VCH.

required to extrude the material at the specific flow rate. Strand
printability is a factor in determining the comparison between
printed strand diameters and software-generated strand diame-
ters. The strand diameter is given by:

4
D, = /3%
zV,

n

1)

where Dy is the strand diameter, V,, is the needle speed and Q, is
the volumetric flow rate.[66®101b]
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The strand printability is then given by:

Experimental strand diameter

Strand printability = 5

x100  (2)

S

The integrity factor compares the thickness of the printed ma-
terial (scaffold) to the control (designed) material. The irregular-
ity index examines the integrity factor in 3D, where the outer ge-
ometry of the printed material is compared to the control ones
in the X-, Y-, and Z-directions.["! Pore printability is the in-
dex factor that examines the internal geometry as opposed to
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Figure 7. CFD for laser-assisted based bioprinting. Simulation of jet flow is depicted in the following manner: a) Schematic illustration of the simulation
model’s geometry and meshing configuration. b) Visualization of the jet flow featuring a 100 um thickness 65% glycerol layer and 717 m} cm=2 laser
fluence. c) Presentation of the velocity of the jet flow at 8 ps. Reproduced with permission.[84] Copyright 2021, arXiv. d) Comparative analysis with
experimental results from a previous study.!'%]
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Figure 8. CFD for printability. a) Nozzle geometries, top: the cylindrical steel tip and bottom: the conical plastic tip. b) Comparison of experiments results
and CFD simulations showing effective flow speed within the nozzle as a function of operating pressure for the TCNF hydrogel and c) for the ATG50
hydrogel. d) Line thickness as a function of printing speed for the TCNF hydrogel. Adapted with permission.[’3] Copyright 2017, American Chemical

Society.

the integrity factor and the irregularity index. It compares the
pores printed on the scaffold to the ones in the design.[60>101a]
CFD is an effective tool to estimate the printability of bioinks
in terms of varying perspectives such as printing speed, noz-
zle geometry, dispensing pressure, temperature, and rheological
characterizations.[1#6365102] A study used CFD analysis to antici-
pate the printability, as shown in Figure 8.'*] The printing flow
rate, pressure, print speed, and line thickness were computation-
ally analyzed and experimentally validated. It proves the power of
CFD in improving printability.

3.4.2. Cell Viability and Nozzle Design

Cell viability and nozzle design are other parameters that
can be analyzed using CFD for bioprinting. Literature has
shown the factors affecting cell viability when it comes to
bioprinting.!14687380103] \We are investigating CFD applications
on nozzle design with cell viability because one of the major
factors affecting cell viability is the nozzle geometry. It is also
the same in the literature: CFD analysis of nozzle geometry
and printing parameters such as nozzle radius, length, speed,
and flow rate have been conducted while considering cell vi-
ability. Shear stress stands out as the most critical parame-
ter affecting cell viability in the context of nozzle design, es-
pecially within extrusion-based bioprinting.[#%1%] The shear
stress values were compared against the cell viability values from
literature.l710401%5] which agreed with the negative correlation
of maximum shear stress and cell viability. Therefore, the noz-
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zle design was optimized, taking into account the shear stress.
Figure 9a depicts a CFD simulation that was conducted to inves-
tigate potential correlations between maximum and/or average
shear stress within the printing geometries (cylindrical and con-
ical needles) and their impact on cell survival and spreading.!”"!
There is another CFD application regarding analyzing the fluid
velocity in the nozzle for two different geometries, as shown in
Figure 9b."””% Chand et al.[*?l investigated three common noz-
zle designs: conical, tapered conical, and cylindrical. They iden-
tified the shear-thinning properties such as nozzle geometry,
nozzle diameter, inlet pressure, and bioink fluid characteristics
(Figure 9¢). In another study, conical nozzles were compared with
blunted nozzle designs, and their radii were considered to as-
sess the maximum wall shear stress (MWSS). The MWSS for
the blunted nozzle is at its highest in the middle of the noz-
zle, but at the tip of the conical nozzle. The other parameters
that affected the cell viability were the power-law index, the noz-
zle length, and the material properties, which were simulated by
CFD (Figure 9d).I°] The accuracy of simulation results was val-
idated with a comparison of analytical results for simplified ge-
ometries by Ansys PolyFlow.[1%]

Figure 10 shows a study in which nozzle geometry and shear
stress effects on cell viability were investigated with experimental
and computation analysis.I”?! Contrary to conical needles, which
require high pressure only at the nozzle tip, cylindrical nozzles
have a consistent radius and require constant pressure through-
out for extrusion, resulting in a longer region of maximum
shear stress. As a result of the longer transit time in the area of
high shear stress, this indicated that cell death was higher in the
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Figure 9. CFD for nozzle design. a-i) Fluid volume models were generated from 3D CAD models using SOLIDWORKS and simulations in COMSOL. ii)
Regions of high shear stress are highlighted by the red/orange color, revealing noticeable distinctions between the straight and conical needle geometries.
Adapted with permission.[] Copyright 2017, Springer Nature. b-i) Simulation of radial and axial velocities of bioink through conical nozzle, ii) through
tubular nozzle (D = 200 um, L = 13 mm). Adapted with permission.l’’’l Copyright 2020, Elsevier. c) CFD results of wall shear stress for i) tapered
conical, i) conical, and iii) cylindrical nozzle with outlet diameter 0.3 mm. Reproduced with permission.l'? Copyright 2022, ACCScience Publishing. d)
Velocity streamline profile (left part) and shear stress distribution (right part) of alginate hydrogel simulated at 340 kPa inlet pressure i) for cylindrical
nozzle design and ii) for conical nozzle design. Adapted with permission.[%8] Copyright 2021, Frontiers.

cylindrical nozzle. In a study of CFD simulation via COMSOL
4.0a software, a comparison was made between conical and
cylindrical needle geometries concerning their impact on cell
viability. The simulation results revealed that conical-shaped
needles generated the highest shear stress. However, cells exhib-
ited resilience to this stress within a confined region near the
needle’s outlet. In contrast, cylindrical needles produced a lower
shear stress peak, but it was distributed over a longer pathway
along the needle (see Figure 10).17%]
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3.4.3. Artificial Vessels

Another application of CFD for bioprinting is the shear stress
analysis of the walls of 3D biofabricated blood vessels. Because
blood vessel plays a crucial role in transporting nutrients and oxy-
gen and maintaining homeostasis in the human body.['”! Fab-
ricating artificial vessels is necessary to overcome vessel injuries
therefore, 3D bioprinting stands as an innovative technology with
the capacity to revolutionize the field by constructing intricate
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Figure 10. CFD for cell viability. a) Experimental results of cell viability
during the printing process as a function of the applied inlet pressure
and needle type. b) Heat map of the shear stress different nozzle geome-
tries i) for a conical needle and ii) for cylindrical needle. Reproduced with
permission.l”2] Copyright 2014, Elsevier.

multicellular structures. There are several variables, including
vessel diameter, wall thickness, wall pressure, flow velocity, flow
viscosity, and temperature, that can have an impact on the shear
stress of blood vessel flow in the biofabrication process. However,
itis extremely hard to control these factors during the fabrication.
Therefore, CFD is the tool that helps to pre-estimate or optimize
these factors before doing biofabrication.'®! In a study, WSS
distribution was simulated by COMSOL. Through CFD simu-
lation, the vessel exhibited notable perfusable and mechanical
properties across different flow velocities, flow viscosities, and
temperature conditions (Figure 11a).!%! In another study, The
WSS profiles were simulated with parameters mimicking circu-
lating tumor cell (CTC) perfusion experiments in laminar flow,
highlighting the impact of channel architecture on flow dynamics
(Figure 11b).[11%1 Tt provides valuable insights into WSS and lam-
inar flow during CTC perfusion. The quiver plot illustrates lam-
inar, non-turbulent flow at a specific branching point.''% This
data contributes significantly to the comprehensive analysis of
CFD applications in bioprinting, shedding light on the intricate
fluidic aspects critical for successful tissue engineering.

3.4.4. Microfluidic Chips

Microfluidic devices, including organ-on-chip models, contain
bioengineered tissues or components of natural tissues or or-
gans. These devices are designed to mimic the crucial struc-
tures and functions of living organisms.!""!l The application of
microfluidics in bioprinting makes it possible to create func-
tional materials that include living cells. Microfluidic devices en-
able bioprinting with exceptionally precise control over small vol-
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umes ranging from 107 to 1078 L of fluids.[''?] This precision
is achieved through carefully designed channels on the scale of
tens of micrometers in diameter. The ability to control overflow,
the capability, and the resolution to mix cells with bioinks in
a controlled manner, make microfluidic systems an appealing
tool for integration into bioprinting technology.[!'*! One appli-
cation of microfluidic technology used in bioprinting is to de-
velop microfluidic-based printheads to dispense multiple mate-
rials with high resolution.l''*] One of the main challenges when
using this technology is achieving control over the properties of
the printed microtissue. CFD has been used to advance the con-
vergence of microfluidic and bioprinting technologies. This inte-
gration aims to enhance the accuracy and control over achiev-
able geometrical outcomes. Figure 12 provides a comprehen-
sive overview of the microfluidic printhead’s schematic design
and numerically modeled parameters. Each figure showcases the
velocity, pressure, and shear rate fields within the microfluidic
channels.[®]

3.4.5. Vascularization of Tissue Fabrication

The nature of tissue involves vascular structures that drive the
perfusion of nutrients and oxygen to needy cells. Bioprinted cells
struggle to survive for an extended period due to a lack of nu-
trients and oxygen or improper transfer of these essential ele-
ments to the cells. Vascularization poses a significant challenge
in the field of bioprinting, and extensive research has been con-
ducted to address this issue.''>] Successfully fabricating vascu-
lar tissue relies on achieving a balance between high resolution
and a high throughput of perfusable channels within the printed
construct. In this context, CFD plays a crucial role in aiding the
fabrication of vascular structures within tissue by analyzing flow
characteristics, including net force, pressure distribution, shear
stress, and oxygen distribution, among others.l”811¢] Figure 13
provides an example of CFD application for vascularized tissue
fabrication.®?] In the article, a custom-made self-supporting per-
fused (SSuPer) tissue construct model was analyzed using CFD
(Ansys Fluent). Various analyses, including shear stress, pres-
sure distribution, flow rate, and flow direction were conducted
to support their experimental results. This highlights the poten-
tial of CFD in guiding the design process before the biofabrica-
tion of vascular tissue. Moreover, in another study, Figure 13a(i,ii)
presents the results of shear stress analysis for the 81-channel de-
sign in both flow directions. Turbulent flow streamlines of shear
stress are depicted in Figure 13(i) for forward and Figure 13(ii)
for reverse directions at the inlet of the 16-channel construct, un-
der a flow rate of 10 mL min~' of cell culture media (a-MEM).
Figure 13c illustrates the gauge pressure measured for all con-
struct designs, fluids, flow rates, and directions. Constructs with
blocked channels experienced upward forces in the forward flow
direction, affecting construct stability.

4. Conclusion and Future Perspective

In the sectors of AM and tissue engineering, a recent positive
amalgamation has come forth to address the challenges that tra-
ditional tissue engineering faces, such as irregular cell distri-
bution on scaffolds, difficulty producing patient-specific tissues,
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Figure 11. CFD for bioprinted blood vessels. a) The wall shear stresses (WSS) distribution in the vessel. Adapted with permission.!'%°! Copyright 2020,
American Chemical Society. b) WSS and laminar flow dynamics during CTC perfusion. i) The WSS profile is shown from the vessel sidewalls at the center
Z slice, derived from simulation data aligned with CTC perfusion experiment parameters. Seemingly disconnected channel branches result from Z height
variation within the print, not actual breaks in the channels. ii) A closer view of the topmost vessel in-flow branching point, featuring the same heatmap
as in (i), illustrates WSS at both the sidewalls and vessel floor. iii) A 2D quiver plot of the velocity field at the topmost branching point simulates the CTC
perfusion experiment, demonstrating laminar, non-turbulent flow at a flow rate of 1690 uL min~". iv) A whisker plot compares WSS between straight
vessels, in-flow branches, and out-flow branches within the endothelialized device. Reproduced with permission.["1% Copyright 2020, AAAS.

and limited cell density. Thus, the introduction of bioprinting
has been monumental for tissue engineering by utilizing AM
technologies to alleviate the aforementioned issues by construct-
ing 3D cellular structures. These bioprinting processes, as men-
tioned in this review, are categorized into scaffold-based (extru-
sion, inkjet, and laser-based methods) and scaffold-free, as well
as the more recent VBP methods. Moreover, CFD has emerged
as indispensable in refining bioprinting processes. By simulating
fluid flow, stress distribution, and other parameters, CFD mini-
mizes the need for costly and time-consuming experimental iter-
ations, optimizing factors such as bioink printability, cell viabil-
ity, and nozzle design. This union between CFD and bioprinting
has been critical in assessing the issues in tissue engineering due
to the acceleration of the development of lab-grown tissues and
organs. We have outlined the breakthroughs that have been at-
tained due to researchers delving deeper into the complexities
of fluid dynamics at the cellular level. Therefore, it can be said
that the collaboration of CFD and tissue engineering has been
an ongoing technological advancement, which inches us closer
to a world where such engineered constructs would be the norm
in the medical field for patients worldwide.
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Moreover, VBP, also known as CAL, a relatively recent bio-
printing technique, has been the highlight of bioprinting meth-
ods. CAL offers a departure from traditional layer-by-layer depo-
sition methods by employing a photopolymerization process to
create intricate 3D structures in a single step. VBP is a rapid
and simultaneous fabrication compared to traditional layer-by-
layer construction, where it has great scalability and efficiency
for tissue engineering. However, there has been no research con-
ducted on the CFD aspect of CAL to optimize bioink character-
istics, which is an opening for further research. Therefore, the
developing status of CAL has been a highlight, offering exciting
prospects for accelerating the development of functional tissues
and organs.

Furthermore, machine learning (ML) and artificial intelligence
(AI) have been utilized in the CFD and tissue engineering sectors
due to the increasing need for optimization and automation in
different aspects of tissue engineering. As large amounts of data
are assessed by ML algorithms, trends can be identified that can
optimize bioprinting parameters, which would in turn reduce the
cost of protracted preliminary test runs. The precision and effi-
ciency of bioprinting methods can be improved as well due to the
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Figure 12. CFD analysis of microfluidic printhead. (a) depicts the schematic figure of the hollow microfiber fabrication system utilizing a microfluidic
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channel, while (b) illustrates the schematic figure of the solid microfiber fabrication system through the same microfluidic channel. d—i) Velocity field,
pressure field, and shear rate field in the microfluidic channels embedded within the printhead system. d) Flow velocity field of solid microfiber, €)
pressure field of solid microfiber, f) shear rate field of solid microfiber, g) flow velocity field of hollow microfiber, h) pressure field of hollow microfiber,
i) shear rate field of hollow microfiber. Reproduced with permission.[®] Copyright 2022, Springer Nature.
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Figure 13. CFD application for vascular model involves multiple analyses. a) Shear stress on surfaces of the construct along the vertical direction for
hybrid microchannel design perfused with a medium i) for 0.1 mL min~" and ii) for 10 mL min~". b) Flow analysis of medium within the microchannel
i) for forward and ii) for reverse directions. c) Pressure analysis in the xy—plane for single flow channel construct. Adapted with permission.[32] Copyright
2019, Wiley-VCH.
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predictive modeling of AI, which can produce favorable results
that are more precise and reproducible. Therefore, the incorpo-
ration of artificial intelligence into bioprinting can transform the
tissue engineering industry, and thus, further development in re-
generative medicine and paving the road for personalized health-
care solutions can be done.
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