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Abstract

Three-dimensional (3D) bioprinting promises to be a practical solution for solving
the increasing demand for organs and tissues. Several 3D bioprinters with differ-
ent specifications are commercially available, but the impact on the field of tissue
engineering (TE) is still limited, mainly due to the high costs and the unfamiliar-
ity of researchers with this technology. As with the current bioprinters, for many
years the access to 3D printers was very expensive and its use was restricted to
a few companies and research centers. However, the appearance of open-source
3D printing projects such as Fab@Home or RepRap and commercial desktop 3D
printers have permitted to democratize the access to this technology. These print-
ing platforms can serve as a springboard to expand the potential of bioprinting
technology to all the scientific community. In that sense, this thesis presents a set
of bioprinting tools that include the generation of a fully open-source bioprint-
ing platform and several extrusion-based printheads for the deposition of bioinks
and scaffold materials. Moreover, using this open-source printing platform, it was
possible to address specific problems for the generation of complex multi-material
and cell-laden constructs with high cell-viability percentages.

Addressing the complexity of organs and living tissues will require com-
bining multiple building and sacrificial biomaterials and several cells types in a
single biofabrication session. This is a significant challenge, and, to tackle that,
we must focus on the complex relationships between the printing parameters and
the print resolution. We proposed a standard methodology to quantify the print
resolution of a bioprinter and establish a comparison framework between bio-
printers. The calibration models utilized also permitted to identify which are the
most important factors affecting printing accuracy. In this line, an automatic
and non-expensive calibration system was also proposed, which can be utilized in
bioprinters with multiple printheads. This system permits to obtain faster and
more accurate alignment of the printheads, as the whole calibration process is
done at once and without manual adjustments. We also performed a compre-
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hensive study of all the parameters involved in the printing process (pressure,
temperature, speed, nozzle size and morphology) and including different types of
biomaterials. These experiments permitted to understand the influence of each
parameter on the printing process and select the optimal configurations for each
application.

Overall, the contributions presented in this thesis posses the potential to
expand bioprinting technology among the TE laboratories. Moreover, it enhances
the collective knowledge of the bioprinting community with particular innovative
proposals.



Resumen

La bioimpresión tridimensional (3D) promete ser una solución práctica para re-
solver la creciente demanda de órganos y tejidos. Ya podemos encontrar varias
impresoras 3D comerciales con diferentes especificaciones, sin embargo, su impac-
to en el campo de la ingeniería de tejidos todavía es limitado, debido principal-
mente a los altos costes y la falta de familiaridad de los investigadores sobre esta
tecnología. Al igual que ocurre con las bioimpresoras actuales, durante muchos
años el acceso a las impresoras 3D era muy costoso y su uso estaba limitado
a unas pocas empresas y centros de investigación. Sin embargo, la aparición de
proyectos open-source de impresión 3D como Fab@Home o RepRap, así como las
impresoras domésticas comerciales, permitieron democratizar el acceso a esta tec-
nología. Estas plataformas de impresión pueden servir de trampolín para expandir
el potencial de la tecnología de bioimpresión a toda la comunidad científica. En
este sentido, esta tesis presenta un conjunto de herramientas de bioimpresión que
incluyen la creación de una plataforma de bioimpresión plenamente open-source
y varios cabezales de extrusión para la impresión de biotintas y materiales de
soporte. Además, mediante el uso de esta plataforma de impresión open-source,
ha sido posible abordar problemas específicos para la generación de impresiones
multimaterial complejas y cargadas de células con altos porcentajes de viabilidad
celular.

Abordar la complejidad de los órganos y tejidos vivos precisa de combi-
nar varios biomateriales de construcción y sacrificiales, así como diferentes tipos
celulares en una sola sesión de biofabricación. Todo esto supone un desafío consi-
derable, y para poder solucionarlo debemos centrarnos en las complejas relaciones
existentes entre los parámetros de impresión y la resolución de impresión. Noso-
tros proponemos una metodología estándar para cuantificar la resolución de im-
presión de una bioimpresora y establecer un marco de comparación común entre
impresoras. Los modelos de calibración empleados también permiten identificar
cuáles son los factores más importantes que afectan a la precisión en la impre-
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sión. En este sentido, también proponemos un sistema de calibración automático
y asequible, el cual puede ser empleado en bioimpresoras con múltiples cabezales.
Este sistema permite obtener una alineado de los cabezales de impresión más
rápido y preciso, ya que todo el proceso de calibración se produce de una sola
vez y sin ajustes manuales. También hemos realizado un estudio exhaustivo de
todos los parámetros de impresión involucrados en el proceso de impresión (pre-
sión, temperatura, velocidad, tamaño y morfología de las boquillas de impresión)
e incluyendo diferentes tipos de biomateriales. Estos experimentos permitieron
comprender la influencia de cada parámetro en el proceso de impresión y selec-
cionar la configuración óptima para cada aplicación.

En líneas generales, las contribuciones presentadas en esta tesis tienen el
potencial de expandir la tecnología de bioimpresión a todos los laboratorios de
ingeniería de tejidos. Además, aumenta el conocimiento colectivo de la comunidad
de bioimpresión con innovadoras propuestas.



Contents

Declaration of authorship iii

Dedication v

Acknowledgments vii

Abstract xi

1 Introduction 1
1.1 Background 1
1.2 Problem statement and motivation of this thesis 5
1.3 Scope of research and objectives 8
1.4 Thesis outline 9

2 Literature review 11
2.1 3D bioprinting technologies 12

2.1.1 Extrusion-based bioprinting (EBB) 12
2.1.1.1 Working principle and technologies 12
2.1.1.2 EBB systems 13

2.1.2 Inkjet 18
2.1.3 Laser-assisted bioprinting (LAB) 23

2.2 Open-hardware 3D bioprinters 28
2.3 Hydrogels as bioinks 33

2.3.1 Nature of hydrogels 34
2.3.1.1 Hydrogels utilized in this thesis 35

2.3.2 Applications in EBB 39

3 Experimental methods 45
3.1 Materials preparation 45

3.1.1 Poloxamer P407 45

xv



xvi Contents

3.1.2 Gelatin-Alginate 45
3.1.3 Polycaprolactone 46

3.2 Hydrogels rheological measurements 46
3.2.1 Equipment utilized and samples preparation 46
3.2.2 Determination of hydrogels phase transition 47
3.2.3 Determination of time dependence in hydrogels rheology 48
3.2.4 Determination of hydrogels viscosity 49

3.3 3D bioprinter sterilization 51
3.4 3D printer slicing setup for FFF materials 52
3.5 Cell culture 53
3.6 Live/dead assay and cell counting 53
3.7 Measurements of printed models 55

4 Development of open-source EBB printheads 57
4.1 PH and PHR printheads 58

4.1.1 Design and fabrication 58
4.1.2 Assembly 63
4.1.3 Thermal performance 65

4.2 High-temperature printhead 69
4.2.1 Design and fabrication 69
4.2.2 Assembly 70
4.2.3 Thermal performance 71

4.3 Conclusions 72

5 Conversion of open-source desktop 3D printers into bioprinters 75
5.1 Hardware 75

5.1.1 Modified 3D printed components 78
5.1.2 Bioprinters electronics 79
5.1.3 Bioprinter pneumatic scheme 83

5.2 Software 85
5.2.1 Firmware 86
5.2.2 G-code generation 88
5.2.3 3D printer host software and bioprinting process 93

5.3 Conclusions 95

6 Methodology to determine the accuracy and performance of bio-
printing platforms 97
6.1 Standard calibration models design and printing 98
6.2 Determination of print resolution through calibration models 101

6.2.1 Concentric squares 101



Novel advances in bioprinting based on the mechanical design and optimization
of open-source systems xvii

6.2.2 Concentric circles 104
6.2.3 Multilayer lattice structure 105
6.2.4 Straight filaments 105
6.2.5 Vertical pillars 106
6.2.6 Hierarchical network 107

6.3 Conclusions 108

7 Accurate and efficient multi-material bioprinting 109
7.1 Optimal calibration of multi-material bioprinting systems 111
7.2 Z-axis calibration 114
7.3 Print resolution in multi-material bioprinting 115
7.4 Multi-material bioprinting of complex scaffolds and 3D constructs 117
7.5 Multi-material printing of complex 3D vascular networks 123
7.6 Time-efficient 3D printing through IDEX technology 125
7.7 Conclusions 132

8 Efficient scaffolds fabrication for printing hybrid constructs 133
8.1 CFD model and constitutive equations 135
8.2 Influence of temperature, shape and diameter of nozzles on PCL

flow rate 137
8.3 Determination of the carriage speeds of PCL extrusion 141
8.4 Evaluation of PCL print times 144
8.5 Proof of concept of hybrid construct using the selected print pa-

rameters 147
8.6 Conclusions 149

9 3D bioprinting of cell-laden hydrogels 151
9.1 Rheological properties of hydrogels utilized 152
9.2 3D bioprinting of thermoresponsive hydrogels 156
9.3 3D bioprinting of cell-laden constructs 158
9.4 Conclusions 160

10 Conclusions and future work 161
10.1 Conclusions 161
10.2 Future work 163
10.3 Contributions 164

Bibliography 165

Appendices 187



List of Figures

1.1 Evolution of bioprinting and 3D printing number of publications 3

2.1 Overall scheme of most utilized bioprinting technologies. 11
2.2 Components of EBB printheads 14
2.3 Main components of inkjet printheads. 21
2.4 Components of LIFT, AFA-LIFT, BioLP and MAPLE DW LAB

technologies and schematic representation of droplet formation. 24
2.5 LG DW bioprinting system 27
2.6 Images of Fab@Home model 1 3D printer and first generation of

RepRap 3D printer Darwin 29
2.7 Schematic representation of FFF deposition process 31
2.8 Chemical structure and cross-linking process of alginate 37
2.9 Thermoresponsive behavior of gelatin solutions and its effect on

coil-helix transitions 38
2.10 Micellization process of P407 as a function of temperature changes. 39

3.1 Rheometer AR-G2 utilized in this research. 47
3.2 Rheometer gap filling using a parallel plate head 47
3.3 Steady state flow test performed to obtain viscosity measurements

of hydrogels 50
3.4 Processing of live and dead fluorescent images in ImageJ 54
3.5 Setting image scale on ImageJ. 55
3.6 Measuring characteristic distances of calibration models on Im-

ageJ. 56

4.1 Schematic representation of the modular design of the PH printhead 59
4.2 Schematic representation of the operating principle of PH and PHR

printheads in cooling mode with a 3 mL syringe loaded in the Al
block. 60

xviii



Novel advances in bioprinting based on the mechanical design and optimization
of open-source systems xix

4.3 Exploded and assembled views of of all the components that com-
posed the PH and PHR printheads 61

4.4 Al blocks utilized in the PH printhead for the 10 mL, 5 mL, and 3
mL syringe sizes 62

4.5 Section view of the PH and PHR printheads with the 10 mL, 5 mL
and 3mL syringes loaded. 63

4.6 Overall dimensions of PH and PHR printheads. 64
4.7 General view of the main parts that compose the PH printhead. 65
4.8 Printheads assembly steps for the PH printhead and a 3 mL sy-

ringe. 65
4.9 Temperature evolution of PH printhead measured inside the Al

block and the heatsinks 66
4.10 Temperature evolution of PHR printhead measured inside the Al

block and the heatsinks 67
4.11 Temperature evolution measured inside the syringe barrel filled

with water and loaded in the printhead 68
4.12 Main dimensions of the open-source high-temperature printhead 70
4.13 Open-source printhead for 3D printing of polymers of high melting

point 71

5.1 PH printhead installed in BCN3D+ 3D printer. 76
5.2 PH printhead installed in Witbox 2 3D printer. 77
5.3 PH printhead installed in Sigma 3D printer. 78
5.4 Wiring diagram for a single printhead using RAMPS 1.4 open-

source electronics. 81
5.5 Wiring diagram for multi-material printing using RUMBA open-

source electronics. 82
5.6 Wiring diagram for the power expander modules utilized in RUMBA

board and its connection to EXP3 pins. 83
5.7 Pneumatic scheme and representative image of the 3 port normally

closed solenoid valve utilized 84
5.8 Pneumatic installation utilized when four PH or PHR printheads

were installed. 85
5.9 Overall scheme of software utilized during all the bioprinting pro-

cess. 86
5.10 Slic3r software: Plater tab. Porous structure with four layers

stacked, each one assigned to a different printhead. 89
5.11 Differences in first layer calibration 90



xx List of Figures

5.12 Schematic representation of Z-offsets offsets in Sigma and Witbox
2 printheads 92

5.13 Schematic representation of x-y offsets in Sigma and Witbox 2
printheads 92

5.14 Flowchart for the generation of G-code and the interaction with
the 3D printer. 95

6.1 Schematic illustrations and optical images of the 3D calibration
models printed to evaluate the printing resolution 100

6.2 Dimensional errors obtained from squares calibration model printed
in P407 at 40 wt% with 1, 2, 4, 8 and 16 layers stacked using three
different 3D printers. 102

6.3 Dimensional errors obtained from squares calibration model printed
in P407 at 40 wt%. Differences between x-y axes for each of the
3D printers utilized 103

6.4 Graphical representation of 3D printers movements in BCN3D+,
Witbox 2 and Sigma 103

6.5 Dimensional errors obtained from circles calibration model printed
in P407 at 40 wt% with 1, 2, 4, 8 and 16 layers stacked using three
different 3D printers 104

6.6 Printed lattice structures with multiple layers using Witbox 2.
Schematic representation of the 3D models and images of printed
lattice structures using 40% P407 105

6.7 Dimensional errors of printed lattice structures using three differ-
ent open-source 3D printers 106

6.8 Evaluation of the mechanical stability of printed vertical pillars
with heights varying from 2 mm to 10 mm at different deposition
speed. Straight channels widths as a function of deposition speed
variation 107

7.1 General and detailed view of the modified Witbox 2 3D printer
with four bioprinting printheads 110

7.2 Schematic illustration of the calibration models xy-offset pattern
and printing pressure dependent zigzag path 111

7.3 Images of the printed xy-offset pattern calibration model between
P1 and P2 112

7.4 Scheme of the possible defects in the first layer calibration, images
of the zigzag path calibration and quantification of the number of
filled spaces between strands in the calibration model 2 113

7.5 Push-button for automatic calibration of z-axis 115



Novel advances in bioprinting based on the mechanical design and optimization
of open-source systems xxi

7.6 Impact of the printing pressure and deposition speed when creating
rectilinear filaments 116

7.7 General and detailed views of porous lattice structures printed with
two bioinks and two printheads 118

7.8 Pictures of a complex porous structures printed using four print-
heads with parallel and diagonal rectilinear patterns 119

7.9 Pictures of a complex porous structure printed using four print-
heads and rectilinear patterns 120

7.10 Multi-material printheads assignment using Slic3r software 121
7.11 Complex multi-material printing of model that represents a human

heart section 122
7.12 Complex multi-material structures printed using Gel-Alg and P407 123
7.13 Complex vascular 3D networks printed in P407 and evaluation of

the stability of 3D printed vertical pillars 124
7.14 General (a) and detailed view (b) of the modified Sigma 3D printer

with four bioprinting printheads 127
7.15 Print volumes of Witbox 2 (a) and Sigma (b) 3D printers for multi-

material bioprinting with four printheads installed 128
7.16 Bi-material constructs printed in 40 wt% P407 using Sigma 3D

printer, IDEX technology and different infill patterns 129
7.17 Evaluation of print times for Witbox 2 and Sigma 3D printers 130
7.18 General and detail images of multi-material porous constructs printed

in Sigma 3D printer and IDEX strategy using four printing plat-
forms simultaneously and a cell culture plate of 6 wells . 131

8.1 Viscosity versus shear rate relationship of CAPA 6400. 137
8.2 Nozzles selected for PCL experiments 138
8.3 Experimental volumetric fluxes and results from the CFD simula-

tions using different nozzle geometries 140
8.4 Scheme of the layer height adjustment to evaluate the influence of

the carriage speed on the PCL deposition. 142
8.5 Evaluation of properties of the printed PCL strands 143
8.6 Evolution of the dimensions of the strands of PCL printed versus

carriage speed 144
8.7 Influence of porosity percentage, and layers stacked on the print

time 146
8.8 Images of the fan support installed on the printhead to increase

the cooling rate of the PCL 147
8.9 Hybrid constructs composed of PCL and P407 148



xxii List of Figures

9.1 Overall scheme of the bioprinting process utilized. 152
9.2 Linear and non-linear viscoelastic regions obtained from a oscilla-

tion strain sweep test. 153
9.3 Determination of the gelation temperature by temperature sweep

test. 154
9.4 Log-log plot of the viscosity vs. shear rate. 154
9.5 Time sweep test with the time dependence of G’ and G” measured

at 20 ºC. 155
9.6 Images of printed lattice structures using 10%Gel-2%Alg Alg and

a 25G tapered nozzle at temperatures ranging from 18 ºC to 28 ºC 157
9.7 Printed lattice structures with multiple layers using Witbox 2.

Schematic representation of the 3D models and images of printed
lattice structures using 10%Gel-2%Alg 158

9.8 Cell viability after printing hASCs at 20 ºC using 10%Gel-2%Alg
and a 25G tapered nozzle 159

A.1 Images of the PH printhead .STL files 187
A.2 Images of the PHR printhead .STL files 188
A.3 Dimensioned drawing of the PH printhead Al blocks for the 10 mL,

5 mL, and 3 mL 189
A.4 Dimensioned drawing of the PHR printhead Al blocks for the 10

mL, 5 mL, and 3 mL 189
A.5 Images of the STL files of the high-temperature printhead compo-

nents 190
A.6 Dimensions of the Al block located inside the polycarbonate car-

cass of the printhead 191
A.7 Images of the 3D printers couplings .STL files for a single printhead191
A.8 Image of Witbox 2 coupling .STL file for multiple printheads 191
A.9 Images of Witbox 2 endstop modifications .STL files in x-axis and

y-axis 192
A.10 Images of Sigma endstops modifications.STL files in x-axis and y-axis192



List of Tables

2.1 List of commercial available bioprinters 30
2.2 List of commercial available open-source desktop 3D printers 33
2.3 Commonly used hydrogels for bioprinting 35
2.4 List of commercial available bioinks 42

3.1 Bioinks solutions and blendings utilized in this research 46
3.2 Oscillatory temperature sweep test configuration 48
3.3 Oscillatory time sweep test configuration 49
3.4 Viscosity test configuration 51
3.5 Properties of ABS, PLA and PC filaments utilized. 52

4.1 Performance specifications of TES1-12704 Peltier modules 60
4.2 Al blocks characteristics utilized in PH and PHR printheads 61
4.3 Operating temperatures limits of the PH and PHR printheads 66

5.1 Features of open-source electronic boards utilized. 80
5.2 Printheads connections to RUMBA MOSFET outputs 80
5.3 Jumper and dip switch position for micro stepping selection in

A4988 drivers 83

7.1 List of commercially available multi-material desktop 3D printers
with and without IDEX technology 126

8.1 Bird-Carreau parameters and activation energy value used in the
viscosity model of PCL for a Tref of 100 ºC. 136

8.2 Conical and cylindrical nozzles utilized in the experiments with
their corresponding gauge and inner diameter (ID) 137

9.1 Measurements of Gel-Alg lattice structures printed at different
temperatures 156

9.2 Measurements of Gel-Alg lattice structures printed using an opti-
mal temperature of 20 ºC and stacking layers 158

xxiii



xxiv List of Tables

A.1 Bill of materials of the PH printhead, including quantity, cost,
description and provider of each component 187

A.2 Bill of materials of the PHR printhead, including quantity, cost,
description and provider of each component 188

A.3 Bill of materials of the high-temperature printhead, including quan-
tity, cost, description, and provider of each component 190



Notation

η Viscosity

η0 Zero-shear viscosity

ηt Viscosity at some reference temperature

γ̇ Shear rate

λ Relaxation time

ρ Density

2D Two-dimensional

3D Three-dimensional

ABS Acrylonitrile butadiene styrene

AFA− LIFT Absorbing film-assisted laser-induced forward transfer

Al Aluminum

Alg Alginate

AM Additive manufacturing

BioLP Biological laser processing

CAD Computer-aided design

xxv



xxvi

CFD Computational fluid dynamics

CFM Cubic feet per minute

CMS Critical micelle concentration

CMT Critical micelle temperature

CT Computed tomography

D Strand diameter

DOD Drop-on-demand

Ea Activation energy

EBB Extrusion-based bioprinting

ECM Extracellular matrix

FDM Fused deposition modeling

FFF Fused filament fabrication

G Gauge

G´ Storage modulus

G´´ Loss modulus

Gel Gelatin

GelMa Methacrylated gelatin

h Hour

HA Hyaluronic acid

hASCs Human adipose derived mesenchymal stem cells



Novel advances in bioprinting based on the mechanical design and optimization
of open-source systems xxvii

HDT Heat deflection temperature

HMVEC Human microvascular endothelial cells

HP Hewlett Packard

HTC Heat transfer coefficient

ID Inner diameter

LAB Laser-assisted bioprinting

LG−DW Laser-guided direct writing

LIFT Laser-induced forward transfer

LV R Linear viscoelastic region

MAPLE −DW Matrix-assisted pulsed laser evaporation direct writing

MEBB Microextrusion-based bioprinting

min Minute

MOSFET Metal-oxide-semiconductor field-effect transistor

MRI Magnetic resonance imaging

P Pore size

P407 Poloxamer 407

P# Printhead#

PBS Phosphate buffered saline

PCL Polycaprolactone

PEG Poly(ethylene glycol)



xxviii

PLA Polylactic acid

R Thermodynamic constant

RT Room temperature

s Second

SS Strand spacing

STL Standard tessellation language

T0 Lowest absolute temperature

Tref Reference temperature

TE Tissue engineering

UV Ultraviolet



Chapter 1

Introduction

1.1 Background

Transplantation has become one of the most common medical procedures for the
treatment of tissue damage or organ failure. Since the first organ transplantation
in 1954 of human kidney (JP et al., 1956), thousands of transplants of complex or-
gans as liver, lungs or heart have been performed with successful results. Despite
the countless lives saved since the 1950s and having improved substantially the
quality of life of the population, organ transplantation is extremely influenced
by the current donor shortage. The organ waiting lists are still growing each
year as the transplants demand exceeds the current supply of organs. A total
of 33.4 thousand organs were transplanted in the EU (505.9 million inhabitants)
in 2016. However, 59 thousand patients remained on the waiting list (Europe,
2017). In the U.S (323.4 million inhabitants) a total of 115 thousand patients are
currently on the waiting list and an average of 20 people died each day waiting
for a transplant in 2016 (UNOS, 2018). Finding a compatible donor and avoid
possible rejection responses after transplantation are additional challenges that
increase the shortage of available organs. All these limitations require the search
for alternative solutions to provide substitutes to the growing need of tissues and
organs.

Within this context tissue engineering (TE) emerged in the early 1970s
as a possible solution to the aforementioned problems. TE is a multidisciplinary
field that utilizes the principles of engineering and life sciences with the ulti-
mate goal of the developing of biological substitutes that can restore, improve or
maintain damaged tissues or organs (Langer & Vacanti, 1993). The terms TE
and regenerative medicine have become largely interchangeable, including various

1
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disciplines such as medicine, bioengineering, chemistry, biology and materials sci-
ence. All these disciplines complement each other and allow scientists to search
new insights for the development of innovative biofabrication strategies. One of
the main advantages of TE is the high customization of engineered organs and
tissues, which can be generated with the patient´s cells. This feature permits to
overcome the risks of organ rejections and the use of immunosuppressive thera-
pies, which can make a difference for all those patients with failing organs after
transplantation. Despite the significant advances in TE over the last decades,
the generation of functional organs and tissues still faces several challenges that
need to be solved. These include among others, searching for fully compatible
biomaterials that mimic the ECM, finding reliable sources of cells or developing
new biofabrication technologies capable of generating more complex and accu-
rate constructs (Langer & Vacanti, 1999). In this regard, the generation of thick
vascularization tissues remains as one of the most important challenges in the
generation of artificial tissues and organs. Most tissues require the fabrication
of an embedded vascular network that provides sufficient oxygen and nutrients
(Ali Khademhosseini, 2009). The difficulties to provide an appropriate blood sup-
ply have limited the size of artificial tissues generated. As a result, tissues with
limited vascular networks, like cartilage, were the first to be tried and fabrication
of complex engineered organs still remain as a major challenge.

An approach for the formation of engineered tissues is to use living cells,
which are expanded in culture and then seeded in a scaffold that guides the de-
velopment of the tissue. The scaffold provides a three-dimensional (3D) structure
were cells can adhere, proliferate and differentiate before this temporary construct
degrades. Several scaffold manufacturing technologies have been developed over
the last 40 years. Among all of them, the most important are solvent casting,
gas foaming, particulate leaching, phase-separation and freeze-drying (Chua &
Yeong, 2014). Even though these technologies are able to produce functional
scaffolds, they do not permit to control aspects as the internal microarchitec-
ture and interconnectivity of pores, and some organic solvents utilized in their
formation might have toxic effects to cells (Seol et al., 2012).

The emergence of new additive manufacturing (AM) technologies such as
stereolithography (SLA), selective laser sintering (SLS) or fused deposition mod-
eling (FDM) brought new possibilities to the conventional scaffold fabrication
methods. AM technologies allowed the generation of scaffolds with better control
of their internal and external architecture, such as pore size and pore connectivity.
Parameters of great importance in the transport of oxygen and nutrients within
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the scaffold and ensuring the viability of seeded cells. However, despite the AM
scaffold fabrication has played an important role in the generation of engineered
tissues over the last years, and its advantages respect to the conventional scaffold
fabrication procedures, this technology present some constraints that hinder its
expansion. This approach is often limited to a low density, adhesion and distri-
bution of seeded cells. Indeed, another important challenge is to place multiple
cell types, biomaterials and bioactive molecules at accurate locations within the
scaffold, which hinder the generation of complex tissues (Seol et al., 2014).

The rise of the 3D printing field in the last years have also permitted the
arrival of a new TE biofabrication technology called bioprinting. In contrast to
the AM scaffold-based approach previously described, 3D bioprinting deposits at
the same time cells and biomaterials with precise control over their compositions,
spatial distributions and architectural accuracy (Zhang et al., 2017). Guillemont
et al. defined bioprinting as “the use of computer-aided transfer processes for
patterning and assembling living and non-living materials with a prescribed 2D
or 3D organization to produce bioengineered structures serving in regenerative
medicine, pharmacokinetic and basic cell biology studies” (Guillemot et al., 2010).
Besides, the terms bioprinting and biofabrication have been often utilized as syn-
onyms, since they have similar definitions and sometimes is difficult to distinguish
them. A recent definition provided by Groll et al., included bioprinting as a tech-
nique within biofabrication, defining the latter as “the automated generation of
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biologically functional products with structural organization from living cells,
bioactive molecules, biomaterials, cell aggregates such as micro-tissues, or hy-
brid cell-material constructs, through bioprinting or bioassembly and subsequent
tissue maturation processes” (Groll et al., 2016). Since the appearance of the
first bioprinting studies in 2003 introduced by Wilson and Boland (Boland et al.,
2003), the field has experienced a growing interest in the last decade by the scien-
tific community. This tendency is evidenced by the rapid increase in the number
of related publications (figure 1.1). The research in the bioprinting field not only
has been related to the development of new bioprinting technologies, but also in
the search of innovative biomaterials to be printed often called “bioinks”. Bioinks
can be defined as a formulation of cells suitable for processing by an automated
biofabrication technology that may also contain biologically active components
and biomaterials (Groll et al., 2018).

With the emergence of bioprinting technology, scientists try to overcome
some of the limitations present in the scaffold-based approach. They have been
able to generate multi-material constructs with several cell types and biomateri-
als. However, there are still great constraints associated with the technology and
bioinks utilized. Especially those related with the integration of intricate vascular
networks inside of complex shape constructs and achieving relevant cell densities.
Many efforts have been made to develop the ideal bioink. However, it results
complicate to find a balance between the viability of printed cells and providing
accuracy and ease of deposition of printed constructs. Additional features are
also required to mimic native tissue functionalities, like those found in sacrificial
materials utilized for the generation of support structures and perfusable chan-
nels. Besides the search of new bioinks, several bioprinting technologies have been
developed over these years, foremost among which are inkjet, laser and extrusion-
based systems. Each of these bioprinting technologies has been utilized in several
biological applications, offering different features in terms of cell viability, de-
position speed, resolution, repeatability, scalability, cost or bioink compatibility.
Therefore, it would result appropriate to consider bioprinting technology more
as a set of different techniques instead of a single one, each one bringing specific
capabilities that could be combined to overcome the existing limitations.

Extrusion-based bioprinting (EBB) has been the most extended tech-
nique among the scientific community and bioprinters manufacturers in the last
decade. EBB provides significant advantages with respect to other bioprinting
technologies as the laser-based and inkjet. It offers excellent flexibility processing
a wide range of bioinks at fast deposition speeds, which permits a rapid gener-
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ation of large-scale constructs (Ning & Chen, 2017). Another important benefit
is the possibility to generate porous constructs with accurate control of their
internal architecture, geometries that are more complex to be generated using
other technologies such as drop-on-demand (DOD). Besides, the available EBB
technologies are relatively easy to implement and can be utilized by users with
limited exposure to the technology (Ozbolat & Hospodiuk, 2016).

Several bioprinters have started to be commercialized in the last years.
Nevertheless, the high acquisition and maintenance costs of this equipment limit
their spread to a larger amount of laboratories. As with the current bioprint-
ers, for many years the access to 3D printers was very expensive and its use was
restricted to a few companies and research centers. However, the expiration of
3D printing key patents and the appearance of open-source 3D printing projects
such as Fab@Home or RepRap around 2005, permitted to democratize the access
to 3D printing reducing the costs and releasing all the knowledge necessary to
build a 3D printer. Since that time, thousands of new 3D printers have been
built around the world, expanding the access to 3D printing technology each day.
These open-source printing platforms can serve as a springboard to expand bio-
printing technology to a broader number of laboratories. Indeed, several authors
have already utilized desktop 3D printers in bioprinting applications (Hinton
et al., 2015; Miller et al., 2012). However, it is necessary to expand all the open-
source bioprinting tools available, to make this approach a real alternative to the
commercial bioprinters. In this regard, the appearance of open-source bioprinters
could help to democratize the 3D bioprinting field in the same way that happened
with 3D printing. For a more detailed review on current progress in bioprinting
technologies and open-source bioprinting trend the reader is referred to chapter
2.

1.2 Problem statement and motivation of this thesis

Since the invention of 3D printing technology in the 80s, it has been possible
to fabricate complex 3D objects using digital computer-aided design (CAD) files
and a layer-by-layer approach. Within this framework, 3D bioprinting technology
has emerged as a promising candidate to overcome the current limitations of
conventional TE techniques. The deposition of various biomaterials and cells
types has enhanced the levels of complexity that can be accomplished in the
production of tissue engineered constructs. Simple functional living tissues have
already been produced using this approach. In this context, several bioprinting
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systems have been developed in the last years. Among all of them, we can find
bioprinters with variable deposition accuracies and capabilities (Ozbolat et al.,
2017).

The evolution of the bioprinting field has also brought the emergence of
new companies that have developed commercially available bioprinters. The ideal
bioprinter should provide some specific requirements as a high printing resolution,
high throughput, ability to dispense various biomaterials, ease of use, high cell
viability, affordability, and the ability to control dispensing of multiple bioinks
with different viscosities (Dababneh & Ozbolat, 2014). However, not all the bio-
printing platforms possess all the features mentioned above. Bioprinters often
require high investment costs, which also includes the maintenance and upgrad-
ing of their hardware and software. This aspect significantly limits the number
of laboratories that can afford this type of technology. An additional drawback
of commercial bioprinters is the proprietary nature of their software and hard-
ware, which sometimes restricts the customization of these systems to the specific
requirements of each application. Therefore, it seems increasingly necessary to
develop more affordable and accessible solutions to the current commercial bio-
printers that permits the expansion of this technology to a larger number of
laboratories.

Desktop 3D printers have already been utilized by several researchers
in bioprinting applications. This approach has permitted the use of bioprinting
technologies at much-reduced cost with higher levels of customization and achiev-
ing similar printing accuracies. However, among all these modifications, there is
a lack of open-source printheads that incorporate an accurate control of bioinks
temperature and dispensing pressure. This reduces dramatically the range of bio-
materials to be printed and the bioprinting resolutions that can be achieved. The
aforementioned limitations and challenges have inspired the search for innovative
open-source bioprinting printheads within this thesis.

Nevertheless, it should be noted that the open-source bioprinting ap-
proach is not only focused on the development of new bioprinters printheads.
These printheads are installed in conventional desktop 3D printers and specific
hardware and software modifications are required to transform them into bioprint-
ers. Most of the open-source bioprinting research works found in the literature
show some of these modifications. However, sometimes these modifications are
difficult to replicate due to an insufficiently detailed description of the hardware
utilized, how the G-code is generated or which firmware modifications have been
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introduced. Besides, some of these modifications can only be applied to the spe-
cific 3D printer utilized, which significantly reduces the adoption of these research
works among the scientific community. All these limitations have motivated the
use of freely available tools, the use of universal hardware components and to
provide a detailed description of all the steps followed to transform most of the
desktop 3D printers into 3D bioprinters. Thus, with the development of inno-
vative low-cost open-source bioprinting platforms, it is sought not only to drive
down the entering costs of this technology as an alternative to the commercial
bioprinters, but also to enhance the collective knowledge about bioprinting among
the scientific community.

As stated before, bioprinting accuracy is one of the key points to be
considered on each bioprinting process. However, measuring the bioprinting ac-
curacy it is not an easy task as each printing process depends on multiple factors,
including the printhead deposition performance, the positioning resolution of the
bioprinter and the printability of the biomaterial deposited. Besides, the lack of
standard methodologies to measure the bioprinting accuracy, hinder the compar-
ison of the capabilities between bioprinters. Likewise, it is necessary to identify
and quantify which are the printing accuracy errors of each bioprinter to obtain
the best possible performance. It is therefore necessary to create a standard
methodology that would help to determine which are the bioprinting accuracies
of a bioprinter and establish a common comparison framework between bioprint-
ers.

Moreover, the generation of complex tissue engineered constructs requires
the use of multiple biomaterials and cell-types. In that sense, the use of multi-
material bioprinting strategies are mandatory if higher levels of complexity want
to be achieved. When multiple printheads are utilized within the same bioprinter,
it entails some difficulties regarding the calibration of all printheads utilized. As
more printheads are installed, it is more feasible to have misalignments between
them and consequently printing errors. A new calibration methodology would
reduce drastically the time required to start the printing process and enhance the
accuracy of multi-material bioprinting platforms. This motivated the search for a
non-expensive and automatic calibration system exportable to any multi-material
bioprinting process, where the whole calibration process is performed at once.

Hybrid constructs have gained attention in the last years due to their po-
tential application into the generation of human-scale tissue constructs. Within
these hybrid constructs are combined scaffolds of complex architectures, cell-
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laden bioinks and microchannels that allows the diffusion of nutrients and oxy-
gen. When building hybrid constructs, each biomaterial is highly influenced by
several printing parameters which are highly correlated between them. Some of
these parameters include print speed, pressure, temperature, nozzle morphology
and inner nozzle diameter among others. Selecting the correct printing configu-
ration is crucial to obtain optimal printing accuracies. Understanding how these
parameters influence the printing process is vital not only to control the final
shape of the printed construct but also to ensure high cell-viabilities when cell-
laden bioinks are utilized. Nevertheless, finding the correct printing parameters
it is not an easy task and a trial an error approach is often utilized. Besides,
as these parameters are highly correlated, it is necessary to find methodologies
that identify those with higher influence in the printing process. Therefore, a
comprehensive analysis of the parameters involved in the printing process would
be a powerful tool for all the bioprinting community, with the aim to select the
best possible printing configuration for each biomaterial.

1.3 Scope of research and objectives

The initial scope of this thesis is the development of an open-source EBB bio-
printing platform that democratizes the access to this technology to the scientific
community. This democratization would permit to obtain affordable 3D bioprint-
ers and provide all the necessary tools to operate them. Once these objectives
are fulfilled, several strategies and methodologies are proposed to maximize the
printing accuracy of EBB bioprinters, obtain a comprehensive understanding of
most of the printing parameters involved in the bioprinting process and provide
useful knowledge for all the bioprinting community.

The following particular objectives are addressed in the course of this
thesis:

1. Develop new EBB printheads capable of providing precise control of bioma-
terials deposition, including temperature and dispensing pressure, as well as
permit the utilization of syringe barrels with different sizes.

2. Provide a universal procedure with all the steps required to transform most of
the open-source desktop 3D printers into 3D bioprinters.

3. Establish a standard methodology to determine the bioprinting accuracy of
any bioprinter and a common comparison framework between bioprinters.
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4. Develop a strategy for the automatic calibration of multi-material bioprinters
(with multiple printheads) to reduce the time required to align all printheads
and increase bioprinting accuracy.

5. Study the influence of different printing parameters regarding accuracy and
cell-viability through methodologies that determine which are the optimal
printing configurations for several biomaterials and bioinks.

1.4 Thesis outline

This doctoral dissertation is organized in ten chapters. The first chapter briefly
introduces the topic of bioprinting and open-source 3D bioprinters, explaining
the motivation of this research, along with its scope and objectives. Chapter 2
contains the literature review of the most important 3D bioprinting technologies,
with a particular emphasis on EBB technology. This chapter also includes the
state-of-art of previous works related to open-source bioprinters and the appli-
cations of hydrogels in EBB technology. Chapter 3 contains some of the exper-
imental methods utilized in this research. Chapter 4 focuses on the new EBB
printheads designs proposed, a detailed description of its manufacture and as-
sembly, as well as their thermal performance. Chapter 5 describes all the steps
required to transform a desktop 3D printers into a bioprinter. Chapter 6 fo-
cuses on the development of a methodology to determine which is the accuracy
of a bioprinting process and compare different open-source bioprinting platforms.
Chapter 7 presents an automatic calibration system for bioprinters with multiple
printheads and different strategies to analyze the influence of the main printing
parameters in the bioprinting process. Chapter 8 focuses on finding the optimal
bioprinting configuration that could help in generating precise scaffolds and hy-
brid constructs minimizing print times. Chapter 9 includes the rheological tests
performed to the hydrogels utilized, as well as the printing accuracy and cell vi-
ability results of cell-laden printed constructs. Finally, chapter 10 presents the
main conclusions obtained in this dissertation and suggests new research lines for
future works.
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Chapter 2

Literature review

The literature review presented in this chapter is subdivided in three sections.
In the first section, it is included a detailed state-of-the-art of the most common
bioprinting technologies. These technologies have been categorized into three
different groups, which are also subdivided in several techniques (figure 2.1).
Particular emphasis has been placed in the extrusion-based bioprinting (EBB)
technology, which has been utilized in the bioprinting experiments conducted
in this research. In the second section, it is explained the current state of the
open-hardware 3D bioprinters, as well as their current limitations, challenges
and potential applications. In the last section, it is detailed the importance of
hydrogels and bioinks in the bioprinting process, along with their applications in
EBB and the characteristics of the hydrogels utilized in this research.

Extrusion-based
bioprinting (EBB)

Inkjet
bioprinting

Laser-assisted
bioprinting (LAB)

Pneumatic Piston Thermal Piezoelectric ElectrostaticScrew

LIFT

AFA-LIFT

BioLP

MAPPLE DW

LG DW

Bioprinting
Technologies

Figure 2.1: Overall scheme of most utilized bioprinting technologies.
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2.1 3D bioprinting technologies

2.1.1 Extrusion-based bioprinting (EBB)

2.1.1.1 Working principle and technologies

Extrusion-based bioprinting (EBB) refers to the technology where bioinks are dis-
pensed in continuous cylindrical filaments from a movable printhead, controlled
by a computer, to construct cell-laden 3D structures using a layer-by-layer ap-
proach (Ozbolat & Hospodiuk, 2016). Bioinks are usually introduced inside sy-
ringe barrels and extruded through a nozzle by applying a force. With this
bioprinting technology, custom 3D models can be designed using a computer-
aided design (CAD) software or modified from medical imaging data obtained
from computed tomography (CT) and magnetic resonance imaging (MRI) scans
(Billiet et al., 2012). The CAD software allows customizing the external design
of the 3D model, but also its internal architecture (dimensions of pores, channels,
or internal walls), which has a direct effect on the behavior and health of the en-
capsulated cells (Chua & Yeong, 2014). The primary mechanism utilized in EBB
printheads is quite similar for all the different technologies available (pneumatic,
piston and screw), but there are some differences in the way that the extrusion
force is driven.

Pneumatic-driven configuration represents one of the most utilized EBB
systems in literature (Smith et al., 2004; Billiet et al., 2014; Kolesky et al., 2016).
With this configuration, pressurized air is utilized to push a piston permitting
the extrusion of the bioink. A pressure regulator controls the pressure of the air
intake applied and the volume flow rate. The shape fidelity of the bioprinted
constructs is highly dependent on multiple variables, affected by the characteris-
tics of both the printhead and the specific bioink utilized. The nozzle diameter,
pressure and printing speed on one hand, and the rheological properties of the
bioink on the other are the main features to be considered (Smith et al., 2007).
Pneumatic printheads are divided into two categories according to the extrusion
mechanism utilized in valve-free or valve-based systems (Ozbolat & Hospodiuk,
2016). The valve-free system (figure 2.2a) has been the most utilized configu-
ration in literature, due to the simplicity of its design and ease of manipulation
(Kolesky et al., 2014; Shim et al., 2012). In the valve-based configuration, the
pneumatic pressure is utilized to lift a piston against a spring that opens the
nozzle tip, letting the bioink to be extruded out (Khalil et al., 2005). When the
pneumatic pressure ends, the valve is shut and the extrusion is stopped.
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Piston-driven EBB technology utilities a lead screw motor that converts
a rotary motion into a linear motion and pushes down the piston placed inside
a syringe (figure 2.2b) (Geng et al., 2005; Skardal et al., 2010). In screw-driven
EBB printheads, the printed material is gradually fed into a container with a
turning screw and extruded through a nozzle (figure 2.2c). In this system, the
own screw is responsible of pushing the biomaterial through the nozzle without
using any piston (Chen et al., 2000). Piston and screw driven configurations
usually permit better spatial control over the flow of the bioink than pneumatic
printheads, because of the delay of the compressed gas volume in pneumatic
configurations (Murphy & Atala, 2014). Pneumatic valve-based and screw-driven
systems usually have complex mechanisms with small components, which might
hinder the sterilization process of these printheads. On the contrary, pneumatic
valve-free and piston-based printheads have fewer components in contact with the
bioink (syringe, piston and nozzle) and some of them are disposable, which make
it preferable for an easier sterilization. In piston and screw-based configurations,
both mechanisms can provide large extrusion forces which permit the deposition
of higher viscosity solutions (Ning & Chen, 2017). However, the screw-driven
approach can also introduce an additional negative influence on cell-viability,
mainly due to the high friction forces produced in the rotational movement of
the screw (Dababneh & Ozbolat, 2014). Pneumatic printheads are also able to
manage high viscosity solutions, but they are mainly limited by the characteristics
of the pressure regulator utilized.

2.1.1.2 EBB systems

Extrusion-based 3D printing has its origins in the late 1980s with the creation of
fused deposition modeling (FDM) technology by Scott Crump and the commer-
cialization of the first FDM printers by Stratasys (Matias & Rao, 2015). In FDM
technology, a thermoplastic filament is heated above the melting temperature
and extruded through a thin nozzle controlled by a computer. When the melted
material leaves the printhead and contacts the printer build plate, it hardens
immediately (Melchels et al., 2012). However, the high melting temperatures uti-
lized are far away from the human physiological temperature, which prevents the
integration of cells and growth factors inside the printed biomaterial (Liu et al.,
2007). Besides, the scaffold fabrication process should limit a direct contact
with cells during extrusion to avoid harmful overheating. Despite these limita-
tions, FDM technology permits the generation of bioresorbable 3D scaffolds with
precise control over their external macrostructure and internal microstructure
(Hutmacher et al., 2004, 2001).
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Figure 2.2: Components of EBB printheads. (a) Pneumatic, (b) piston and (c) screw-based.

The majority of the EBB applications utilizes hydrogel-based bioinks to
fabricate cell-laden constructs. A wide range of hydrogels with different proper-
ties has been utilized in EBB in the last years, including natural and synthetic
(Chimene et al., 2016). EBB technology requires that hydrogels have specific
properties such as fast gelation time triggered by a crosslinking process. The se-
lection of the hydrogel and its crosslinking mechanism will influence the bioprint-
ing process itself and the following steps of the deposition process. Therefore,
hydrogel-based EBB can be classified according to the crosslinking mechanism
utilized in physical and chemical (Hennink & van Nostrum, 2002). In physically
crosslinked hydrogels, their networks have transient internal junctions from phys-
ical stimuli like temperature, electric or magnetic fields, light, sound and pressure.
While chemically cross-linked hydrogels generate internal networks with perma-
nent junctions due to stimuli that include pH, solvent composition, ionic strength
and molecular species (Ahmed, 2015). The crosslinking mechanism of hydrogels
has also served as the key factor to develop new EBB fabrication strategies. A
brief description of these methodologies is described as follows.

• Bioplotting: the first EBB approach consisted of printing living cells using
the bioplotting approach. This technology was developed at the Freiburg Ma-
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terials Research Center by Muelhaupt group and based on the 3D plotting
technology for the dispensing of liquids and pastes in a liquid medium (Lan-
ders et al., 2002; Pfister et al., 2004). Muelhaupt et al. were able to print
for the first time low viscosity thermoreversible hydrogels with encapsulated
cells avoiding the collapse of the printed constructs. To that end, solutions
were deposited inside a liquid bath below the gelation temperature of the hy-
drogels. The printed solutions were quickly crosslinked right after extrusion,
generating constructs with enough shape fidelity. The liquid medium serves
as a mechanical support and a crosslinking agent. As a result, the printed ma-
terial can be crosslinked right after extrusion, generating complex constructs
without temporary support structures and any time delay (Zehnder et al.,
2015). The liquid media should have similar rheological properties than the
extruded material, permitting the use of a wide range of biomaterials (Maher
et al., 2009). In addition to thermal crosslinking, the plotting medium can
also contain chemical crosslinking agents like a calcium chloride (Tabriz et al.,
2015). For example, cell-laden alginate/HA porous constructs were printed
inside calcium chloride medium with high cell viability (Rajaram et al., 2014).
Results showed not only better printing resolutions, but higher cell-viabilities
than depositing hydrogels directly in air. Another example of the bioplotting
approach is the development of FRESH printing technology, which permits
the fabrication of complex geometries (Hinton et al., 2015). This approach
consists of extruding a cell-laden hydrogel in a liquid state inside a gelatin
support bath. The viscosity of the gelatin bath prevents the diffusion of the
printed filaments and the crosslinking agent added to the bath provoke a rapid
gelation of the construct.

• Pre-crosslinking: EBB of pre-crosslinked hydrogels represents another tech-
nique utilized by some researchers. The rheological properties of bioinks are
usually tailored through the modulation of the hydrogels concentration and
temperature; however, they can also be modified performing a pre-crosslinking
process before printing takes place. Once the deposition of bioinks is com-
pleted, bioprinted constructs usually need a secondary crosslinking to complete
the process and obtain mechanical stable constructs. In the research presented
by Chung et al. (Chung et al., 2013), a pre-crosslinking technique was utilized
to tailor the rheological properties of gelatin-alginate and alginate bioinks.
Bioinks were ionically crosslinked prior to being printed to adequate their
rheological properties to the requirements needed in extrusion bioprinting. A
photo-crosslinking approach was investigated by Ouyang et al. (Ouyang et al.,
2017), where hydrogel viscosities were compared between pre-crosslinking and
post-crosslinked printed constructs. In this research, several polymers were
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mixed with methacrylated hyaluronic acid (MeHA) and exposure to UV light
prior deposition (using a photopermeable capillary nozzle) and right after be-
ing deposited. All the printed constructs presented high cell viabilities (>90
%) and hydrogels could be printed without limitations of ink viscosity. Skardal
et al. utilized a two-step photocrosslinking strategy to deposit a bioink com-
posed of a methacrylated gelatin (GE-MA) and a methacrylated hyaluronic
acid (HA-MA) using a Fab@Home 3D printer (Skardal et al., 2010). In the
first step, a partial crosslinking was performed to generate an extrudable gel-
like bioink. Then a second irradiation of the printed constructs permitted to
form a more rigid and stable structure.

• Aerosol: some researchers use an aerosol-based crosslinking process at the
same time bioinks are printed (Marquez et al., 2001). The spraying of the
crosslinking agent during the bioprinting process may contribute to a more
uniform gelling conditions inside the printed constructs and between layers;
which helps to avoid the formation of gelled and non-gelled regions (Lee et al.,
2015). In the research work presented by Lee et al., a collagen-based hydrogel
was printed in several layers to construct a skin tissue and was crosslinked
using an aerosolized NaHCO3solution (Lee et al., 2013). Alternatively, cal-
cium chloride solutions have also been utilized to crosslink cell-laden alginate
structures, demonstrating a better shape fidelity of final constructs if com-
pared with the process without using the aerosol (Ahn et al., 2012b). As
the alginate-based bioinks are deposited, the shear modulus of the hydrogel
increased significantly due to gelling of the surface region of the printed con-
structs, resulting in more stable porous structures (Lee et al., 2015). However,
exposure to calcium chloride should be controlled, as an excessive exposure
might influence the final cell viability of printed constructs (Lee et al., 2014).

• Coaxial: this EBB approach permits the creation of tubular structures di-
rectly from the printhead nozzle (Zhang et al., 2013a; Gao et al., 2015b).
The coaxial bioprinting operation is based on printing the bioink and the
crosslinking solution simultaneously. One of the approaches more utilized con-
sists of that crosslinking solution flows through the inner core of the nozzle,
while the polymer is extruded through an external tube (Zhang et al., 2015).
Other approaches utilize microfluidic devices to mix crosslinking agent with
the bioink flow at the same time they are being deposited (Beyer et al., 2013)
or use a PDMS mold to facilitate the mixture of both solutions (Attalla et al.,
2016). Coaxial nozzle printheads have been utilized in combination with pre-
crosslinking techniques generating perfusable channels (Ouyang et al., 2017)
and highly viable and functional in-vitro constructs with simultaneous multi-
material deposition (Colosi et al., 2016).
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An alternative approach to hydrogel-based EBB is the scaffold-free technique.
The scaffold-free approach has been considered a promising technique to gen-
erate living tissues that exploits the innate properties of cells to produce their
own ECM. It is based on the assumption that cells can undergo biological self-
organization and self-assembly, without any external influence that supports or
directs its structure through rigid templates or solid scaffolds (Mironov et al.,
2009). Cells self-assembly and organization at the microscopic level will tend to
generate tissues and organs at the macroscopic level. Instead of depositing cells
inside hydrogels, this technique permits the generation of constructs with higher
cell-densities, where the own cells are able to generate the ECM in predefined
geometries. The technique of printing scaffold-free cell aggregates approach was
introduced in 2004 (Karoly Jakab, Adrian Neagu & Forgacs, 2004) and later on
the adoption of this technology has proved to be an efficient way to generate
tissues such as blood vessels (Norotte et al., 2009) or grafts (Owens et al., 2013).
Different scaffold-free biofabrication approaches have been developed, with par-
ticular attention to the deposition of cell aggregates through spheroids (Mironov
et al., 2009). In this approach, tissue spheroids are deposited in a layer-by-layer
fashion and then perform a fusion of the discrete units in a post-printing process.
Despite the promising opportunities of the scaffold-free approach, this technol-
ogy faces several disadvantages that hinder its adoption by the research com-
munity. Generation and manipulation of spheroids represent one of the leading
challenges, avoiding fusion during the delivering process and depositing spheroids
close enough to generate cohesive structures (Mironov et al., 2009). For that rea-
son, most of the bioprinting research groups prefer hydrogel-based techniques
due to its higher simplicity, scalability, accessibility, affordability and ease of use
(Ozbolat & Hospodiuk, 2016).

One of the main challenges of EBB is the control of the shear stress pro-
duced in the printhead during extrusion. During the bioprinting process, cells
are constantly subjected to mechanical forces and can be damaged if the print-
ing pressures or manipulation time exceeds certain levels (Li et al., 2009). Even
though cells can to resist some of these stresses, it has been demonstrated that
shear-stress induced cell membrane damage and a significant drop in the number
of living cells when the cell density is high (Kong et al., 2003) and high dispens-
ing pressures are applied (Nair et al., 2009). To improve printing resolution, it
is necessary to reduce the inner diameter of the nozzle. However, smaller diam-
eters can induce a greater cell-damage due to higher shear stresses. Therefore,
researchers need to to find a compromise between the best printing resolution
that can be achieved for the bioink utilized, with acceptable cell-viabilities levels
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(Chung et al., 2013). But not only the diameter size has a significant influence,
the nozzle shape chosen can enhance or decrease the shear-stresses generated and
subsequently the final cell-viability. Several nozzle shapes are available in EBB,
being the cylindrical and tapered nozzles the most used. Enhanced viability lev-
els have been obtained when using conically shaped needles instead of cylindrical
(Billiet et al., 2014; Li et al., 2011).

Depending on the dispensing technology utilized, EBB is able to process
a wide range of bioinks with viscosities ranging from 30 mPa s-1 to >6 x 107

mPa s-1 (Murphy & Atala, 2014). High viscosity and shear thinning bioinks
are more suitable for EBB to ensure mechanical stability and shape fidelity of
printed constructs. However, the higher the viscosity utilized, the greater the
shear stress will be generated in the nozzle walls. Lower viscosity bioinks are
more appropriate to ensure cellular viability, but might not have enough gelation
requirements after extrusion to maintain the desired shape. Another consequence
of using high viscosity materials is the clogging inside the extrusion nozzle caused
by bioink solidification in the tip, which represents one of the major problems in
EBB and should be corrected reconsidering the diameter of the nozzle or bioink
viscosity (Ozbolat & Yu, 2013). Despite the low bioprinting resolutions of EBB
technology if compared with other technologies such as inkjet or LAB (Tasoglu &
Demirci, 2013), one of the main advantages of EBB is the fast deposition speeds
achieved, which facilitate the production of large scalable constructs (Zhang et al.,
2013b).

2.1.2 Inkjet

Inkjet bioprinting technology, also known as drop-on-demand (DOD), can be di-
vided into three different technologies according to the printhead utilized: ther-
mal, piezoelectric and electrostatic. All of them share some essential features,
with differences in the way that drops are generated and ejected. In general,
inkjet bioprinters consist of a single or multiple printheads that contain the
bioinks to be printed. Each bioink is held inside the printhead cartridge pre-
venting uncontrolled leaking due to the surface tension generated at the orifice.
Biological constructs are generated using a layer-by-layer approach, where each
layer is deposited successively above the previous one. Bioink droplets are forced
through printhead orifices applying a pressure pulse inside the fluid chamber and
overcoming the surface tension, falling under the action of gravity until they con-



Novel advances in bioprinting based on the mechanical design and optimization
of open-source systems 19

tact the printer substrate. The pressure pulse can be generated using thermal,
piezoelectric or electrostatic forces.

In thermal inkjet bioprinters, a small electric resistance is located in-
side the cartridge and in contact with the bioink. The electric resistance heats
the bioink locally when a voltage pulse is applied, reaching high temperatures
between 200 ºC to 300 ºC (Nakamura et al., 2005). The local heat applied to
the bioink rapidly increases its temperature above its boiling point and a vapor
bubble is generated (figure 2.3a). The collapse of the vapor bubble generates a
pulse that propagates through the cartridge chamber ejecting a droplet through
its orifice. Despite the high temperatures produced inside the printhead, well
above physiological temperatures, several studies have shown that printed cells
are not stressed beyond other normal handling, such as pipetting and centrifug-
ing (Cui et al., 2010). For example, cellular properties and functional fidelity
of printed neurons were evaluated in the deposition of fibrin controlled patterns
(Xu et al., 2006). Other bioinks as collagen hydrogels have been utilized for the
fabrication of multicellular patterns with a resolution of 350 μm, using a modi-
fied commercial thermal inkjet printer (Roth et al., 2004). Commercial thermal
inkjet desktop printers have also been utilized to print alginate bioinks droplets
of 30-60 μm in diameter containing from single to few cells (Xu et al., 2008a)
and for the generation of complex and heterogeneous 3D tissue constructs using
three cell types simultaneously in a sodium alginate-collagen bioink (Xu et al.,
2013). In this work, Xu et al. demonstrated the ability of printed constructs to
survive and mature into functional tissues with adequate vascularization in vivo.
Other studies regarding vascularization have tried to accomplish microvascula-
ture fabrication using fibrin hydrogel and human microvascular endothelial cells
(HMVEC), showing proliferation into tubular structures and functionality of the
printed human microvasculature (Cui & Boland, 2009).

Piezoelectric deposition technology utilizes a piezoelectric actuator that
rapidly changes its shape when a voltage pulse is applied. This deforms the
fluid placed inside the cartridge, generating a pressure wave in the interior of the
chamber. Consequently, the pressure generated is enough to overcome the sur-
face tension and a fixed quantity of the bioink is ejected through an orifice in the
shape of a droplet (figure 2.3b). Variations in the amplitude and rise time of the
electrical pulse applied to the piezoelectric actuator influence the stresses experi-
enced by the cells, with a small decrease in cell survival rate when the voltage is
increased (Saunders et al., 2008). Several studies have investigated the potential
of piezoelectric printheads for the construction of cell-laden 3D structures. For
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example, Christensen et al. utilized a piezoelectric inkjet printhead with a 120 μm
orifice diameter to fabricate vascular-like cellular constructs (Christensen et al.,
2015). A calcium chloride solution was utilized as both a cross-linking agent and
support material, permitting the formation of vascular structures with horizontal
and vertical bifurcations. A similar approach was utilized by Xu et al. where
fibroblast-based zigzag tubes with complex overhang structures were fabricated
(Xu et al., 2012). The bioprinter utilized consisted of a piezo printhead attached
to a motorized xy-stage and a z-moving platform placed inside a calcium chloride
solution where constructs were printed. Other studies have focused on the control
of the number of cells contained on each droplet generated. Yusof et al. devel-
oped a single-cell-manipulator (SCM) able to isolate single cells encapsulated in
picolitre sized droplets reaching an 87 % efficiency (Yusof et al., 2011).

As with thermal and piezoelectric technologies, electrostatic printheads
consist of a DOD technology capable of generating small droplets on demand.
Electrostatic printheads consist of a raised meniscus in a nozzle, which is de-
formed when an external electrostatic field is applied (figure 2.3d). When the
electrostatic field achieves a certain threshold, the meniscus forms a cone shape
reducing the surface tension forces of the liquid to be printed (Hoath, 2016). This
technology offers several advantages such as the ability to produce droplets with
a size a much lower than the nozzle diameter (in the range of femtoliters) and the
printing resolution is not so affected by the nozzle quality (Kim et al., 2008). How-
ever, its use in the bioprinting field had not been so widespread as piezoelectric
and thermal actuators. One possible reason is that the fluid density of bioinks is
quite limited if compared with the two other DOD technologies. Nakamura et al.
utilized a commercial inkjet printhead combined with a dispensing desktop robot
to deposit bovine endothelial cells in predefined patterns (Nakamura et al., 2005).
Cells deposition and survival were analyzed after printing, showing successful cell
viabilities and survival rates. Nishiyama et al. developed a custom-made inkjet
electrostatic bioprinter that permitted the creation of sodium alginate biological
structures in a calcium chloride liquid substrate (Nishiyama et al., 2009). Elec-
trostatic printheads also have been mainly utilized by Umezu and co-workers
for the fabrication of cell-laden 3D structures of highly viscous liquid and media
(Umezu et al., 2011), multi-material bioprinting of biodevices using sodium algi-
nate (Umezu et al., 2013) and complex structures with internal caves simulating
blood vessels (Umezu & Ohmori, 2014).

Bioprinting technology has its origins in the use of inkjet technology with
the research work developed in 1988 by Klebe (Klebe, 1988). This technology
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Figure 2.3: Main components of inkjet printheads: (a) thermal, (b) piezoelectric and (c) elec-
trostatic.

was termed as “cytoscribe” and utilized a modified Hewlett Packard (HP) inkjet
printer to deposit fibronectin on a substrate to promote predefined cell adhesion
patterns. Although no cells were printed, it was the first time that a bioink
solution was deposited in a controlled manner using a desktop inkjet printer.
The first time inkjet technology was utilized to bioprint a cell-laden solution was
introduced in 2003 by Wilson and Boland (Wilson & Boland, 2003). In this work,
the hardware and software of an HP inkjet printer were modified to dispense
cell solutions and proteins instead of ink. Most of the works related to inkjet
bioprinting have utilized commercial desktop printers through the appropriate
modifications (Pardo et al., 2003; Xu et al., 2004). To that end, desktop printer
cartridges were previously emptied of the original ink and rinsed exhaustively with
ethanol and sterile water (Xu et al., 2005). The use of commercially available
inkjet printers already provides a robust and precise hardware deposition tool,
which permits movements in the x-y axes and the possibility of using four different
printheads (including black and color cartridges). However, movements in the x-
axis are restricted to the tray width and particularly y-axis is limited only to
the length of the printhead. Consequently, constructs to be generated are not
just limited to the 2D but also are significantly restricted in size (Binder et al.,
2011). To stack multiple layers and generate 3D constructs, it is also necessary
to integrate a z-axis moving platform in the paper tray (Xu et al., 2012). This
platform will lower a specific height each time a new layer is generated (Arai
et al., 2011).

Inkjet bioprinting resolution relies on several factors such as the droplet
volume, droplet velocity, interactions between droplet-substrate, the crosslink-
ing method utilized and the behavior of ejected droplets after the jetting action
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(Gudapati et al., 2016). The resulting droplet properties are subjected to other
factors including jetting conditions and ambient properties (Singh et al., 2010).
Droplet generation properties and printing principles of inkjet technology have
been comprehensively described by Herman Wijshoff (Wijshoff, 2010).

Inkjet bioprinting technology has several advantages if compared with
other bioprinting technologies. Highlights among these advantages include the
low cost and the ease of use of modified commercial desktop printers. It is pos-
sible to completely hack a desktop printer and convert it into a bioprinter with
a budget lower than $200 (Binder et al., 2011). To that end, some of the protec-
tions and checking systems of the printer must be disabled, as well as cleaning and
sterilization of the printing cartridges. However, although these machines pro-
vide excellent printing resolution capabilities, their hardware has been designed
to deposit inks only in a 2D fashion and using very reduced dimensions. There-
fore, if the final objective is to generate scalable objects (as the ones produced
using EBB), essential modifications of this equipment are needed and even the
construction of entirely new custom bioprinters that utilize commercial inkjet
printheads (Nishiyama et al., 2009). As a non-contact depositing technology,
there is a lower risk of contaminating substrates and permits the possibility of
printing on non-flat surfaces (Campbell & Weiss, 2007). Inkjet bioprinting studies
found in literature have reported high cells viabilities in printed constructs with
results often close to 80 % and 90 % (Christensen et al., 2015; Xu et al., 2008b).
It has been widely studied that during generation of droplets, the application of
electric fields or hydrodynamic pressure leads to alterations in cell membrane per-
meability that permits the introduction of DNA and other macromolecules into
cells (Xu et al., 2008b). However, it has been proved that the pores generated
in the cell wall during printing have a transient nature, decreasing and virtually
disappearing with time (Cui et al., 2010). Resolution of the inkjet deposition sys-
tems is also one of the main advantages of this technology. The minimum droplet
size that can be generated depends on the type of printhead utilized. Thermal
mechanisms tend to create droplets with a size slightly bigger than the nozzle
diameter, while electrostatic printheads are capable of generating droplets with
a size much lower than their orifice. Nevertheless, most of the inkjet printheads
are capable of producing droplets in the range of picoliters, a size that is is quite
far from the minimum volumes generated by EBB.

Despite the advantages and abundant applications of inkjet bioprinting
described, some disadvantages hinder the expansion of this technology. One of
the main limitations of DOD bioprinting is the clogging of the nozzles of the
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printheads, which is generated by the deposition of small particles of bioink or
cells in the orifices of the printhead. Most of these particles consist of protein
adsorption, cellular debris and salts generated when droplets are ejected (Parzel
et al., 2009). This phenomenon complicates the ejection of droplets and even
blocks the bioink flow completely, causing continuous interruptions that might
hinder the production of large structures. Once one or several orifices are clogged,
sometimes it is necessary to replace the entire printhead if the material cannot
be removed or dissolved. The viscosity of the bioinks utilized can also have
a direct effect in the clogging of printhead orifices, generating more frequent
clogging problems when high viscosity hydrogels are utilized (Gao et al., 2015a).
Therefore, a small number of bioinks can be utilized in inkjet deposition systems
and are limited to low-viscosity hydrogels in the range of 3.5 to 12 mPa s-1

(Murphy & Atala, 2014). This limitation contrast with the great variety and
flexibility of EBB systems, capable to manage bioinks viscosities in the range of
30 to 6x107mPa s-1. This limitation forces to utilize bioinks practically in a liquid
form and crosslink droplets afterward ejection, which makes it difficult to stack
multiple layers for the generation of 3D constructs.

2.1.3 Laser-assisted bioprinting (LAB)

Laser-assisted bioprinting (LAB) or laser direct writing, consists of a printing
technique that was first utilized for the processing of electronic devices and sen-
sors using rapid prototyping techniques (Piqué et al., 1999; Fitz-Gerald et al.,
2000). The high resolutions achieved with LAB technology (sub-10 μm) for the
production of active and passive prototype circuit elements (Chrisey et al., 2000),
drew the attention of the biomedical community to be used as a cell printing tech-
nique. Since then, several LAB technologies have been utilized for the deposition
of cells and biological materials in predefined patterns. Among all the available
LAB techniques, those with a greater impact in the field of bioprinting are laser-
induced forward transfer (LIFT), absorbing film-assisted laser-induced forward
transfer (AFA-LIFT), biological laser printing (BioLP), matrix-assisted pulsed
laser evaporation direct writing (MAPLE DW) and laser-guided direct writing
(LG DW).

Despite LIFT, AFA-LIFT, BioLP and MAPLE DW have some charac-
teristic differences, all these technologies share some common similarities in their
working principle. A LAB bioprinter consists of five distinct parts: a pulsed laser
beam, a mirror, a focusing system, a ribbon and a substrate (figure 2.4). The
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ribbons utilized are often made from glass and covered on the top side with a
thin metallic layer (i.e. gold, silver, titanium or titanium dioxide) that absorbs
the energy transmitted by the laser. The other side of the ribbon is coated with
a thin layer of biological material that contains cells suspended in a liquid or
gel-like solution and facing the collector substrate. When the pulsed laser hits
the ribbon absorbing layer, a rapid volatilization of the biomaterial is produced
through local heating and a bubble is generated ejecting the biomaterial toward
the receiving substrate. Once biomaterial particles are ejected, the droplets have
to cross the small air gap between the ribbon and the substrate and are deposited
in a predefined manner. The receiving substrate is generally coated with a cell
culture medium or a hydrogel to alleviate the impact of the ejected cells and
promote cellular adhesion (Tasoglu & Demirci, 2013). The laser beam direction
is guided onto the ribbon using galvanometric mirrors, which permit a higher
processing speed if compared with a fixed laser and a motorized stage (Gaebel
et al., 2011).

Droplets
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Scanning mirror

Focusing objetive
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Target substrate
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Bioink layer
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Bubble
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Figure 2.4: Components of LIFT, AFA-LIFT, BioLP and MAPLE DW LAB technologies and
schematic representation of droplet formation.

Laser-induced forward transfer (LIFT) is a technique in which the laser
beam is focused onto a laser-absorbing transparent holder with a thin absorbing
film and placed parallel to the substrate at a short distance (Fernández-Pradas
et al., 2004). The intermediate absorbing layer is utilized to protect the cells
from the damage caused by the high-power laser pulses. LIFT technology has
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been utilized initially for non-biological purposes such as the rapid deposition
and patterning of superconducting thin films (Fogarassy et al., 1989). However,
the great spatial resolutions achieved permitted the experimentation with other
materials such as liquid biological materials and biomolecules for the production
of microarrays and biosensors (Duocastella et al., 2007, 2008). Resolution and
droplet formation using LIFT was analyzed varying bioprinting parameters as
film thickness, the gap between film and substrate and laser beam energy. The
influence of other bioprinting parameters as the solution viscosity and the receiv-
ing substrate wettability have also been studied, showing a direct impact on the
final size of patterned droplets (Dinca et al., 2008). LIFT technology has also
been utilized in conjunction with two-photon polymerization (2PP) process for
the seeding of highly porous 3D constructs with cells, permitting precise control
of the density and deposition of cells (Ovsianikov et al., 2010). Bioprinting of
skin cells and human mesenchymal stem cells (hMSC) have also been printed
using LIFT with survival rates of 90-98 % and demonstrating the ability of this
technology to precisely deposit unharmed cells (Koch et al., 2009).

Absorbing film-assisted laser-induced forward transfer (AFA-LIFT) is a
variant of LIFT technology that utilizes a high absorption coefficient thin film
(∼50-100 nm) placed on a quartz ribbon, permitting a higher energy absorbing
of the laser beam. This configuration prevents photonic damage of the biological
samples and a minimization of the metal nanoparticles impurities present in the
transferred material (Hopp et al., 2005b,a). Smausz et al. studied the influence
of the laser fluence and silver film thickness in the transmission of metal particles
in the ejected droplets (Smausz et al., 2006). These researchers found silver
submicrometer particles (250–700 nm) removed from the ribbon in most of the
deposited water droplets and an increasing number of smaller particles with the
increase of the laser fluence.

Biological laser printing (BioLP) is a similar technology than AFA-LIFT
and MAPLE DW, however, it utilizes a laser absorbing interlayer usually made of
titanium or titanium oxide with a thickness of 75–85 nm which prevents the pos-
sible damage of biological material from the laser radiation Barron et al. 2004a,b,
2005. BioLP technology has demonstrated to be completely compatible with the
deposition of cells with high viabilities (95 %), showing the ability to produce
droplets of 100 picoliters at repetition rates up to 100 Hz (Barron et al., 2004b).
Experiments performed by Barron et al. demonstrated the ability of BioLP of
printing human osteosarcoma single cells into a biopolymer matrix, showing a
100 % viability after 6 days of incubation (Barron et al., 2005).
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Matrix-assisted pulsed laser evaporation direct writing (MAPLE DW)
is a deposition technology that utilizes a ribbon coated with a sacrificial bio-
logical material layer (i.e. Matrigel), instead of a metallic interlayer such as
LIFT, BioLP or AFA-LIFT. To prevent cell damage of the biological layer, a low-
powered beam laser is utilized operating in the UV or near-UV region (Schiele
et al., 2010). Movements in x-y-z axes are controlled trough motorized transla-
tion stages, changing the gap between the ribbon and substrate with a moving
platform using a joystick or computer controlled x-y stage for the generation of
patterns (Doraiswamy et al., 2007). Several studies have demonstrated the ability
of MAPLE DW technology of precisely deposit patterns of a wide variety of bi-
ological materials such as proteins, bacteria and mammalian cells (Barron et al.,
2004c; Patz et al., 2006).

Laser-guided direct writing (LG DW) consists of a micro-patterning rapid
prototyping technique able to deposit cells in as a steady stream on non-absorbing
substrates (Nahmias et al., 2005). Instead of using a ribbon and a pulsed laser
beam, two different techniques can be utilized using LG DW (Odde & Renn,
1999). In the first technique, a laser beam that is weakly focused into a liquid
suspension and particles are moved through by the light to a receiving substrate
(figure 2.5a). In the second technique, the light is utilized combined with a
hollow optical fiber, permitting the transmission of both light and cells through
the core of fiber at the same time to the target substrate (figure 2.5b) (Odde
& Renn, 2000). The second technique offers several advantages over free-space
guidance, as a more protective environment from the surroundings, better control
of light intensity and proper isolation of the source and deposition regions. Both
deposition techniques can be controlled in real time using light microscopy. LG
DW technology has been applied in the TE field for the3D micropatterning of
endothelial cells on Matrigel with micrometer accuracy (Nahmias & Odde, 2006)
and the formation of vascular structures in-vitro (Nahmias et al., 2005).

LAB technology has been developed in parallel with other bioprinting
techniques as inkjet and EBB as an alternative approach for the deposition of
cells and bioinks. It offers several advantages if compared with other technologies
that make this approach especially appealing for specific TE applications. Unlike
other bioprinting techniques that utilize orifices (EBB and inkjet), LAB is capable
to deposit small volume droplets of biomaterials with an orifice-free methodology,
eliminating potential clogging problems (Barron et al., 2004a). Most of the LAB
bioprinters utilize a CAD/CAM rapid prototyping procedures to design and build
3D structures with complex geometries (Guillemot et al., 2011) and a single cell or
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Figure 2.5: LG DW bioprinting system. (a) Cells in suspension propelled by the laser light.
(b) Using a hollow optical fiber (adapted from (Odde & Renn, 1999)).

picoliter level resolution (Devillard et al., 2014; Schiele et al., 2010). The absence
of contact with the receiving substrate also minimizes the risk of contamination
during the bioprinting process (Catros et al., 2011).

Despite the advantages mentioned above, LAB also posses its own disad-
vantages that limit a wider dissemination and adoption of this technology. Except
for LG DW, the rest of LAB approaches (LIFT, AFA-LIFT, BioLP and MAPLE
DW) require the use of a ribbon that absorbs laser beam energy. Manipulation of
the ribbon and preparation of the bioink layer sometimes represents a challenge,
due to the proximity to the receiving substrate and the necessity to form thin
cell-laden coatings. Despite the use of thin intermediate layers placed in the rib-
bon that absorbs most of the laser energy, the use of UV radiation might cause
cell damage and should be calibrated to not affect cell viability. Other possible
potential sources of cell damage during the laser deposition include heat exposure
and shear stress generated during droplet ejection and impact on the receiving
substrate (Ali et al., 2014). However, if all these variables are properly adjusted
cell viabilities close to 100 % can be achieved (Gaebel et al., 2011; Koch et al.,
2009). The use of metallic coated ribbons generates an additional drawback with
the detach of micrometer and sub-micrometer metallic particles from the rib-
bon and their deposition within the bioinks. These metallic residues sometimes
act as non-desired impurities and should be avoided whenever possible (Smausz
et al., 2006). Even though the high resolution of LAB (at a single cell level),
this technology is greatly restricted in the deposition of macroscopic amounts of
biomaterial, which represents a limitation regarding scalability and the fabrica-
tion of large complex tissues (Schiele et al., 2010). As an additional drawback,
LAB bioprinters are costly equipment, an aspect that hinders the spread of this
technology to a broader number of laboratories.
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2.2 Open-hardware 3D bioprinters

Several bioprinting systems have started to be commercialized in last decade
(table 2.1). However, their implementation in the laboratories is still discrete,
mainly due to the lack of knowledge about the technology and possibilities. Be-
sides, the high acquisition and maintenance costs of this type of equipment also
represent one of the most relevant entry barriers to this technology. Commercially
available bioprinters are mainly standardized products (Ng et al., 2016; Neufurth
et al., 2014; Dubbin et al., 2017), which offer a ready-to-use bioprinting option
that should be adapted for each specific application. As a less costly and more
customizable alternative to the commercial bioprinters, several research groups
have developed their own bioprinting systems. These machines consist of in-house
modifications of already existing machines or complete new machine designs. The
printheads designs use primary EBB technology with pneumatic (Kolesky et al.,
2014; Blaeser et al., 2016; Smith et al., 2004; Kang et al., 2016) and piston-based
(Bertassoni et al., 2014b; Blaeser et al., 2013) print-heads.

Another approach, which avoids the proprietary nature of the commercial
products and the high cost associated, is to build bioprinters based on low-cost
collaborative open-source projects such as Fab@Home (Malone & Lipson, 2007)
or RepRap (Jones et al., 2011). These initiatives were created with the aim of
spread 3D printing technology to a broader range of communities, which include
small laboratories with a lower budget. Open-source 3D printing projects like
Fab@Home have played a crucial role in the expansion of bioprinting around the
world. The Fab@Home project was founded by Evan Malone and Hod Lipson
and developed by students at Cornell University’s Department of Mechanical &
Aerospace Engineering. Fab@Home printers consist of a three-axis Cartesian
moving system with a gantry structure. Positioning is driven by stepper mo-
tors which are attached to lead screws that control movement in the x-y-z axes.
A modular material deposition system is moved through the x-y axes, with the
printing platform moving independently in the z-axis. Its main structure is based
on the use of laser cut acrylic sheets that are assembled together using snap-
fit joints and threaded inserts. The release of the first Fab@Home 3D printer
(Model 1) was in 2006 (figure 2.6a) (Malone & Lipson, 2007), which included
a piston-based extrusion printhead that used a linear stepper motor to control
the syringe plunger position (Skardal et al., 2010). Some of the first applications
of Fab@Home Model 1 included the 3D bioprinting of cell-laden alginate con-
structs (Cohen et al., 2008) and the fabrication of native cardiac valves replicas
(Lixandrão Filho et al., 2009). An improved version of the first printer model was
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released in 2009 with the name of Fab@Home Model 2 (Lipton et al., 2009) and
a later model (Model 3) was released in 2012 (Lipton et al., 2012). Fab@Home
printers have demonstrated a good performance printing mechanically heteroge-
neous aortic valves (Hockaday et al., 2012) and incorporating a dual deposition
system of different cell types (Duan et al., 2013a). Other approaches have been
focused on printing alginate scaffolds for application in bone TE (Diogo et al.,
2014) and living trileaflet heart valve conduit with decent accuracy and high cell
viability (Duan et al., 2014). Fab@home printers permit to control the deposition
process of multiple syringes independently with a microliter precision. A key as-
pect of using a syringe deposition system is the possibility to print a wind range
of materials, including anything that can be placed inside a syringe and extruded
through a nozzle. Being the first low-cost 3D printing system that allowed the
deposition of multiple materials (including viscous fluids), it provided Fab@Home
with a clear advantage for bioprinting applications. However, the initial design
of its printhead does not include a specific temperature control in the printing
process. To overcome this limitation, Wüst et al. (Wust et al., 2014) modified
the original Fab@Home printheads with a heating pad and a temperature control
unit. However, this enhancement only permitted the heating of bioinks inside the
syringes and cooling was not implemented, which is especially appealing for the
deposition of thermosensitive bioinks. Fab@Home z-axis has also been modified
to enable the deposition of bioinks inside a CaCl2 bath solution during printing
(Tabriz et al., 2015).

ba

Figure 2.6: Images of Fab@Home model 1 3D printer (a) (obtained from (Malone & Lip-
son, 2007)) and first generation of RepRap 3D printer Darwin (b) (obtained from
(Jones et al., 2011)).

The beginning and current development of new open-source 3D print-
ing devices has another key pillar in the RepRap project. Unlike Fab@Home
project, whose upgrading of new 3D printers has stagnated in the last years, the
RepRap project has an active and large community that regularly releases new
3D printers designs. The RepRap project was started in 2005 by Adrian Bowyer
at the University of Bath. Its main objective is to expand 3D printing technol-
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Table 2.1: List of commercial available bioprinters

Bioprinter Provider Bioprinting
technology

Build
volume
x-y-z
(mm)

Resolution
(μm)

3D Bioplotter™ (starter) Envisiontec Pneumatic 150x150x140 1
3D Bioplotter™ (developer) Envisiontec Pneumatic 150x150x140 1
3DDiscovery RegenHU Pneumatic 130x90x10 5
3DDiscovery BioSafety RegenHU Pneumatic 130x90x10 5
BioFactory RegenHU Pneumatic 60x55x55 5
BioScaffolder 3.1 GeSim Pneumatic 100x346x40
Allevi 2 Allevi Pneumatic 90x90x90 5
Allevi 6 Allevi Pneumatic 130x90x60 1
BioBot™ Basic ASLS Pneumatic 190x190x100 10
BioAssemblyBot™ ASLS Pneumatic 300x250x150 2-10
3DS Alpha 3Dynamic Systems Mechanical 150x150x60 75
3DS Omega 3Dynamic Systems Mechanical 210x100x60 50
Regemat3D Regemat 3D Mechanical 150x150x110 150

Bio X Printer Cellink Pneumatic-
mechanical 130x90x70 1

Inkredible + Cellink Pneumatic 130x80x100 10
Inkredible Cellink Pneumatic 130x80x50 10

Rokit Invivo Roki Pneumatic-
mechanical 100x100x80 80

ogy around the world through the development of low-cost, self-replicating and
open-source 3D printers. The first generation of RepRap 3D printers was called
Darwin (figure 2.6b) (Jones et al., 2011), however, the accomplishment of the
complete self-replication of Darwin printer was not achieved until 2008. The first
generation of RepRap machines was followed by the release of the second gener-
ation in 2009 (called Mendel) and the third generation in 2010 (called Huxley).
Over the following years, new 3D printers designs as the Prusa i2 or the Prusa
i3 (Prusa, 2018), among many others, have been released and improved the old
designs. RepRap printers were thought as a filament-deposition rapid prototyp-
ing tool that allowed the manufacture of the majority of the parts needed for its
construction (Pearce et al., 2010). This deposition system is called fused filament
fabrication (FFF), a process that continuously melts a thermoplastic material in
a filament form through a heated print-head (figure 2.7). The printhead moves
in a layer-by-layer fashion, that deposits one horizontal layer at a time before
moving to the next slice. The term FFF was coined by the RepRap project com-
munity to be used without any legal constraint and is equivalent to the term fused
deposition modeling (FDM), which is a trademark of Stratasys Inc. Printer com-
ponents that cannot be 3D printed have been designed to be standard engineering
parts, which are widely available worldwide at a low-cost. As the printer designs
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are free and open-source, anyone can generate as many copies as he wants to
reproduce new RepRap printers or develop improvements to the already existing
designs. All the 3D printer designs, software utilized and documentation are pub-
licly available on the official website (RepRap, 2018) and online repositories like
GitHub. Since the release of the first generations of RepRap3D printers, thou-
sand of RepRap machines have been designed and assembled around the world
(Wittbrodt et al., 2013). For a more detailed description of 3D printers mod-
els and build instructions the reader is referred to the website (RepRapOptions,
2018).

Hotend

Extruder

Extruded filament

Printed objectPrinter bed

Figure 2.7: Schematic representation of FFF deposition process (obtained from (RepRap,
2018)).

In the last years, we can find in the market an increasing amount of
commercial desktop 3D printers. This important range of machines also includes
several open-source 3D printers with acquisition costs lower than $2.000 USD and
accurate printing resolutions in the range of 10-50 μm (i.e. Prusa i3, Ultimaker,
Sigma, Witbox, Printrbot, LulzBot) (table 2.2). Open-source 3D printers have
been used in various research applications such as engineering (Nilsiam et al.,
2018), laboratory equipment (Wijnen et al., 2014; Dhankani & Pearce, 2017;
Coakley & Hurt, 2016) or electronic sensors (Shipley et al., 2017) among others.
Their programmable Cartesian coordinate position system has demonstrated a
high position accuracy, however, only a few of them have been utilized and modi-
fied for bioprinting purposes. Unlike Fab@Home 3D printers, most of the desktop
3D printers printheads are only capable of processing thermoplastic materials in
a filament form -ABS, PLA, Nylon- with high melting temperatures (200-250
ºC) (Tymrak et al., 2014). This limitation prevents the use of hydrogels with the
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original printheads and makes it necessary their replacement them with alterna-
tive printheads capable of managing viscous fluids. In the last years, affordable
desktop 3D printers such as Printrbot, MakerBot or RepRap-based 3D printers
among others, have come into play in the bioprinting field by redesigning their
printheads for handling viscous fluids. For example, a MendelMax 2.0 RepRap
3D printer with an open-source syringe-based printhead named “universal paste
extruder” (RichRap, 2012) demonstrated good accuracy when extruding a mix-
ture of poloxamer P407 and alginate to build constructs with long-term structural
fidelity (Armstrong et al., 2016b). This extruder was also utilized by Bandyopad-
hyay et al. for the generation of porous constructs with a bioink composed of
gelatin, sodium alginate and hydrolyzed Type-I collagen (Bandyopadhyay et al.,
2018). Results showed cell viabilities >80% immediately post printing, with an
increase of viability percentage for 14 days of incubation. Hinton et al. modified a
MakerBot Replicator and Printrbot Jr 3D printers with a custom-built gear drive
printhead that utilized the same stepper motors taken from the original printer
extruders to push the piston of a 3 mL syringe (Hinton et al., 2015). They were
able to deposit hydrogels with low elastic moduli for creating mechanically ro-
bust biological constructs. Reid et al. demonstrated the viability of modifying
a low-cost desktop 3D printer for bioprinting applications (Reid et al., 2016).
The original plastic extruder was replaced with a plunger-driven syringe system
that utilized a capillary glass pipette, which permitted the deposition of bioinks
within a 50 μm resolution. Goldstein et al. changed only one of the two extruder
head units that incorporate the MakerBot Replicator 2x with a syringe-based
system to be capable of simultaneously printing cells and scaffolds (Goldstein
et al., 2016). Markstedt et al. also utilized a MakerBot Replicator together with
a commercial syringe pump and a syringe holder to generate 3D structures using
dissolved cellulose (Kajsa et al., 2014). An open-source design of a syringe pump
has been presented by Pusch et al, also demonstrating its integration in low-cost
3D printers for the deposition of hydrogels in complex geometries (Pusch et al.,
2018). Roehm and Madihally utilized a custom designed piston-based printhead
placed on a low-cost 3D printer to dispense chitosan-gelatin hydrogels using 1
mL disposable syringes (Roehm & Madihally, 2018). They were able to print
cell-laden structures demonstrating a low-cost alternative to the costly bioprint-
ers available in the market. Attalla et al. modified a RepRapPro Mendel 3D
printer, replacing the original thermoplastic extruder with a coaxial microfluidic
printhead (Attalla et al., 2016). With this configuration they were able to deposit
hollow calcium-crosslinked alginate tubes with accurate control of their diameter
between 500 μm - 2 mm by changing the extrusion flow rate and printing speed.
Murphy et al. investigated the bioprinting of hASCs together with a polycapro-
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lactone (PCL) and borate glass composite using a pneumatic printhead mounted
on a RepRap Prusa i3 3D printer (Murphy et al., 2017). The live/dead results
of printed constructs showed viabilities of more than 60% of hASCs cells after 1
week of incubation. An alternative design to the open-hardware EBB printheads
was presented by Maria et al., whose printhead utilized inkjet technology to de-
posit cells in a controlled manner (Attalla et al., 2016). Another EBB pneumatic
printhead design called Baricuda was presented by Jordan Miller for the deposi-
tion of biomaterials at high melting temperatures (Miller, 2012). This printhead
was mounted on a RepRap Mendel 3D printer and utilized for the deposition of
carbohydrate-glass filaments as a sacrificial material for the generation of perfus-
able channels (Miller et al., 2012). Miller et al. were able to generate channels of
different diameters by changing only the translational velocity of the printhead.
This printhead has been utilized also by Trachtenberg et al. for the generation
of PCL porous scaffolds, tailoring their geometry through modifications in the
pressure and printing speed utilized (Trachtenberg et al., 2014).

Table 2.2: List of commercial available open-source desktop 3D printers

3D Printer Provider Print volume
x-y-z (mm)

Price
(US$)

Resolution
x-y-z (µm)

Witbox 2 BQ 297-210 -200 1791 Up to 20
Hephestos 2 BQ 210-297-220 1059 Up to 50
Fab@Home m1 DIY 200-200-200 ~2290 15-15-15
Fab@Home m2 DIY 200-200-200 ~1760 6-3.5-3.6
Ultimaker Original+ Ultimaker 210-210-205 1055 12.5-12.5-5
Ultimaker 2+ Ultimaker 223-223-205 2009 12.5-12.5-5
Lulzbot Mini Aleph Objects 152-152-158 1250 -
Printrbot Simple Printrbot 200-150-200 509 Up to 50
BCN3D+ BCN3D Technologies 252-200-200 1055 50-50-100
Sigma BCN3D Technologies 210-297-210 2814.3 12.5-12.5-1
Rostock Max v3 SeeMeCNC 265-265-400 924 100
Prusa i3 Prusa Research 250-200-200 845 10-10-50

2.3 Hydrogels as bioinks

Hydrogels can be defined as a water-swollen and crosslinked polymeric network
produced by the simple reaction of one or more monomers (Ahmed, 2015). An-
other possible definition is that hydrogels are crosslinked hydrophilic polymers
capable of absorbing large volumes of water but remain insoluble in water be-
cause of their network structure (Kalshetti et al., 2012). Hydrogels have the abil-
ity to swell in contact with water and increase up to thousands of times their dry
weight. Hydrogels have received considerable attention in the past decades and
have been utilized in several applications such as the food industry, drug delivery
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systems, wound dressing or pharmaceutics (Ratner & Hoffman, 1976). They have
been widely utilized in biomedical applications, including 3D bioprinting. This
is because they offer unique properties, such as exceptional biocompatible and
mechanical properties, large water content and high degree of flexibility.

2.3.1 Nature of hydrogels

Hydrogels can be classified in different categories according to their origin as ei-
ther natural, synthetic or a combination of both (table 2.3). Hydrogels derived
from natural polymers have been widely used for TE applications due to their
biocompatibility and non-toxic properties (Jeong et al., 2012). Some of the first
works related to cell encapsulation utilized natural hydrogels (Hospodiuk et al.,
2017). Natural hydrogels are made of polymers similar to the biological macro-
molecules engineered by nature to carry out the particular functions required for
each environment (Gasperini et al., 2014). For that reason, when natural hydro-
gels are utilized in the bioprinting field, the constructs produced have an internal
structure that resembles the ECM present in many human tissues.

Natural hydrogels utilized for bioprinting are composed of animal ECM
such as collagen (Kim et al., 2015), fibrinogen (Skardal et al., 2012), hyaluronic
acid (Duan et al., 2013b) and have the advantage of being inherently bioactive
and biocompatible. Other polymers derived from plants, insects or animal com-
ponents such as chitosan (Zhang et al., 2013b), alginate (Duan et al., 2013a),
agarose (Blaeser et al., 2013) or cellulose (Kajsa et al., 2014), also provide a good
environment for cell culture. Unlike natural polymers obtained from animals (i.e.
gelatin, fibrin, collagen), polymers derived from other organisms as plant sources
(i.e. algae, seaweeds) present more difficulties to promote cells adhesion, prolifer-
ation and spreading inside printed hydrogels over time. We can find a wide range
of commercially available natural polymers with several molecular weights and
structure, which offer the possibility to generate hydrogels with different prop-
erties, gel strengths and gelation temperatures. Alternatively, the mechanical
properties of hydrogels can be tailored through different ways, which include the
combination with other polymers and the use of different crosslinking methods.

Although natural hydrogels have demonstrated great success since the
beginning in growing tissues, some critical aspects such as the gelation process,
degradation and mechanical stability are difficult to tune to the desired values.
For this reason, there is a growing need to find polymers with better control of the
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hydrogel chemistry, macroscopic properties, gelation process and degradation to
enhance cell encapsulation and to promote functional tissue growth (Nicodemus
& Bryant, 2008). Limitations of natural hydrogels have motivated a search for
alternatives through synthetic polymers or a combination of both (Lee & Mooney,
2001). A wide range of synthetic hydrogels have been engineered during the last
years with a higher potential to adapt their properties to the user needs. Synthetic
polymers possess strong covalent bonds within their matrix, which improves the
mechanical strength, service life and absorbability of the gels (Gyles et al., 2017).
Some of the most common synthetic polymers utilized in bioprinting include
poloxamer, poly-N-isopropylacrylamide (PNiPAAM), polyethylene glycol (PEG)
or polyethylene glycol methacrylate (PEGMA).

Table 2.3: Commonly used hydrogels for bioprinting

Origin Polymer Cross-linking

Natural

Gelatin Thermal
Collagen Thermal and pH variation
Chitosan Thermal/chemical
Agarose/agar Thermal

Fibrin Enzymatic reaction
(thrombin-fibrinogen)

Hyaluronic acid (HA) Chemical
MatrigelTM Thermal
Alginate Chemical (CaCl2)

Synthetic

Methacrylated gelatin (GelMa) UV-Photopolimerization
Poly(ethylene glycol) (PEG) UV-Photopolimerization

Polycaprolactone (PCL) Melting ath high
temperature

Pluronic Thermal

2.3.1.1 Hydrogels utilized in this thesis

Alginate, commonly known also as alginic acid or sodium alginate, is an anionic
polysaccharide found in the cell walls of brown seaweed and brown algae (Turksen,
2015). Alginate is a linear copolymer with homopolymeric blocks of α-L-guluronic
acid (G) and (1-4)-linked β-D-mannuronic acid (M) monomers (Chua & Yeong,
2014). M and G monomers can appear distributed in consecutive G-blocks, con-
secutive M-blocks and alternating M and G-blocks (figure 2.8). Alginate proper-
ties can differ from batch to batch, varying the quantity and distribution of each
monomer depending on the seaweed utilized and its specific conditions (age, origin
or species). Alginate has a great capacity to absorb water, capable of absorbing
300 times its weight (Turksen, 2015). It is a well-known material in regenerative
medicine applications, utilized due to its structural similarities to natural ECM,
good biocompatibility and the ease at which gelation is generated (D Augst et al.,
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2006). Alginate crosslinking is produced chemically when contacting ionic solu-
tions (Ca2+, Zn2+, Mn2+, Mg2+), forming a gel that remains stable under room
and physiological temperatures (Khalil & Sun, 2009). If utilized for bioprinting
applications, alginate rheological properties depend on the solution concentra-
tion (increasing the viscosity at higher concentrations), temperature (decreasing
viscosity at higher temperatures), molecular weight (increasing the viscosity for
higher molecular weights) and shear stress (decreasing viscosity at higher shear
rates) (Turksen, 2015). One of the most important limitations when using algi-
nate as a bioink is that the low viscosity of bioprinted solutions hinder the creation
of constructs with completely interconnected pores and enough thickness, as the
material will tend to spread when is deposited due to its own weight (Atala &
Yoo, 2015). This situation can be solved increasing the polymer concentration,
thus increasing the stiffness of the pre-gelled solution. However, an excessive me-
chanical strength of the pre-gelled solution is often undesirable, as it increases
the damage induced to printed cells by the high shear forces produced during
extrusion (Nair et al., 2009). Alternative methodologies to enhance shape fidelity
can be utilized in the bioprinting process through cross-linking processes. Algi-
nate bioinks can be printed directly on a CaCl2 bath to improve the structural
integrity of the resulting constructs (Rajaram et al., 2014). Another approach
consists in printing a pre-crosslinked alginate solution in CaCl2 and then enhance
the stability of the printed construct with a printing treatment of BaCl2 (Tabriz
et al., 2015). However, an excessive exposure time of cells to the cross-linking
agent can have a harmful effect on cell viability and affect the rheological proper-
ties of bioinks Cohen et al. (2011). An alternative crosslinking approach consists
of dispense the crosslinking agent during bioprinting using an aerosol-spraying
method, which permits a more homogeneous gelation of printed structures (Ahn
et al., 2012a).

Gelatin hydrogels are defined as protein-based polymers derived from
collagen through a partial hydrolysis process (Skardal & Atala, 2014). Gelatin
hydrogels have been widely utilized for TE applications since they have an almost
identical composition to collagen, the main component of natural ECM (Atala &
Yoo, 2015). Gelatin polymers are well-known for their thermoresponsive prop-
erties and their ability to form gel solutions at RT. Due to its thermoresponsive
behavior, gelatin transforms its physical network from coil to helix (or vice-versa)
during temperature changes in the solution (figure 2.9). If gelatin is cooled below
temperatures of 20 ºC to 25 ºC (depending on the concentration of the solution),
the protein coils of its internal network will start to form triple helices and a
more stable 3D network will be formed. On the contrary, when gelatin temper-
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Figure 2.8: a) Chemical structure of alginate (Chua & Yeong, 2014). b) Cross-linking process
of alginate with the binding process of monomers blocks.

ature is heated above 25 ºC to 30 ºC the opposite transition will occur (helix
to coil) and gelatin will transform from a gel to a liquid solution (Joly-Duhamel
et al., 2002). However, the liquid state of gelatin at temperatures above RT
limits its use in biomedical applications, where better stability and mechanical
properties are needed. For that reason, gelatin solutions often require an addi-
tional combination with other materials that enhance its stability and prevent
dissolution at physiological temperatures (Skardal & Atala, 2014). One of the
hydrogels most used to be combined with gelatin is alginate (Chung et al., 2013).
Gelatin-alginate blendings combine the thermoresponsive capacity of gelatin and
the cross-linking ability of alginate polymers. This combination allows to print
at temperatures close to RT with enough stability, and subsequently perform a
cross-linking that allows structural integrity at physiological temperatures. The
selection of the gelatin-alginate blending ratio will alter the rheological properties
of the bioink in the bioprinting process and the following cross-linking stability
of printed constructs (Panouille & Larreta-Garde, 2009). If the proportion of al-
ginate in the solution is increased, the bioprinting process tends to generate less
accurate and stable constructs due to bioink spreading. If an elevated amount of
gelatin is added, the viscosity of the solution is increased, hindering the bioprint-
ing extrusion process (Duan et al., 2013a). The blending ratio will also modify
the phase transition temperature of the solution, which will affect the selection
of the optimal bioprinting temperature and the final shape fidelity of the printed
construct (Zhao et al., 2015).
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Figure 2.9: Thermoresponsive behavior of gelatin solutions and its effect on coil-helix transi-
tions (adapted from (Jeong et al., 2012)).

Poloxamer 407, also known by the BASF trade name Pluronic F127, is a
synthetic hydrogel with thermo-sensitive properties in aqueous solutions. Polox-
amer is a triblock copolymer with the base molecular structure polyoxyethylene-
polyoxypropylene-polyoxyethylene (PEO–PPO–PEO). The gelation of poloxamer
solutions is produced due to changes in its micellar properties, which are produced
as a function of both temperature and concentration changes. If the temperature
is considered, the polymer becomes less-soluble when a threshold temperature is
reached, usually known as the critical micelle temperature (CMT). Depending on
the concentration utilized, this temperature usually stands somewhere between 22
ºC and 37 ºC (Atala & Yoo, 2015). The ability to have stable bioinks at physiolog-
ical temperatures just by changing its temperate is one of the main advantages of
poloxamer solutions. It represents a clear advantage if compared to other bioinks
that utilize more complex and time consuming crosslinking methods (i.e. chem-
ical, UV-light). Besides to the CMT, the critical micelle concentration (CMS)
represents the specific polymer concentration which above this value the polymer
molecules aggregate and form micelles (figure 2.10). Poloxamer 407 can form a
gel at physiological temperatures at concentrations between 15%-20% (Matthew
et al., 2002). Therefore, poloxamer concentrations above 15% are mostly utilized
in bioprinting applications. However, depending on the polymer concentration
utilized, viability and proliferation of encapsulated cells might be significantly
reduced due to the disruption of the cell membrane. Khattak et al. determined
that when low concentrations of poloxamer are utilized (0.1%–5% w/w), cells
can proliferate and maintain high viabilities (Khattak et al., 2005). However,
these low concentrations only permit to have solutions in a liquid state at phys-
iological temperatures. If higher concentrations are utilized, results showed a
significant decrease in cell viability for 10% and a complete cell death in 5 days
for 15%-20% concentrations. Despite the potential toxic effect of poloxamer, one
of its main advantages is the ability to create accurate structures with optimal
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shape fidelity and reduced swelling. Poloxamer has been utilized mainly in EBB
due to its high viscosity and shear-thinning behavior, which permits a fast gela-
tion right after extruded. Poloxamer has been proved as an efficient sacrificial
bioink in bioprinted structures. Chang et. all have utilized poloxamer to provide
structural integrity and generate temporary molds for lower viscosity materials
(Chang et al., 2011). Another interesting approach consists of printing sacrifi-
cial microchannels, which are subsequently washed away, generating perfusable
microfluidic networks (Kolesky et al., 2014, 2016; Wu et al., 2011).

T

T

Figure 2.10: Micellization process of P407 as a function of temperature changes.

2.3.2 Applications in EBB

Despite the remarkable properties of hydrogels and the large number of research
works related with bioprinting over the last years (including the development of
new biomaterials and bioprinting technologies), one of the main limitations in the
expansion of bioprinting technology is the lack of bioinks that mimics native tis-
sues and permits an easy printability. When hydrogels are utilized in bioprinting
processes, cells are encapsulated inside bioink solutions within strict conditions
to avoid cell damage. These conditions include the adjustment of bioinks pH, the
selection of a non-toxic environment, a limitation on the shear stresses generated
or the necessity to maintain processing temperatures below physiological values
to ensure optimal cell viabilities (Chung et al., 2013). Another relevant aspect to
consider is the maximum time that cells can be encapsulated inside the bioprinter
or the printhead recipient, which limits the time between bioinks are cell-loaded
and their final deposition.

Bioprinted constructs and bioinks utilized should permit three main ob-
jectives: (i) define a space that molds the regenerating tissue produced, (ii) pro-
vide a temporary substitution of tissue functions and (iii) permit a guide for
tissue ingrowth (Billiet et al., 2012). Ideal bioinks should mimic ECM properties
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and allow the secretion of the ECM generated by the bioprinted cells (Tibbitt &
Anseth, 2009). Besides, hydrogels utilized in bioprinting must support cellular
activity (e.g. cell proliferation, migration, and differentiation) without leading to
cell functional damage (Ning & Chen, 2017). Cell-laden printed bioinks tend to
degrade with time, especially if they are utilized in long-term transplantations or
other maturation processes. The degradation rate of each bioink should be cal-
culated for each application and desired tissue, as well as considering the correct
flow out of wastes generated. To that end, high porosity bioprinted constructs
are preferred to allow maximum interconnectivity for waste and nutrient flow
(Armstrong et al., 2016a). To maintain stable mechanical properties as degrada-
tion progresses, it is necessary that ECM secreted from cells inside the construct
gradually replace the lost biomaterial. To that end, hydrogels are expected to
be biocompatible with cells utilized and have sufficient mechanical stability to
not dissolve too quickly in cell culture media. Some hydrogels as poloxamer
P407 remains liquid at low temperatures and in a solid-gel state at physiological
temperatures. However, other thermoresponsive hydrogels as gelatin or agarose
show the opposite behavior, which undergo a fast dissolution when their external
conditions are close to physiological temperatures. Single polymer bioinks prop-
erties as print fidelity and mechanical stability are usually tailored and enhanced
by increasing polymer concentration or through a stronger crosslinking degree.
However, these methodologies are detrimental to the spread and migration of
encapsulated cells as porosity is reduced, and limit nutrient diffusion (Chimene
et al., 2016).

To increase bioink stability respect external conditions without affecting
cells viability, researchers try to find more stable and printable bioinks by mixing
different hydrogels, which generally offer better performance than using individual
polymers (Naahidi et al., 2017). Different formulations and blendings have been
investigated in the last years to generate multi-material bioinks that adapt more
specifically to each study and expand the range of possible applications. For
example, bioinks formed by pure gelatin offers a good printability at RT, however,
they are not stable at physiological temperatures due to its reversible sol-gel
transition properties, which hinders the control of mechanical properties and
shape fidelity. To overcome this limitation, gelatin bioinks can be blended with
alginate solutions, which permits to control the bioink strength through an ionic
cross-linking (Chung et al., 2013). We can find another example with the use
of gelatin methacrylate (GelMa), that is synthesized by adding methacrylate
groups to the amine-containing side groups of gelatin (Lin et al., 2013). The
presence of a photo-initiator provides researchers with the ability to generate
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stable bioprinted structures at body temperature in the presence of UV-light. It
also permits a finer tune of the mechanical properties of bioinks by modifying the
degree of photo-initiator and polymer concentrations, cross-linking time exposure
and UV intensity (Loessner et al., 2016). Other hydrogels, such as chitosan and
agarose, present slow gelation rates once printed, which results in spreading of
the printed construct as a consequence of standing their own weight. When
these bioinks are utilized it is necessary to prepare highly viscous solutions due
enhance their low mechanical properties, however, a high viscous polymer can
produce excessive shear stress during extrusion, resulting in lower cell viability
(Ozbolat & Hospodiuk, 2016). To enhance printability and mechanical stability of
chitosan bioinks at lower concentrations, it should be blended with other polymers
such as gelatin or alginate to improve gelation and final shape fidelity of printed
constructs (Yan et al., 2005; Ng et al., 2016). Agarose has not been so extended in
bioprinting as other natural hydrogels and it has been mostly used as a sacrificial
structure (Bertassoni et al., 2014a).

Rheological properties of bioinks must be considered in the bioprinting
process and will vary greatly depending on the polymers utilized and their con-
centrations. Hydrogel properties as viscosity play a crucial role in the success
of bioink deposition process. In contrast to other bioprinting technologies as
inkjet, EBB technology is capable of depositing high-viscous bioinks and produce
an accurate shape fidelity. After deposition occurs, printed geometries should
maintain their shape and not collapse under its own weight or successive layers.
An appropriate gelation process requires the deposition of bioinks in a controlled
manner and a subsequent solidification after deposition, which would permit to
have enough stability to avoid the collapse of the printed construct (Hölzl et al.,
2016). In EBB bioinks require flowing through the nozzle during extrusion and a
shear-thinning behavior is needed to prevent excessive shear stresses during extru-
sion which have a direct effect on cell damage. For example, fibrinogen hydrogels
are viscoelastic biomaterials, but unlike most of the polymers utilized in bioprint-
ing, they have a non-shear-thinning nature. This behavior implies a substantial
increase in the storage modulus (G´) when the material is deformed, represent-
ing a big challenge for being extruded through a nozzle (Hospodiuk et al., 2017).
Rheological measurements allow determining the suitability of each bioink to be
printed and provide a starting point to optimize the printing variables (Cheng
et al., 2008; Wu et al., 2011). However, although the rheological characterization
helps to select the appropriate bioink, there is a great number of variables on each
bioprinted process which are mutually dependent. These variables include noz-
zle shape, nozzle diameter, extrusion pressure, printing speed and temperature
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among others (Smith et al., 2007). Each of these parameters should be adjusted
for each bioink trying to find a compromise between printing resolution and cell
viability, and a trial and error approach is usually needed to determine the best
printing configurations.

Table 2.4: List of commercial available bioinks

Provider Bioink Composition Use
RegenHU ECM-BioinkTM Peptide nanofiber bioink Cell-laden bioink
RegenHU OsteoinkTM Calcium phosphate paste Bone, cartilage or

structural scaffolds
RegenHU StarkTM Not specified Fugitive support and

temporary scaffolds
Cellink Bioink Alginate and nano-cellulose Cell-laden bioink
Cellink Cellink A Algiante from brown algae Cell-laden bioink
Cellink PCL Polycaprolactone Structural and

mechanical support
Cellink GelMa Gelma methacrylate Cell-laden bioink
Cellink Pluronic Pluronic Fugitive support and

temporary scaffolds
Cellink Star Polyethylene oxide blend Support material
Biobots PCL Polycaprolactone Structural and

mechanical support
Biobots Pluronic Pluronic F127 Fugitive support and

temporary scaffolds
Biobots LifeInk® 200 Bovine type I collagen Designed for printing

with FRESH method
Biobots FRESH kit Gelain, alginate and collagen Kit for printing with

FRESH method
Bioink Solutions, Inc. Gel4Cell® Phtosensitive gelatin-based Cell-laden bioink
Bioink Solutions, Inc. Gel4Cell®-BMP Gel4Cell based Bone
Bioink Solutions, Inc. Gel4Cell®-VEGF Gel4Cell based Vascularization
Bioink Solutions, Inc. Gel4Cell®-TGF Gel4Cell based Cartilage
Envisiontec LT support RG Saccharide Sacrificial and support

material
Envisiontec HT support RG Sugar derivative Sacrificial and support

material
Envisiontec PCL 45K RG Polycaprolactone Structural and

mechanical support
Envisiontec Silicone TG Silicone Soft implants, wound

dressing, testing

Bioinks affordability and ease of manufacture also represent key aspects
to be considered. The range of prices of hydrogels can significantly vary from
one to another. Hydrogels like gelatin or alginate can be considered as affordable
biomaterials while using bioinks composed of materials like fibrin or Matrigel en-
tails higher costs. This aspect must be considered when selecting the appropriate
bioink for each application, including the degree of scalability and the number of
bioprinting tests needed. In spite of the budget limitations, most of the hydrogels
found in literature can be easily acquired through the usual commercial providers.
In most of the cases found in literature, the researcher is in charge of prepare and
process bioinks from the initial polymer form (generally powder). Bioink prepara-
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tion is another key point to be considered, as some hydrogels require preparation
processes more elaborated than others. Some bioinks as gelatin methacrylate
(GelMa) require a preparation much complex than others like Gelatin or Algi-
nate, where a strict and time-consuming protocol must be followed to succeed on
this task (Loessner et al., 2016). The commercial expansion of bioprinters has
also brought the commercialization of bioinks through bioprinters companies or
specialized providers (table 2.4). These companies offer a broad catalog of bioinks
that mimics ECM, including both synthetic and natural hydrogels, and others
utilized to generate sacrificial or support structures. The commercialization of
these products can speed and facilitate the production of bioinks by researchers.
However, rheological properties of this type of products usually are not available,
which hinder the selection of the bioprinting parameters and restricts the cus-
tomization of bioinks for each specific application. Another important drawback
is related to the final cost of the already prepared commercial bioinks, which
generally is much higher than if they are prepared by the researcher.
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Chapter 3

Experimental methods

3.1 Materials preparation

3.1.1 Poloxamer P407

Poloxamer 407 (Pluronic® F127; Sigma-Aldrich) was prepared by weighing the
quantity of polymer required and mixing in cold Milli-Q water at 4 ºC. Poloxamer
407 powder was added gradually to Milli-Q water to facilitate the dilution and
stirred vigorously for 3h using a magnetic stirrer. Once the solution was homoge-
nized, it was centrifuged and stored overnight at 4 ºC to remove air bubbles. If a
high concentration of poloxamer is prepared (i.e. 40 % w/v), a more exhaustive
centrifuged will be required. Poloxamer 407 prepared solutions were stored at 4
ºC until further use.

3.1.2 Gelatin-Alginate

Gelatin and alginate were prepared both separately and afterward blended to-
gether. Gelatin from porcine skin (type A; 300 bloom; G1890, Sigma-Aldrich)
was dissolved in phosphate buffered saline PBS (1×Dulbecco’s PBS Ca- Mg-;
ph=7.4) at different concentrations (10 wt % and 5 wt %). Sodium alginate
(low-viscosity from brown algae; A0682, Sigma-Aldrich) was dissolved in phos-
phate buffered saline (PBS) (1×Dulbecco’s PBS Ca- Mg-; ph=7.4) at different
concentrations (4 wt %, 2 wt % and 1 wt %). Both gelatin-alginate solutions
were blended using a vortex, centrifuged at 1000 rpm for 1 min to remove air
bubbles and its pH was adjusted to 7.2-7.4 (table 3.1). Solutions were sterilized
by autoclave at 120 ºC for 20 min, stored at 4 ºC, and prior use heated at 37 ºC
more than 30 min in a water bath. Gel-Alg printed constructs were crosslinked
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in 3 wt% calcium chloride (CaCl2; Wako) for 6 min and then washed three times
with phosphate buffer (PBS) and replaced with growth medium.

Table 3.1: Bioinks solutions and blendings utilized in this research

Final solution Blending Ratio
Gel5% 20% w/v gelatin and PBS 1:2
Gel10% 20% w/v gelatin and PBS 1:1
Gel10%+Alg2% 20% w/v gelatin and 4% w/v alginate 1:1
Gel10%+Alg1% 20% w/v gelatin, 4% w/v alginate and PBS 1:1:1
Gel5%+Alg2% 10% w/v gelatin and 4% w/v alginate 1:1
P407 40% - -

3.1.3 Polycaprolactone

Polycaprolactone (PCL, CAPA 6400; Perstorp, Sweden) with a mean molecular
weight of 37 kDa was used as received from Perstorp Holding AB as the base
polymer biomaterial for the scaffolds. The PCL has a melting point of 59 °C, and
a melt flow index of 70.8 - 27 g / 10 min-1 according to provider´s reports.

3.2 Hydrogels rheological measurements

3.2.1 Equipment utilized and samples preparation

Rheological properties of Gel and Gel-Alg hydrogels at various concentrations
were measured using a rotational controlled stress rheometer (AR-G2; TA In-
struments) (figure 3.1). A 20 mm plate-plate configuration and a temperature
controlled Peltier plate were utilized in all test performed. When a parallel plate
configuration is utilized, one of the two plates remains stationary (lower plate)
while the other plate rotates (upper plate).

The sample volume loaded in the rheometer lower plate depends on to
the gap utilized, the plate diameter and plate geometry utilized for each experi-
ment. A final gap of 500 μm selected, and the plate diameter and geometry was
kept constant for all the experiments. Each hydrogel sample was loaded using
a disposable 1 mL syringe (Terumo) and a metallic needle (18G; ID: 838 μm).
Prior to loading the hydrogel sample, the hydrogel was kept at 37 ºC on a water
bath and the temperature of the Peltier plate was set to 37 ºC to prevent the
gelation of the sample and facilitate the preparation of the experiment. Once
the hydrogel was loaded into the center of the plate, the 20 mm upper plate was
lowered until contacting the hydrogel surface. For a 200 μm sample, the upper
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Figure 3.1: Rheometer AR-G2 utilized in this research.

plate usually touched the sample within a gap around 1200 μm to 1500 μm. Then
the gap was progressively reduced to 1000 μm and finally to 500 μm to facilitate
an appropriate spreading across the entire plate surface. When the final gap was
achieved, it was necessary to check that the sample entirely filled the perimeter
of the plate, removing the excess of material with a thin napkin or a right edged
tool. When cone and plate geometries are utilized, it is recommended to load
some extra material larger than required (overfilled state) and then trim the ex-
cess of material to achieve a correct filling of the gap (figure 3.2). A solvent trap
was utilized in all the tests performed to minimize sample dehydration during the
experiment.

a b c

Figure 3.2: Rheometer gap filling using a parallel plate head. (a) Correct-filling. (b) Over-
filling. (c) Under-filling.

3.2.2 Determination of hydrogels phase transition

Gel and Gel-Alg hydrogels changes from liquid to gel states are performed within
the liquid-gel transition process, with the critical transition point as the gelation
point. The gelation point can be determined rheologically through the oscillatory
temperature sweep test. In this experiment, results were plotted in storage (G´)
and loss modulus (G´´) over temperature (ºC) graphs. The critical point or
gelation temperature of each material was determined when G´ and G´´ curves
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intersect in the graph. The oscillatory temperature sweep test performed began
with a temperature equilibrium time of 5 min and a temperature of 5 ºC (which
must be equal to the starting temperature utilized in the test). Both parameters
were configured in an initial conditioning step, to make sure that the isothermal
conditions had been fulfilled when the measurements started to be recorded.

Tests were performed over a range of temperatures that varied from a
starting temperature of 5 ºC to an end temperature of 45 ºC (table 3.2). An incre-
ment of 1 ºC was utilized for each time step, with an equilibration time of 1 min.
Therefore, the total time needed to perform the complete test was 45 minutes,
including the initial conditioning step. Temperature changes were performed in-
creasing the temperature (from cold to heat) to prevent faster evaporation of the
sample during the experiment, which would result in measurement errors due to
an under-filling of the gap. If the end temperatures chosen for the experiment are
higher than 45 ºC, a higher temperature change rate should be utilized to prevent
evaporation of the sample. Storage modulus (G´) and loss modulus (G´´) were
measured using a constant frequency of 1 Hz and an oscillatory strain of 1 %.
These conditions were previously checked to stand within the linear viscoelastic
region (LVR).

Table 3.2: Oscillatory temperature sweep test configuration

Oscillatory Temperature Sweep

Temperature sweep (ºC) 5-45
Temperature increment (ºC) 1
Equilibration time (hh:mm:ss) 0:01:00
% Strain 1
Frequency (Hz) 1

Conditioning Step

Initial temperature (ºC) 5
Equilibration time (hh:mm:ss) 0:05:00

3.2.3 Determination of time dependence in hydrogels rheology

The oscillatory time sweep test allows determining how the material properties
change over a specific time interval. This type of experiment is important when
using materials such as polymers, which undergo an internal structural rearrange-
ment over time that changes their rheological properties. In this experiment,
storage (G´) and loss modulus (G´´) were measured and plotted against time.
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The determination of the time dependence rheological properties of hydrogels re-
sults of vital importance in the bioprinting process. Once bioinks are loaded in a
printing syringe and set to the specific bioprinting temperature, the rheological
properties of the material loaded will need some time to remain stable. Or put
it in another way, a bioink will not be printed in the same way if it is printed
right after changing its temperature or if we wait for some time until is internal
structure is more stable (i.e. 30 min).

Table 3.3: Oscillatory time sweep test configuration

Oscillatory Time Sweep

Duration (hh:mm:ss) 0:30:00
Delay time (hh:mm:ss) 0:00:05
Temperature (ºC) 10-15-20
Strain (%) 0.1
Frequency (Hz) 1

Conditioning Step

Initial temperature (ºC) 10-15-20
Equilibration time (hh:mm:ss) 0:00:00

In the oscillatory time sweep tests performed, the temperature was main-
tained constant during each test. Different experiments were performed at con-
stant temperatures of 10 ºC, 15 ºC and 20 ºC (table 3.3). The oscillation pro-
cedure utilized did not require a conditioning step because we were interested
in knowing the hydrogel rheological behavior without any previous equilibration
time. A constant strain of 0.1 % and a frequency of 1 Hz were selected and kept
constant. The duration time for all the experiments was set to 30 min and the
delay time chosen to apply the specified amplitude and frequency prior to data
collection was 5 seconds.

3.2.4 Determination of hydrogels viscosity

One of the procedures to measure the viscosity of a non-Newtonian sample at
a constant temperature is to perform a steady state flow test. When testing
these type of materials, both the measuring instrument and the sample utilized
need sometime to reach constant conditions. In other words, it is necessary
to wait some time before measured values are recorded until the whole system
is in equilibrium and has reached a steady state flow (figure 3.3). After that,
the stress or shear rate is increased logarithmically and the process is repeated
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Figure 3.3: Steady state flow test performed to obtain viscosity measurements of hydrogels.
Successive shear rate values are applied, where viscosity measurements are ob-
tained when equilibrium is reached. Each step generates one measurement for the
final viscosity vs shear rate graph.

yielding the viscosity or flow curve. When polymers as hydrogels are analyzed,
the viscosity function is usually shown as a function of the shear rate. Viscosity
depends on many factors including shear gradient, time, temperature, density
and molecular weight; therefore it is advisable to maintain as many constant
conditions as possible when it is measured.

In this experiment, a steady-state flow test was performed to analyze
the viscosity of hydrogels. Results were plotted in viscosity (Pa s) over shear-
rate ( s-1) graphs. Viscosity measurements were performed under continuous flow
steady state conditions. Shear rate was selected as the control variable, changing
logarithmically from 0.01 s-1 to 200 s-1(table 3.4). The temperature was kept
constant during all the test using values of 10 ºC, 15 ºC and 20 ºC. During the
test, the dependent variable (torque if the controlled shear rate mode is used
and speed for the controlled stress mode) was monitored over time to decide
when the stability had been reached (figure 3.3). An average value was then
recorded during the sample period of 10 s and when this value remained within
the tolerances imposed the data was considered valid. If those tolerances had not
been reached, the software recorded the value at the end of the maximum point
time (1 min).
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Table 3.4: Viscosity test configuration

Viscosity

Shear Rate (s-1) 0.01-200
Mode log
Points per decade 10
Temperature (ºC) 20
Sample period (hh:mm:ss) 0:00:10
Percentage tolerance 5
Consecutive within tolerance 3
Maximum point time (hh:mm:s) 0:01:00

Conditioning Step

Initial temperature (ºC) 5-20
Equilibration time (hh:mm:ss) 0:05:00

3.3 3D bioprinter sterilization

The sterilization of the bioprinters (or a modified desktop 3D printers) here uti-
lized consisted in disassembling all the printer components, sterilize each of them
separately and then reassemble them inside a sterile environment. However, de-
pending on the 3D printer utilized, not always is possible to disassemble and
reassemble all its components in an easy way. In that case, it is important to
clean carefully all its components with particular attention to all those parts that
are going to be close or in direct contact with the cells utilized. These critical
parts include 3D printer components as the printing surface in which bioinks are
deposited, the printhead and all the components of the xy axes of the printer. It
is important to carefully follow the procedure here described, due to desktop 3D
printers utilized were not thought initially to be used as bioprinters and follow a
sterilization process.

Prior to introducing the 3D bioprinter in the sterile hood, it is necessary
to soak all its components by hand. The soaking bath utilized was a mixture of
detergent (7x - Decon), bleach (sodium hypo chlorite 5000 ppm) and tap water.
Once all the components were brushed, they were rinsed thoroughly in 5 complete
changes of tap water followed by 3 changes of Milli-Q water. The addition of Milli-
Q water ensured that there were no left-over salts in the components cleaned.
After rinsing thoroughly, all the components were collected in a clean drying
basket. When all the components were dried, all the equipment surfaces were
wiped down with disinfectant (70 % ethanol). Finally, all the elements were
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placed in a laminar flow hood with the blower turned on and irradiated with UV
light overnight. It is important to place the critical components of the printer
visible to the UV light without creating shadows.

Small components such as syringe barrels or nozzles can be sterilized
using an autoclave. However, not all the printers/printheads components can be
autoclaved because they would melt. In that case, the sterilization procedure
here described should be utilized.

3.4 3D printer slicing setup for FFF materials

Some of the components utilized for the creation of the bioprinters components
and the printheads were generated using FFF technology. Materials utilized
in this study were acrylonitrile butadiene styrene (ABS) (ABSTech; FFFworld),
polylactic acid (PLA) (PLATech; FFFworld) and polycarbonate (PC) (Ultimaker
PC; Ultimaker) (table 3.5). These materials are thermoplastics with different
glass transition temperatures that will affect their final use. Above the glass
transition temperature and below its melting point, 3D printed materials will
remain in a solid state, but their mechanical properties will change significantly.
Glass transition temperatures are also related with the heat deflection temper-
ature (HDT), which is the temperature at which a material deforms under a
specific load. HDTs of ABS, PLA and PC utilized were 88 ºC, 70 ºC and 110
ºC, respectively. Values that restrict the maximum temperature that the 3D
printers components can achieve without any deformation. Printing settings and
properties of ABS, PLA and PC filaments utilized are detailed in the following
table:

Table 3.5: Properties of ABS, PLA and PC filaments utilized.

Feature ABS PLA PC

Printing temperature (ºC) 240 -245 190 - 210 265
Build plate temperature (ºC) 80 - 100 20 - 60 110
Density (g/cm3) 1.05 1.24 -
Heat deflection temperature (HDP) (ºC) 88 70 110
Melting temperature (ºC) 200 160 -
Decomposition temperature (ºC) >260 >235 -

Prusa i3 (Prusa Research), BCN3D Sigma (BCN3D Technologies) and
Ultimaker 3(Ultimaker) desktop 3D printers were utilized to 3D print the com-
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ponents needed for this research. Prusa i3 hotend was designed to use filament
diameters of 1.75 mm, while Sigma and Ultimaker utilized a 3 mm diameter.
These printers are able to print ABS, PLA and PC with similar levels of accu-
racy using a 0.4 mm diameter nozzle. Open-source Cura software (Ultimaker)
was used to slice the STL files, create the G-code and configure the printing
settings.

3.5 Cell culture

Human adipose derived mesenchymal stem cells (hASCs) were isolated from
lipoaspiration procedures from healthy donors, aged between 18 and 35, follow-
ing written informed consent and Research Ethical Board approval by Clinica
Isabel Moreno and Fundación Hospital General, Valencia, Spain. Donors were
previously screened for Human Immunodeficiency Virus (HIV), hepatitis C and
other infectious diseases. hASC were expanded following the protocol described
by Escobedo-Lucea et al. 2013 (Escobedo-Lucea et al., 2013) and harvested with
Tryple® (Invitrogen) at 80 % confluence. Their undifferentiated stem cell profile
was assessed by flow cytometry at the starting of the experiments. Cells were
positive for CD90, CD73, CD29, CD105, CD146 and CD166 and negative for
CD34 and CD45 (data not shown).

3.6 Live/dead assay and cell counting

Cell viability of the printed constructs was analyzed by means of live/dead assay
(R37601; Life Technologies) according to manufacturer’s instructions. Briefly, the
live green vial (A) (Calcium-AM; 0.5 l/mL) was transferred into the dead red vial
(B) (ethilium homodimer; 2 l/mL) and mixed to prepare a homogeneous 2x stock.
This 2x stock must be used within 2 h after preparation. Once green and red vials
were mixed, it was added the same volume of culture media. Once the printed
samples were crosslinked and washed in PBS three times, bioprinted samples
were stained and incubated for 15 min at RT. Fluorescence images of bioprinted
samples were captured 1 h and 24 h after printing under a laser scanning confocal
microscope (Olympus FV1200, Japan). Three independent samples were utilized
for the assay (n=3), with seven stack images (10 layers) per each sample. Each
stack image was obtained at different Z-heights, but maintaining the same x-
y plane. Fluorescent images were stacked and adjusted the intensity of both
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channels (green and red) using the confocal image acquisition software FV10-
ASW 4.2 (Olympus; Japan).

Once the images were edited using the microscope software, the number
of live and dead cells was counted using the open-source image processing software
ImageJ (Rasband, 2018) (figure 3.4). The first step consisted of performing a
spatial calibration of the image loaded, to be able to measure distances and areas
on it. To that end, already known values as the distance in pixels, the known
distance of the image and the unit of length were introduced in the “Set Scale”
dialog box (Analyze –> Set Scale) (figure 3.5). The global checkbox should be
checked to apply this configuration to all the opened images. The unit of length
utilized was in μm.

a b c

d e f

Figure 3.4: Live and dead fluorescent images imported in ImageJ (a) with the split images in
green (b) and red (c). Binary image of the split green channel before (d) and after
the smoothing process (e). Image including the numbering of all the living cells
when the “Analyze particle” feature is utilized (f).

As the microscope images were loaded with both red and green colors
together, it was necessary to split both channels into two different images (Im-
age –> Color –> Split channel). Both images were then processed as binary
images (cells were colored in black and background in white) (Process –> Binary
–> Make Binary) and applied a smooth process three or four times (Process –>
Smooth). The threshold of the image was modified (Image –> Adjust –> Thresh-
old) to remove the noise and reduce the small particles not considered as cells
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and linked cells were split using the “Watershed” option (Process –> Binary –>
Watershed).

Figure 3.5: Setting image scale on ImageJ.

Finally, cells were counted automatically using the “Analyze Particles”
feature (Analyze –> Analyze Particles) and data were exported to an Excel file.
To get further information from the image beside the area, additional features
were checked and exported (Analyze –> Set Measurements), including informa-
tion as the perimeter, x-y coordinates or image file name among others.

3.7 Measurements of printed models

Printing accuracy was assessed by means of the measurement of characteristic
distances in printed calibration models. Measured distances were compared with
the theoretical values, obtaining the dimensional errors for each 3D printer and
printed geometry. Printed models were photographed right after the printing
process to prevent drying of the samples and potential deformations. Pictures
of printed samples and videos of the printing process were taken using a DSLR
camera (EOS 700D; Canon), placed on a stable tripod and under controlled
lighting conditions. Images of printed samples’ heights were taken using a USB
microscope camera (KKmoon 500; Digital microscope, China).

Images were analyzed and measured using ImageJ open-source software.
To that end, it was necessary to set the image scale on ImageJ to convert the
measurements from pixels to units like mm or μm. To that end, a scale bar was
placed close to the photographed printed sample and once the image was imported
into ImageJ drag out a line across the scale bar; after that, the “Set Scale” dialog
box was configured (as already described in the previous section). If the sample
was slightly rotated and its straight lines were not aligned with the horizontal
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and vertical axis, a rotation of the image was performed using the “Rotate”
feature (Image –> Transform –> Rotate). To measure the specific distances of
each printed samples, different lines were drawn covering those distances and
after that selecting the “Measure” option (Analyze –> Measure). The measuring
parameters of interest were selected in the “Set Measurements” window (Analyze
–> Set Measurements) (figure 3.6).

Figure 3.6: Measuring characteristic distances of calibration models on ImageJ.



Chapter 4

Development of open-source EBB printheads

Temperature control during bioprinting is essential to adjust the rheological prop-
erties of biomaterials and assure an optimal printability and cell viability. In
addition to the temperature control, an accurate adjustment of printing pressure
is critical to control the deposition rates of bioinks, especially in the case of ther-
moreversible hydrogels such as gelatin or collagen. Among all the aforementioned
bioprinting printheads in chapter 2, there is a lack of open-source printheads in-
corporating a precise temperature adjustment of bioinks in both heating and
cooling modes, which significantly reduces the range of bioinks to be printed.
Besides, most of the open-source printheads have traditionally been based on
mechanical systems where printing pressure cannot be precisely tailored for each
bioink, while pneumatic systems permit a more accurate control of the pressure.
It is therefore desirable to develop printheads with an improved control over the
main bioprinting parameters and easily exportable to different 3D printers, to
provide more versatile bioprinting systems.

In this chapter, three open-source microextrusion-based pneumatic print-
heads are presented. Two of these printheads (PH and PHR) were designed to
deposit biomaterials within a temperature range from 1 ºC to 60 ºC. Both PH
and PHR printheads have similar components and assembly steps, however, PHR
was conceived as a later version of PH printhead with reduced dimensions. The
reduced size of PHR permitted an easier integration of this printhead in multi-
material bioprinting platforms. Both printheads were utilized to print biomateri-
als such as Gel-Alg and P407. The third printhead was designed to print polymers
with higher melting points and is able to heat biomaterials at temperatures up
to 140 ºC. This high-temperature printhead was utilized to print PCL scaffolds
at different temperatures.
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4.1 PH and PHR printheads

4.1.1 Design and fabrication

PH and PHR printheads design allows heating and cooling bioinks, having an
operating temperature range from 1 ºC to 60 ºC. Both PH and PHR printheads
can be mounted on most of the desktop 3D printers, with an almost negligible
cost (70 USD). PH and PHR printheads have a similar design, being the PHR
a reduced version of the PH printhead. The design of the PHR printhead was
motivated by its use in a multi-material bioprinting approach. When multiple PH
were attached to the x-carriage, the large dimensions of these printheads limited
the available bioprinting area in the x-y plane. Therefore, a more reduced version
of this printhead was designed with overall smaller dimensions, but limiting its use
to 3 mL and 5 mL syringe barrels, as the 10 mL syringe had greater dimensions.

The modular design of both printheads permits the use of syringes of
different volumes (figure 4.1). PH printhead enables the use of 3 mL, 5 mL and
10 mL syringe sizes, whereas PHR printhead permits the use of 3 mL and 5 mL
syringes. Both printheads are broadly adaptable to the x-carriage of most of the
open-source desktop 3D printers.

The working principle for both PH and PHR printheads is the same
and a schematic representation is depicted in figure 4.2. Briefly, the syringe is
surrounded by an aluminum (Al) block, which is customized for each syringe
size to fit its particular shape and diameter (figure 4.4). Two Peltier modules
(TES1-12704; Hebei I.T.) in contact with the Al block control the heating/cooling
operations of the printhead. Technical specifications of Peltier modules utilized
are detailed in table 4.1. Each Peltier module has the other side in contact with
an Al plate, which is in contact with two heatsinks to exchange heat with the
environment. The Al plate placed between the Peltier modules and the heatsinks
was utilized for facilitating heatsink placement. Peltier modules were connected
in series to the 3D printer electronic board following the wiring diagram detailed
in chapter 5. Heatsinks and Peltier are braced to the carcass of the printhead
using two 3D printed clamps. The 3D printed clamps are screwed to the M3 brass
inserts placed in the front of the carcass using four M3x25 mm screws.

Two EPCOS 100K (B57540G0104J; EPCOS, Spain) thermistors placed
inside the Al block and a heatsink were used to measure the printhead tempera-
tures. The printing pressure was controlled pneumatically using a 12 Vdc solenoid
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3 mL

5 mL

10 mL

Figure 4.1: Schematic representation of the modular design of the PH printhead. Syringes of
3 mL, 5 mL and 10 mL can be exchanged using the same printhead.

valve (VT307-6DZ1-01F-Q; SMC) connected to the 3D printer electronic board
and a pressure regulator (ARP20K-N01BG-1Z; SMC). Syringe barrels, pistons
and syringe adapters (Nordson EFD) of three different sizes (3 mL, 5 mL, 10
mL) can be used in the PH printhead by changing the Al block. PHR printhead
permits the use of 3 mL and 5 mL syringes. Nordson syringes were fixed in the
printhead using a 3D printed syringe cover, which was screwed to the M3 inserts
placed in the upper part of the printhead carcass. The complete list of materials,
providers and approximate cost for both PH and PHR printheads is summarized
in tables A.1 and A.2. The 3D printed parts utilized can be printed on any desk-
top 3D printer and their cost was calculated multiplying their weight by the cost
of the ABS filament per kg (~20 USD/kg). The rest of printhead mechanical
components are widely available through online providers. Figure 4.3 depicts a
general exploded view of all the components utilized in the assembly of PH and
PHR printheads. The complete bill of materials of both printheads is detailed in
tables A.1 and A.2.

Heatsinks and fans utilized were different for PH and PHR printheads.
Both heatsinks and fans utilized in the PH printhead (FANP1003LD; StarTech.com)
were purchased jointly and already pre-assembled. Both components had overall



60 Chapter 4. Development of open-source EBB printheads

Cool air

Cool air

Heat sink Hot air

Aluminum 
Block

Syringe

Nozzle

Fan

Hot air

Hot air

Pressure

Peltier modules

Heat 

dissipation

Cooling

Cooling

Figure 4.2: Schematic representation of the operating principle of PH and PHR printheads in
cooling mode with a 3 mL syringe loaded in the Al block.

dimensions of 50x50x41 mm, a thermal resistance of 0.998 ºC/W and an air flow
rate of 8.84 CFM (cubic feet per minute). The heatsink (750-0951; RSOnline)
and fan (111-8315; RSOnline) utilized in the PHR printhead were purchased sep-
arately and later assembled. The heatsink had overall dimensions of 40x40x18
mm and a thermal resistance of 5.1 ºC/W (forced). The axial fan utilized had
overall dimensions of 40x40x10 mm and an air flow rate of 9.9 CFM. The axial
fans of both printheads required an input power of 12Vdc and were connected to
the 3D printer power supply. The heatsinks of both printheads were attached to
the Al plate using thermally conductive adhesive foil.

Table 4.1: Performance specifications of TES1-12704 Peltier modules

Hot side temperature (ºC) 25 50
Qmax (W) 34 37
Delta Tmax (ºC) 66 75
Imax (A) 3.3 3.3
Vmax (V) 14 16.1
Module resistance (Ω) 3.1 3.6

Printhead Al syringe blocks and plates were fabricated using an A6061
alloy. Two Al plates were utilized for the PH and PHR printheads, with di-
mensions of 100x50x3 mm and 80x40x3 mm respectively. Two initial Al blocks
(A6061FNM-110-100-35 and A6061FNM-250-250-3; Misumi) were purchased and
subsequently divided in smaller pieces for the manufacturing of the syringe blocks
and plates. Syringe blocks dimensions were cut according to the dimensions of
each syringe size and printhead (table 4.2). The diameter of the hole of the Al
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Figure 4.3: Exploded and assembled views of all the components that composed the (a) PH
and (b) PHR printheads.

blocks was designed to fit the outer diameter of the Nordson syringes (figures A.3
and A.4).

Table 4.2: Al blocks characteristics utilized in PH and PHR printheads

3 ml 5 ml 10 ml
PH PHR PH PHR PH PHR

Side (mm) 35 30 35 30 35 -
Height (mm) 66 66 61 61 83 -
Hole diameter (mm) 11.5 11.5 14.6 14.6 18.7 -
Volume (cm3) 73.99 52.54 64.51 44.69 78.88 -
Weight (g) 199.78 141.87 174.18 120.65 212.97 -
Contact surface (cm2) 23.84 23.84 27.97 27.97 48.76 -

Printhead components were designed using a 3D modeling software (Solid-
Works; Dassault Systems) and exported as stereolithography (STL) files for 3D
printing (figures A.1 and A.2). All the printhead STL files are available at the
online NIH repository (TELab, 2018). PH and PHR printhead designs have been
distributed under the terms of a Creative Commons Attribution-NonCommercial-
ShareAlike (CC BY-NC-SA) license. This type of license permits to share, copy
and redistribute the printhead designs in any medium or format providing the
appropriate credit to the author. These designs cannot be used for commercial
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Figure 4.4: Al blocks utilized in the PH printhead for the 10 mL, 5 mL, and 3 mL syringe
sizes (from left to right).

purposes and all the modifications performed to the printheads must be dis-
tributed under the same license as the original.

The PH printhead was designed to use three different syringes sizes (3
mL, 5 mL and 10 mL) with the same components. Since the height and diameter
were different for each syringe size, it was necessary to adjust the Al blocks and
syringe covers to fit the dimensions of each syringe. We can observe from figure
4.5 that the same printhead components were utilized for the three syringe sizes
(fans, heatsinks, heatsink clamps, Peltier, Al plate and carcass) and only two
components varied (Al block and syringe cover). The overall dimensions of the
PH carcass and Al block section (35x35 mm) were calculated to fit the 10 mL
syringe (syringe with the biggest dimensions of the three proposed). The syringe
covers were designed to prevent any vertical and rotational movement of the
syringes during printing. To that end, the syringe cover length was designed to
ensure the syringe to the upper part of the Al block and lateral walls fitted to
the shape of the syringe adapter. The PH printhead is attached to the x-carriage
of the 3D printer using three screws placed in the back of the carcass.

The PHR can be considered as a reduced version of the PH printhead.
From the original dimensions of the PH printhead (70x115x91.9 mm), we can
observe a reduction of 10 mm, 21 mm and 21.2 mm (width, height and depth) in
the PHR printhead (figure 4.6). To reduce the overall printhead dimensions, it
was necessary to remove the possibility of using the 10 mL syringe (figure 4.5).
By removing the 10 mL syringe, it permitted the design of a smaller Al block and
carcass. The overall dimensions of the Al plate, heatsinks and fans utilized were
also smaller than the PH printhead, permitting a reduction of 13 mm in depth.
The PHR printhead can be attached to the x-carriage of the 3D printer using the
same system as the PH printhead or using four screws placed on both sides of
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Figure 4.5: Section view of the PH and PHR printheads with the 10 mL, 5 mL and 3mL
syringes loaded.

the carcass. The use of the outer holes permits an easier and faster attachment
system if compared to the one utilized in the PH printhead.

4.1.2 Assembly

Although the components utilized in PH and PHR printheads are not exactly
the same, the steps required for the assembly of both printheads are identical
and described below. The assembly process does not require any expertise on
engineering concepts and can be completed in a few minutes. For a better un-
derstanding of components placement, the reader is referred to figures 4.3 and
4.8.

The first part of the assembly requires to stick the Al plate to the
heatsinks using thermally conductive adhesive foil. Likewise, the Peltier mod-
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PH

PHR

Figure 4.6: Overall dimensions of PH and PHR printheads.

ules are stuck to the Al plate using the same adhesive foil. Then, the heatsink
clamps are placed inside the heatsinks and the axial fans are attach to the latter
using the M3x10 mm screws (figure 4.8a). Six M3 brass inserts are introduced
into the printhead carcass (four in the front part and two in the upper part). In-
serts can be placed applying hand-pressure or using a soldering iron for a better
adjustment. Then, the Al syringe block is placed inside the printhead carcass and
fixed using the already assembled Peltier-heatsink module, which is attached to
the carcass using the heatsink clamps and four M3x25 mm screws (figure 4.8b).
These screws should be fasten until both Peltier modules make full contact with
the Al block. Once all printhead components are assembled, the Peltiers and fans
wires are introduced through the side holes of the carcass and connected to the 3D
printer electronics (figure 4.8c). Prior to load a syringe barrel into the printhead,
it will be necessary to attach the syringe adapter and screw the syringe cover to
the upper part of the carcass using two M3x10 mm screws (figure 4.8d-f).
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Figure 4.7: General view of the main parts that compose the PH printhead.

a b c

d e f

Figure 4.8: Printheads assembly steps for the PH printhead and a 3 mL syringe.

4.1.3 Thermal performance

Precise and stable temperature control is essential for maintaining high cell vi-
ability when depositing thermoreversible bioinks with resolutions well within a
few hundreds of microns range. We evaluated the temperature variation of PH
and PHR printheads as a dynamic response to different heating and cooling cy-
cles. Two heating and cooling cycles were performed starting from an initial
temperature of 22 ºC to target temperatures of 37 ºC and 5 ºC. Temperature
measurements were obtained using two thermistors located inside the Al block
(T0) and the heatsinks (T1).
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Table 4.3: Operating temperatures limits of the PH and PHR printheads. The minimum tem-
perature is limited by the cooling capacity of the Peltier units and the maximum
temperature established for the safety of the device.

3 mL 5 mL 10 mL
PH PHR PH PHR PH PHR

Cooling Temperature (ºC) 3.86 1.6 2.86 1.9 4.4 -
Time (min) 15 8.83 15 13.5 18 -

Heating Temperature (ºC) 60 60 60 60 60 -
Time (min) 6.05 4.75 4.36 3.5 6.11 -

Operating printhead temperatures, stability and heating/cooling times
for the proposed printheads were assessed considering different syringe sizes (3
mL, 5mL and 10 mL for PH; 3 mL and 5mL for PHR ). Syringes were filled with
water to simulate the presence of a bioink inside the printhead. The maximum
and minimum working temperatures of both PH and PHR printheads define their
limitations under different heating/cooling conditions (table 4.3). When heating
hydrogels, the Al block of both printheads can rapidly reach values up to 80 ºC.
However, we limited the temperature to 60 ºC to avoid deformation of either the
printhead carcass or the polypropylene syringe barrels.
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Figure 4.9: Temperature evolution of PH printhead measured inside the Al block (thermistor
T0) and the heatsinks (thermistor T1) when increasing the temperature from 22
ºC to 37 ºC (a) and decreasing the temperature from 22 ºC to 5 ºC (b). The data
represent means and standard deviations of three experiments (n=3).

When using the PH printhead, heating the Al block from 22 ºC to a
target temperature of 37 ºC did not last more than 2 min (figure 4.9a) with
the heatsink temperature only decreasing 6 ºC. On the other hand, a cooling
down from 22 ºC to 5 ºC (figure 4.9b) spent much more time (around 13 min)
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Figure 4.10: Temperature evolution of PHR printhead measured inside the Al block (thermis-
tor T0) and the heatsinks (thermistor T1) when increasing the temperature from
22 ºC to 37 ºC (a) and decreasing the temperature from 22 ºC to 5 ºC (b). The
data represent means and standard deviations of three experiments (n=3).

with the temperature of the heatsinks never exceeding 32 ºC. Importantly, the
steady-state temperatures did not show a maximum variation higher than ±0.3
ºC, which could be considered an acceptable margin of error in bioprinting. The
maximum time required for heating any of the Al blocks from 22 ºC to 60 ºC
took around 6 min (table 4.3). On the other hand, the minimum temperature
measured for all the syringe sizes when cooling down gels was between 2 to 4
ºC. The average time spent in this operation was less than 18 min. Temperature
and time variations between the different syringe sizes were almost negligible,
which denotes an appropriate design of the Al block, and selection of the Peltier
modules.

Response times of PHR printhead were also analyzed for specific target
temperatures (figure 4.10). When the 5 mL syringe was installed, it showed a
better response times than the 3 mL syringe in the cooling cycles (3 mL: 4.75
min; 5 mL: 3.5 min) (figure 4.10b). On the other hand, the 3 mL module showed
better capabilities in heating mode than the 5 mL (3 mL: 4.75 min; 5 mL: 3.5
min) (figure 4.10a). Despite these differences, similar maximum and minimum
temperatures were reached for both syringe sizes (table 4.3).

Printhead thermal experiments revealed minor differences between heat-
ing/cooling response times among different syringes. However, aspects like bioink
volume, the thermal conductivity of syringe walls or the existence of air gaps be-
tween the syringe and the Al block may alter significantly the final performance
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of the printhead. These aspects could increase the time needed to reach certain
bioink temperatures and should be taken into account. We can also observe an
overall better thermal performance of PHR printhead in both cooling/heating
modes with faster response times and the ability to reach lower minimum tem-
peratures (table 4.3). Therefore, the use of PHR printhead is recommended when
syringe volumes of 3 mL and 5 mL are utilized, and the PH printhead should be
utilized instead when syringes of 10 mL are required.

A second batch of experiments was performed to measure the time re-
quired for bioinks to reach the target temperature once introduced inside the
printhead. The mass fraction of water in hydrogels is significantly much higher
than the mass fraction of a polymer (Ahmed, 2015). Taking this into consid-
eration, the syringe barrels were filled with water to simulate the presence of
a hydrogel and monitored the evolution of water temperature during different
heating/cooling cycles. First of all, the printhead temperature without the sy-
ringe was set beforehand. Then, the syringe filled with water was introduced and
recorded its temperature change. Thermistors were placed in contact with the
water that filled the syringes and the heatsink. In the first test, the syringe was
previously warmed and stabilized at cell culture temperature (37 ºC). After that,
it was introduced inside the printhead at a temperature of 10 ºC preset before-
hand and maintained to that temperature. In a second experiment, the syringe
temperature was previously set to 22 ºC and then introduced in the printhead at
37 ºC.

Initial temperature

Target temperature

22

24

26

28

30

32

34

36

38

0 1 2 3 4 5 6 7 8 9 10 11 12 13
Time (min)

Te
m

pe
ra

tu
re

 (
ºC

)

Syringe size:

3 mL

5 mL

10 mL

a
Initial temperature

Target temperature

8
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (min)

Te
m

pe
ra

tu
re

 (
ºC

)

Syringe size:

3 mL

5 mL

10 mL

b

Figure 4.11: Temperature evolution measured inside the syringe barrel filled with water and
loaded in the printhead when increasing water temperature from 22 ºC to 37
ºC (a) and decreasing water temperature from 22 ºC to 10 ºC (b). The data
represent means and standard deviations of three experiments (n=3).
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The time required to increase the water temperature from 22 ºC to 37 ºC
in the 10 mL syringe was double that in the 3 mL syringe due to the differences
in volume (figure 4.11a). Decreasing the temperature of the water from 37 ºC to
10ºC produced similar values with 8 and 15 min for 3 mL and 10 mL syringes,
respectively (figure 4.11b). These values should be taken into consideration when
establishing the thermal inertia of the system and the time required for the stabi-
lization of the bioinks under significant temperature changes. In this case, results
from PH and PHR were the same, as the temperature was recorded inside the
water and the temperature of the Al block was already preset beforehand.

4.2 High-temperature printhead

4.2.1 Design and fabrication

A schematic view of the high-temperature microextrusion-based printhead manu-
factured for this research is shown in figure 4.13a. The printhead utilizes a 220 Vac
band heater (25 x 25 mm; LJXH, China) attached to a hollow Al block. A 5 mL
stainless steel syringe (SSY-5E; Musashi, Japan) is inserted in an Al block (figure
A.6). The syringe receives the pellets of PCL, and it is capable of working under
elevated pressure and temperature. A 100K thermistor (B57540G0104J; EPCOS,
Spain) is inserted into the Al block to measure its temperature. The thermis-
tor is close to the syringe to obtain more accurate measurements. The Al block
insulation from the carcass is made employing cork sheets. Printing pressure is
controlled using a 12 Vdc solenoid valve (EVT307-6D-02F-Q; SMC, Japan) and a
pressure regulator (AR20-N01BG-RYZ; SMC, Japan). Both the printhead heater
and the solenoid valve were controlled from the metal-oxide-semiconductor-field-
effect transistor (MOSFET) terminals of the board. The 220v heater used a relay
(RLP/5-12D; Nagares, Spain) connected to the 12 Vdc MOSFET controller. PCL
extrusion was performed without a piston under compressed air pressure using
a special syringe adapter (AT-5E-SUS; Musashi, Japan). The printed parts of
the printhead were designed using open-source CAD software (FreeCAD; v0.17)
(Riegel J, Mayer W, 2018). Some printhead components were printed with a
desktop 3D printer (Ultimaker 3; Ultimaker, Netherlands) in polycarbonate (Ul-
timaker PC; Ultimaker, Netherlands) (figure A.5). The STL files of the printhead
carcass and the fan support can be downloaded from the NIH 3D Print Exchange
repository (TELab, 2018). Additional information about the final dimensions
of the open-source printhead is available at figure 4.12. The complete bill of
materials is detailed in table A.3.
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The printhead carcass was made of a PC that exhibits a heat deflection
temperature of at least 110 ºC. The measured temperature on the inner face of
the carcass was always below 110ºC (figure 4.13b). Besides, the temperature
distribution across the external face of the carcass for a target temperature of
120 ºC was obtained using a thermal camera (figure 4.13c and 4.13d). The
highest temperatures were found in the middle of the faces with clear hotspots
in the lateral faces. These results are consistent with our design because thermal
insulation was thinner on the lateral faces than on the front and back ones to
reduce the total printhead width. A more compact design is advantageous because
this facilitates the installation of multiple printheads on the carriage of the 3D
printer.
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Figure 4.12: Main dimensions of the open-source high-temperature printhead.

4.2.2 Assembly

The steps required for the assembly of the high-temperature printhead are quite
simple and do not require any expertise in engineering concepts. For a better
understanding of components placement, the reader is referred to figure 4.13a.
The first part of the assembly is to attach the band heater to the Al block. Then,
both are covered with cork sheets and kapton tape to protect the printhead
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carcass from the heat. Then, the Al block, band heater and cork sheets are
placed inside the printhead carcass. Six M3 brass inserts are introduced into
the printhead carcass (four in the front part and two in the upper part). The
front cover is then screwed to the carcass with four M3x10mm screws. When the
stainless steel syringe and the adapter are introduced in the Al block, the syringe
cover is screwed to the upper part of the carcass using two M3x10 mm screws.

Figure 4.13: Open-source printhead for 3D printing of polymers of high melting point. (a)
Schematic section view of the 3D CAD design of the printhead with all its com-
ponents. (b) Transient response of the experimentally measured temperatures in
the Al block and the interior of the carcass over time at three different target
temperatures: 100 ºC, 120 ºC and 140 ºC. (c) Standard and (d) thermal images
of the printhead installed in the 3D printer for a target temperature of 120 ºC.

4.2.3 Thermal performance

The deposition of PCL requires precise control of the print temperature to at-
tain suitable viscosity values and optimal printing performance (Visser et al.,
2013). Target operating temperatures of 100, 120 and 140 ºC were established
for the extrusion system and several heating cycles were conducted to reach those
temperatures. Target temperatures represent the PCL temperatures for the ex-
periments, which were set in the Repetier-Host software. Temperatures inside the



72 Chapter 4. Development of open-source EBB printheads

Al block and the interior of the printhead carcass were measured and monitored
with two 100K thermistors connected to the Rumba electronics. The temperature
outside the carcass was captured by calibrated thermal images obtained with a
thermal camera (Testo 871; Testo, Spain). In any case, thermal oscillations were
very low over time with temperature fluctuations in the Al block that surrounds
the metallic syringe only up to 2.5 ºC (figure 4.13b). Even if we established
140 ºC as the upper limit of the printhead target temperatures, much higher
temperatures can be reached with the same band heater. However, it would be
necessary to use alternative materials for the carcass, such as high-temperature
photocrosslinkable resins or even Bakelite.

4.3 Conclusions

In this chapter we have presented three innovative bioprinting printheads, which
permit a precise deposition of most of the biomaterials and bioinks utilized in
EBB. These printheads represent an alternative approach to commercially avail-
able bioprinting systems, since they are compatible with the majority of the
affordable open-source desktop 3D printers (see chapter 5 for more details). A
comprehensive description of printheads fabrication, assembly and components
utilized was included to facilitate their adoption by the scientific community.

In the first place, PH and PHR printheads were designed to deposit bio-
materials within a temperature range from 1 to 60 ºC, which allows deposition
of biomaterials with a broad range of viscosities. Despite other open-source bio-
printing printheads were found in the literature, all of them are only capable of
heating bioinks above RT and were limited to use just one syringe size. Both
PH and PHR printheads allow heating and cooling bioinks with the same device.
Besides, its modular design allows the use of different syringe sizes, replacing the
specific Al block while keeping the rest of the printhead components. The univer-
sality, modularity and wide range of printing temperatures make PH and PHR
printheads unique tools for bioprinting applications, being the first open-source
printheads that provide all these capabilities altogether. The thermal studies
performed to both printheads revealed an overall better thermal performance of
PHR printhead in both cooling/heating modes with faster response times and
the ability to reach lower minimum temperatures than PH printhead. Therefore,
the use of PHR printhead is recommended when syringe volumes of 3 mL and 5
mL are utilized, and the PH printhead should be utilized instead when syringes
of 10 mL are required.
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On the other hand, the high-temperature printhead was designed to print
biomaterials with melting points higher than the maximum temperature provided
by PH and PHR printheads. This printhead demonstrated its excellent capabil-
ities in terms of temperature response with an upper temperature limit of 140
ºC. As with PH and PHR printheads, the high-temperature printhead can be
easily combined with low-cost desktop 3D printers. These three devices can be
installed together within the same bioprinter, enabling the deposition of differ-
ent biomaterials and with great potential for the generation of multi-material
complex constructs.
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Chapter 5

Conversion of open-source desktop 3D printers into
bioprinters

Once bioprinting printheads have been introduced in chapter 4, additional mod-
ifications were required to transform standard desktop 3D printers into func-
tional bioprinters. All these modifications are detailed in this chapter and covers
from the new hardware components installed (electronics, pneumatic equipment
and 3D printed parts), to all the software involved in the bioprinting process
(firmware, slicing and host software). All these tools and designs are distributed
under a free and open-source format, which implies that anyone can utilize them
freely and even contribute to their enhancement. Besides, they are intended
to be compatible with most of the desktop 3D printers available to date. To
demonstrate the versatility of the bioprinting platform, three different desktop
3D printers were utilized (BCN3D+, Sigma and Witbox 2) and modified to pro-
vide them with bioprinting capabilities. With all this, it is sought to provide an
overall open-source bioprinting platform that fulfills all the requirements of an
EBB bioprinting process, which is intended to be a more accessible alternative to
the commercial bioprinters.

5.1 Hardware

Nowadays there are a plethora of open-source desktop 3D printing systems that
provide high resolutions and permit an easy customization, all of it at an afford-
able cost. Among all of them, three open-source 3D printers (BCN3D+ (figure
5.1), Witbox 2 (figure 5.2) and Sigma (figure 5.3) were utilized in this research
and modified to be utilized as bioprinters. The use of different 3D printers permit-
ted to demonstrate the versatility of the bioprinting tools presented in this thesis

75
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and compare the capabilities of each platform. Aside from their software, all
these 3D printers utilize common components in their x-y-z translational stages,
such as stepper motors, endstops, pulleys, belts and bearings. As a result, most
of the modifications performed to these machines are easily exportable to other
3D printers. For example, each of the 3D printers utilized is sold with different
electronics, however, all of them are compatible with standard RepRap-based
electronics and the same open-source board were utilized in all of them (i.e.
RAMPS, RUMBA).

Figure 5.1: PH printhead installed in BCN3D+ 3D printer.

As most of the desktop 3D printers, these utilize FDM technology to
generate 3D printed models. Thus several components as the hotend or the
filament extruder were not required for bioprinting purposes and were removed.
These components were replaced with the bioprinting printheads presented in
chapter 4, enabling the deposition of biomaterials. As the original printheads
were modified, it was necessary to design several components to readjust the
way that the new printheads were attached to the x-carriage of the 3D printers.
The new printheads also required the use of pneumatic components, such as
solenoid valves and pressure regulators, which managed the deposition of bioinks.
Finally, the same electronics were utilized in the three bioprinters, with the aim
of homogenizing their components.
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Regarding bioprinter sterilization, special attention will be given to some
specific components such as the electronics, the power supply, solenoid valves or
pressure regulators, as those components present difficulties to be sterilized using
the procedure detailed in chapter 3 and may become a source of future contam-
ination. Where possible, these components should be placed as far as possible
from the printing area, inside a sterile container or even outside the sterile hood.
Besides, it is also likely to have 3D printer components which include the use of
oils or lubricants (i.e. bearings, shafts, pullets, etc.). Although these substances
cannot always be removed, wherever possible it will be necessary to keep all these
components as clean as possible. Bioprinters are often placed inside laminar-flow
hoods and are exposed to high-intensity UV radiation over long periods to assure
sterile conditions. However, these type of machines were not initially conceived
to work under these conditions and some of the materials utilized in their con-
struction are not UV-stable. As a result, some of its components might degrade
and even crack over time, which might compromise the functionality of the bio-
printer. Therefore, special attention should be given to these components in the
long-term to prevent any possible malfunctions.

Figure 5.2: PH printhead installed in Witbox 2 3D printer.
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5.1.1 Modified 3D printed components

The attachment of the bioprinting printheads to the x-carriage of the 3D print-
ers was performed through 3D printed couplings. The x-carriage of all the 3D
printers utilized had different dimensions and particularities, therefore a specific
coupling had to be created to fit each case. Despite these differences, the way
that printheads were attached to the couplings was the same for all of them. To
that end, M3 inserts were placed inside the holes of the couplings and once the
couplings were installed, the printheads were screwed to them using M3 screws.
All the couplings here proposed are compatible with all the printheads presented
in this thesis. Figure A.7 shows the couplings utilized for BCN3D+, Witbox 2
and Sigma printers when a single printhead was utilized.

Figure 5.3: PH printhead installed in Sigma 3D printer.

Complex bioprinting applications require the deposition of more than one
bioink in the same construct. As a result, additional couplings were designed to
couple up to four printheads into the 3D printers x-carriage. In this case, only
Witbox 2 and Sigma 3D printers were utilized for multi-material bioprinting.
The coupling utilized for Witbox 2 printers was installed following the same
procedure utilized in the single-printhead version (figure A.8). In the case of
Sigma, the same coupling utilized for a single printhead was installed on its two
independent x-carriages. Each coupling was able to hold two printheads at the
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same time (one on each side), which permitted the use of four printheads in the
same experiment.

As the x-carriages of the 3D printers were modified, so they did the
location of the components that triggered the x-y endstops. Therefore, it was
necessary to design new x-y endstop holders for Witbox 2 (figure A.9) and Sigma
(figure A.10) 3D printers. These components were installed by simply screwing
them into the 3D printer structure using the existing holes. No modifications of
BCN3D+ were required in this case.

5.1.2 Bioprinters electronics

Open-source desktop 3D printers consist of a sort of common electromechanical
components (i.e. stepper motors, temperature sensors, endstops, heaters) that
can be driven using different electronics. As the RepRap project has been grow-
ing, several open-source electronics have been developed over the years. These
electronics offer different capabilities and setups options, but always keeping the
compatibility with the 3D printer’s hardware and software utilized. Some of these
electronics have been utilized in commercial desktop 3D printers (BCN3D+ uses
a RAMPS 1.4) and other companies have decided to develop their own electron-
ics (Sigma and Witbox 2). However, all of them are fully compatible with the
standard RepRap-based electronics.

In this research, two RepRap-based electronics were installed in the three
3D printers utilized (BCN3D+, Sigma and Witbox 2) (table 5.1). The first
electronic board utilized consisted of an Arduino microcontroller based on AT-
mega2560 (Mega 2560 rev3; Arduino) and a RepRap Arduino Mega Pololu Shield
v1.4 (RAMPS 1.4; Ultimachine). The second electronic board was a RUMBA
(RepRap Universal Mega Board with Allegro driver; RepRapDiscount). RAMPS
1.4 was utilized at the beginning of this research when only a single printhead was
utilized in the experiments. As the research progressed, it was necessary to find
an alternative board that permitted multi-material bioprinting, since RAMPS 1.4
did not allow to control more than one printhead at the same time. As a result,
RAMPS 1.4 was replaced by RUMBA board, which permitted to control up to
four printheads. Alternative open-source electronics as RAMBo (RepRap Ar-
duino Mega-compatible mother Board), Megatronics or Smoothieboard are also
fully compatible. For a complete list of compatible open-source electronics, the
reader is referred to (RepRapElectronics, 2018).
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Table 5.1: Features of open-source electronic boards utilized.

License Stepper
motors

MOSFET
outputs Endstops Thermistors

RAMPS 1.4 GPL 5 3 6 3
RUMBA GPL 6 6 6 5

A representative scheme of RAMPS 1.4 and RUMBA main components
and wiring diagrams utilized are depicted in figures 5.4 and 5.5. The printheads
utilized required the use of two Peltier modules and one solenoid valve, both with
an input power of 12 Vdc. The Peltiers and solenoid valves were connected to
the PWM MOSFET outputs of the electronics, one output MOSFET for the two
Peltiers and the other for the solenoid valve. When a single printhead configura-
tion was utilized, MOSFET terminals D9-D10 for RAMPS 1.4 and HE0-FAN0 for
RUMBA were used to connect the Peltiers and solenoid valve respectively. Both
electronics were connected to a 12 Vdc/30 A power supply (MS-350-12; Hengwei
Electric). Thermistors EPCOS 100K were utilized to monitor the temperatures
of the printhead in the Al block (T0) and the heatsinks (T1). Three mechanical
endstops (one for each x-y-z axis) were connected to the endstop board pins as
detailed in the figures.

Table 5.2: Printheads connections to RUMBA MOSFET outputs

RUMBA MOSFET Connected device
HE0 Printhead 1: Peltiers
HE1 Printhead 2: Peltiers
HE2 Printhead 3: Peltiers
FAN0 Printhead 1: solenoid valve
FAN1 Printhead 2: solenoid valve
HB-OUT Printhead 4: Peltiers
Power expander 1 Printhead 3: solenoid valve
Power expander 2 Printhead 4: solenoid valve

If a multi-material bioprinting approach with four printheads is utilized,
a total of eight MOSFET outputs are required for all the printheads. RAMPS
1.4 board only had three MOSFET outputs (D8; D9; D10), therefore it is only
possible to connect one printhead. RUMBA electronics comes with six MOS-
FETs outputs (HE0; HE1; HE2; FAN0; FAN1; HB), three of them with voltage
selector for MainPower/12V (HE2; FAN0; FAN1). The absence of the other two
MOSFETs was solved adding two power expander boards (RepRap.me), which
permitted the use of a fourth printhead. The power expanders were connected
to the 3D printer 12 Vdc power supply and their output was controlled using a
signal input, which was wired to the RUMBA EXP-3 unused pins (figure 5.6).
When the signal input terminal received a voltage, the power expander supplied a
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12 Vdc output to the connected device. If the voltage signal was switched off, the
power expander 12 Vdc output was disconnected. Both power expanders were
connected to solenoid valves and managed using the same G-code instructions
detailed in section 5.2.2. The wiring of RUMBA MOSFETs and power expanders
to the printheads components was performed according to table 5.2. Five ther-
mistors EPCOS 100K were connected to the T0 (printhead 1), T1 (printhead 2),
T2 (printhead 3), T3 (printhead 4) and THB (RT or printing platform) labeled
pins. The x-y-z mechanical endstops were connected in the same manner as the
single printhead approach.
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Standard nema 17 stepper motors (1.8º/step) were utilized in all the
printers and connected to the x-y-z labeled pins (2B-2A-1A-1B for RAMPS
and 1B-1A-2A-2B for RUMBA). A4988 stepper motor drivers were utilized in
both electronics. The selection of the step size was performed using the jumpers
(RAMPS) or dip switches (RUMBA) located under the driver boards (table 5.3).
A 1/16 microstepping size was utilized for all the stepper motors. A4988 stepper
drivers permit the adjustment of the current supplied to the stepper motors via a
trimpot located in the upper part of the drivers. The current adjustment should
be performed to prevent excessive heating of the motors and drivers. A clockwise
rotation of the potentiometer increases the current supplied to the motors and
a counterclockwise reduces it. A maximum current of 0.5 A was utilized and
demonstrated to prevent any possible excessive heating, without affecting the
smooth movements of the motors. Small Al heatsinks were glued to the motor
drivers to enhance heat dissipation,.

Table 5.3: Jumper and dip switch position for micro stepping selection in A4988 drivers

Step size 1 2 3
Full step 0 0 0
1/2 step 1 0 0
1/4 step 0 1 0
1/8 step 1 1 0
1/16 step 1 1 1

5.1.3 Bioprinter pneumatic scheme

As explained in chapter 4, all the pneumatic EBB printheads proposed required
a solenoid valve and a pressure regulator. The pneumatic scheme utilized for
both single- and multi-material bioprinting is relatively simple and depicted in
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figures 5.7 and 5.8. First of all, compressed air was supplied through a central
compressor, which was transported through pipes to each laboratory. A first
pressure regulator (LFR-D-Midi + LOE-D-Midi; Festo) was utilized to reduce the
air pressure to a working value below 200 kPa. This pressure regulator permitted
to set a safety margin calculated to avoid damage to the following devices since
they work at lower operating pressures. Compressed air was later conducted
to a second pressure regulator (ARP20K-N01BG-1Z/AR20-N01BG-RYZ; SMC),
that was utilized to set the printing pressure of the printheads. This device
permitted to set bioprinting pressures in a range between 5 to 200 kPa and
allowed a maximum operating pressure of 700 kPa. Once the printing pressure
was set, compressed air was conducted to a 3 port normally closed solenoid valve
(VT307-6DZ1-01F-Q/EVT307-6D-02F-Q; SMC).

(A)2

(R)3 (P)1

a b

Figure 5.7: Pneumatic scheme (a) and representative image (b) of the 3 port normally closed
solenoid valve utilized.

Solenoid valves were connected to the MOSFET outputs of the 3D printer
electronics, converting the supplied constant air flow into a discontinuous flow
via G-code commands. When the valve coil was not energized, the pressure
port remained closed, preventing flow through the printhead and permitting the
exhaust of the air inside the syringe. However, when the valve coil was energized,
the pressure ports were connected and the airflow pushed the syringe piston.
The solenoid valves utilized had an operating pressure between 0 to 700 kPa, a
response time of 20 ms or less (at 500 kPa) and worked at a rated voltage of 12
Vdc. The last step in the pneumatic scheme was the connection of the syringe
adapter tube to the solenoid valve output.
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Figure 5.8: Pneumatic installation utilized when four PH or PHR printheads were installed.

5.2 Software

The software utilized to control the modified bioprinters and the bioprinting pro-
cess was comprised of several tools (figure 5.9). First of all, a modification of
Marlin firmware was uploaded into the 3D printers main board. The modified
firmware permitted to manage and coordinate all the activities of the bioprinters,
including, for example, the temperature of bioprinting printheads or 3D printer
movements. A CAD software was utilized to create the 3D model to be printed
and generate the STL files that will be subsequently sliced. In this research,
FreeCAD and SolidWorks CAD tools were utilized to custom design the inter-
nal architecture and morphology of the bioprinted constructs. Once the STL files
were obtained, they were introduced in the slicing software to generate the G-code
file, which provides all the necessary instructions that tell the 3D printer what
to do. Slic3r was utilized for G-code generation, however, this software is mainly
utilized in FDM processes and is not able to manage pneumatic printheads. For
that reason, custom Perl scripts were implemented to adapt the G-code gen-
erated to the specific requirements of each bioprinter. Bioprinters printheads
moved according to these instructions, depositing biomaterials where it was re-
quired. Finally, the G-code was sent to the bioprinter using a host software, such
as Repetier-Host, which is also in charge of monitoring the bioprinting process.
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Figure 5.9: Overall scheme of software utilized during all the bioprinting process.

5.2.1 Firmware

In this research, a modification of Marlin firmware was utilized to control the mod-
ified 3D printers. Marlin is an open-source firmware developed by the RepRap
community and distributed under a GPLv3 license. Despite its use is mainly fo-
cused on RepRap 3D printers, commercial 3D printers such as Ultimaker, Print-
rbot or BQ have implemented it in their electronics. Marlin firmware is loaded
into the 3D printer main board and is in charge of controlling all the activities
involved in the printing process. Some of these activities include the movement of
the stepper motors, controlling sensors such as thermistors or endstops or man-
aging printheads temperatures. One of the key aspects of Marlin firmware is that
can be utilized in a large number of electronic boards which are based on AVR
8-bit microcontrollers. Those electronic boards are utilized in most of the open-
source 3D printing platforms and are compatible with the Arduino environment.
As a collaborative project, Marlin has evolved over the years with several modi-
fications and upgrades, which permit to adapt it to a broad range of 3D printers.
To date, this is a global project that is constantly changing, adding more features
and possible applications into the open-source 3D printing community. Different
versions of Marlin are available through its GitHub repository (Marlin, 2018).

As with RepRap 3D printers, Marlin configuration and capabilities are
mainly focused on the FDM technology. This allows to control the main func-
tionalities of a bioprinter, however, there are some specific features of the bio-
printing printheads utilized that cannot be managed using the original firmware.
Within these limitations, we can find the interaction with the pneumatic valves
or the possibility to cool down the printheads using the Peltier modules, features
that are not utilized in the FDM approach. Therefore, a modification of Marlin
firmware (v1.1) was performed to enable the use of the printheads presented in
this thesis. The modified firmware can be downloaded from the online repository
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placed in GitHub (Sodupe, 2019). Among the main changes in the firmware code,
are included the adjustments performed in the “Configuration.h” and “Configu-
ration_adv.h” files, to adapt the firmware to the general specifications of each
3D printer (printer dimensions, steps/mm, simple heating/cooling settings, etc.).
More complex changes were needed to enable the use of both cooling and heating
modes in the printheads using Peltier modules. To facilitate the understanding
of all Marlin changes performed, a brief description of these modifications and
their functionality is detailed below:

• Configuration.h: the general adjustments of the 3D printer and electronic
board utilized are modified within this file. The most important parameters
to be adjusted are described below:
– Select the electronic board connected to the 3D printer (i.e. #define MOTH-

ERBOARD BOARD_RUMBA)
– Define the number of printheads that are going to be utilized (i.e. #define

EXTRUDERS 4)
– Define the number and type of thermistors utilized (i.e. #define TEMP_SENSOR_#)
– Change the minimum and maximum temperature of the printheads (i.e.

#define HEATER_#_MINTEMP and #define HEATER_#_MAXTEMP)
– Define the way that current is sent to the Peltier modules and heaters. In

this case, Peltiers were controlled using bang-bang mode at full current (i.e.
#define BANG_MAX 255). Therefore PID control was disabled comment-
ing the line (i.e. //#define PIDTEMP)

– Define the endstop settings utilized and how are connected to the electronic
board (i.e. homing direction, travel limits after homing, etc.)

– Adjust the motor steps per mm according to the 3D printer utilized (i.e.
Witbox 2 (X, Y, Z, E): {80, 80 , 400, 105})

• Configuration_adv.h: this modification was only required for Sigma 3D
printer to adjust the duplication mode.

• pins_RUMBA.h: this file was modified when four printheads were utilized
at the same. As the original firmware only permitted to control the heaters
of three printheads simultaneously, it was necessary to include and additional
heater for the fourth printhead.

• pins.h: this modification was only required for Sigma 3D printer. In our
bioprinting application, the stepper motors of extruders 0, 1, 2 and 3 are not
utilized, as the bioinks are deposited using pneumatic pressure instead of a
stepper motor. As Sigma utilizes two stepper motors in the x-carriage and
Rumba electronics do not have a pins output for this configuration, the second
x-carriage stepper was connected to the E02 stepper pins. The pins of the
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steppers extruder not utilized were reassigned to a value not utilized (i.e. 40
(display LCD)).

• Temperature.cpp: traditional FDM 3D printers only require the heating of
their printheads at high temperatures to melt the plastics deposited. There-
fore, the original temperature control implemented in the firmware only in-
cludes a heating mode, as printing this kind of materials below RT is not
possible. However, to manage printheads temperatures below and above RT,
it was necessary to perform modifications in the code to permit both cooling
and heating modes.

• marlin_main.h, Conditionals_post.h and planner.cpp: these files were
modified to enable the control of a third and fourth fan, which were utilized
for the control of the respective solenoid valves.

5.2.2 G-code generation

Marlin firmware utilizes a derivative of G-code programming language. Through
G-code commands, it is possible to tell the 3D printers to make simple operations
such as motors movement, set printhead temperatures or change the printing
speed, among others. The conversion of a digital 3D model (through an STL file)
into G-code instructions is performed using a slicing software. In this research,
the slicer utilized was the open-source software Slic3r (v1.2.9) (Slic3r, 2018). As
with Marlin firmware, Slic3r software has been designed to generate G-code files
adapted to the FDM technology. This enables the use of all G-codes involved
in the bioprinter movements and toolpaths generation, however, the operation of
the printheads solenoid valves is not possible. Additional post-processing of the
original G-code generated was performed via custom-made Perl scripts to adapt
it to the particular characteristics of the printheads utilized. A complete list
of all available G-code commands supported by Marlin firmware is available in
(GCode, 2019).

Slic3r permits to load the 3D model and position it in the printing plater,
assign the 3D model part to be printed by each printhead, and generate the
printheads toolpaths. The customization of the multiple parameters involved in
the bioprinting process requires the use of Slic3r “expert” operation mode (File ->
Preferences -> Mode: Expert). Within this configuration, the software displays
four general tabs (Plater, Print Settings, Filament Settings and Printer Settings)
with several printing adjustments for each one. A more extensive documentation
of Slic3r printing parameters can be found on its website (Slic3r, 2019). All Slic3r
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Figure 5.10: Slic3r software: Plater tab. Porous structure with four layers stacked, each one
assigned to a different printhead.

configurations can be exported (File -> Export Config...) and loaded afterward
(File –> Load Config...). The Slic3r configuration utilized in this research and
the implications of each section on the G-code generated are outlined below:

1. Plater: permits to load the STL file to be printed, modify its position in
the printing platform, increase the copies of the 3D model and scale it. If a
single printhead approach is utilized, it will be necessary to load just one STL
file. However, when multiple printheads are utilized, several STL files need
to be loaded and assigned to a specific printhead. The assigning operation is
performed using the “Settings...” button. Each STL file will be displayed in
a list on the left-hand side of the window and assigned to the number of the
extruder (printhead) to be used. When several extruders are assigned, the 3D
model visualization will appear with a different color for each printhead (figure
5.10).

2. Print Settings: this tab is subdivided into nine additional sections.
a) Layers and perimeters

i. Layer height: as all the AM technologies are based on a layer-
by-layer approach, the layer height represents the printing resolution
along the z-axis. A lower layer height will result in more accurate
prints, but longer printing times. To obtain an optimal deposition
rate, the layers heights utilized were mainly equal to the ID of the
nozzle.

ii. First layer height: the distance from the nozzle tip to the printing
platform in the first layer results of vital importance in the whole
printing process to avoid deposition problems. If the nozzle is too
far from the platform, the bioprinted construct will not properly ad-
here and the subsequent layers will not be deposited properly (figure
5.11a). On the other hand, if the tip is too close to the platform,
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it might lead to a clogging of the nozzle (figure 5.11c). Despite this
adjustment can be performed using the “First layer height” option,
the first layer height was calibrated using the “Z-offset” and this value
was set to the same layer height utilized in the previous option.

iii. Perimeters: all the printed constructs have utilized just one perime-
ter.

b) Infill: density for the internal infill.
c) Skirt and brim: skirt and brim options were disabled.
d) Support material: support material can be printed when 3D models

have overhanging parts, however support structures were not needed for
the constructs printed in this research.

e) Speed: it is possible to specify the speed for printing movements (depend-
ing on the material utilized) and the speed for travel moves.

f) Multiple extruders: these parameters were left as default.
g) Advanced: all parameters were set to 0 mm, except the number of threads

that was set to 2.
h) Output options: in this section it is located the path to the post-

processing script utilized to customize the G-code (see appendix B). Each
time a new G-code is generated using Slic3r, the post-processing script is
executed and the original G-code file is modified. Two G-code files will be
generated with the following extensions:

i. *.gcode: post-processed G-code that is going to be utilized.
ii. *.gcode.before_postproc: original G-code without post-processing (not

utilized).
i) Notes: not utilized.

a b c

Layer
stacking

Figure 5.11: Differences in first layer calibration. (a) Nozzle too far from printing platform.
(b) Correct first layer. (c) Nozzle too close to printing platform.

3. Filament Settings: this tab is subdivided in “Filament” and “Cooling” sec-
tions. Usually, those options are used when a FDM printing approach is uti-
lized. In this case, neither a filament printing material or cooling fans were



Novel advances in bioprinting based on the mechanical design and optimization
of open-source systems 91

utilized. Therefore, the filament section was left as default and cooling options
were disabled.

4. Printer Settings: this tab is subdivided in three sections. If more than
one extruder is utilized, an additional section will be displayed for each new
extruder.
a) General

i. Bed shape: the bed size and origin are crucial parameters that need
to be adjusted for each printer dimensions and printing platform. This
configuration results especially important if small components, such
as glass slides or Petri dishes are going to be utilized as a printing base
and the printed construct must be adjusted to their dimensions. Slic3r
place the STL files in the center of the printing platform by default.
Therefore, it will be necessary to calculate the center of the printing
platform and then introduce these values in the x-y coordinates.

ii. Z-offset: this option is utilized to compensate the distance from
the nozzle tip to the printing platform once the Z-homing has been
performed. The value here introduced will be added or subtracted
from all the G-code Z-coordinates in all G-code file generated. For
example, if the first layer is printed with the nozzle tip placed too
far from the printing platform, the material will not adhere properly.
In this case, a negative value will be introduced in the Z-offset to
compensate this distance. Alternatively, if the nozzle is placed to
close to the printing bed, a positive Z-offset will be set. If multiple
printheads are utilized, Slic3r only offers the possibility to manage
different x-y offsets between printheads. Therefore, it is not possible
to compensate the misalignments in z-axis when multiple printheads
are utilized. This situation might occur if nozzles with varying lengths
are utilized, for example, tapered and straight nozzles do not always
have the same lengths (figure 5.12). This limitation was solved with
the push-button proposed in chapter 7, which permitted to compen-
sate the height differences of all the printheads respect to the first
printhead (P0) automatically.

iii. Extruders: this parameter permits to select the number of extruders
(printheads) that are going to be utilized.

5. Custom G-code: this section permits the user to write additional G-code
commands at the beginning/end of the original G-code instructions, and be-
fore/after a layer change . Additional G-code commands were added in the
“Start G-code” section to select the units lengths to mm (G21), use absolute
coordinates (G90) and set the default acceleration (M204 S250).
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Figure 5.12: Schematic representation of Z-offsets offsets in Sigma (a) and Witbox 2 (b) print-
heads.
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Figure 5.13: Schematic representation of x-y offsets in Sigma (a) and Witbox 2 (b) printheads.

a) Extruder #: these parameters can be independently modified for each
printhead.

i. Nozzle diameter: value of the ID of the nozzle utilized.
ii. Extruder offset: when multiple printheads are utilized, this option

permits to introduce the x-y offset coordinates of each printhead re-
spect to the first one. The offset coordinates of the first extruder
(printhead 1) are set to x=0 and y=0. Depending on the printer and
printheads utilized, the offset coordinates will be different. For ex-
ample, Witbox 2 3D printer had their four printheads installed in the
same x-carriage, therefore the x-y offsets were configured according
to figure 5.13b. Sigma 3D printer had two independent x-carriages,
therefore the x-offset should be calculated as the distance between
both carriages (figure 5.13a).

iii. Retraction: retraction length and speed should be fixed to 2mm
and 40 mm s-1 respectively, as these values are utilized in the post-
processing G-code script. The “Lift Z” value should be between 1-
4 mm to prevent the nozzles from touching the already deposited
material.
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The post-processing of the G-code generated is performed automatically
by Slic3r when the G-code is exported. The post-processing script utilized was
written in Perl and is detailed in appendix B. One of the main objectives of
the script is to determine when the printheads should deposit bioinks. This
operation was performed opening and closing the solenoid valve connected to each
printhead. The G-code M106 was utilized to control the opening and closing of the
valves. Solenoid valve selection was performed using the P_ command parameter
(P0: solenoid valve 1; P1: solenoid valve 2; P2: solenoid valve 3; P4: solenoid
valve 4). The S_ command parameter is responsible for sending the voltage to
the solenoid valve, being S255 the maximum voltage (open valve) and S0 the
minimum (close valve). Once the solenoid valve is opened and the pressurized
air starts to push the syringe piston, there is not an instant extrusion of bioink
through the nozzle because of the delay of the compressed gas volume. Therefore,
it is necessary to wait a certain time until the bioink reaches the tip of the nozzle
and then start moving the printhead. This waiting time was configured using the
G4 command line and the P_ command parameter with the time in milliseconds.
The waiting time was predefined as a constant in the Perl script (time_open).
A different waiting time constant (time_closed) was utilized when the solenoid
valve was closed. An example of the opening and closing G-code utilized would
be as follows:

Listing 5.1: G-code example of opening and closing of solenoid valve
...
M106 P0 S255; Open solenoid valve of printhead 1
G4 P200; Wait 200 milliseconds
...
Move printhead
...
M106 P0 S0; Close solenoid valve of printhead 1
G4 P50; Wait 50 milliseconds
...

Additional code has been added to clean some of the G-code commands
that are not utilized. For example, commands M104 (set extruder temperature)
and M109 (set bed temperature and wait) were deleted in the code as printheads
temperatures were set manually using Repetier-Host.

5.2.3 3D printer host software and bioprinting process

All the parameters involved during the bioprinting process were controlled using
freely available software Repetier-Host (v1.6.2) (Repetier-Host, 2018). Among
the main features of this software, it permits to set and monitor the printheads
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temperatures, perform a manual control of the 3D printer movements and send
the G-code commands to the printer. The sequence of all steps involved in the
bioprinting process, from the generation of the G-code to the deposition of bioinks,
is depicted in figure 5.14 and described as follows:

1. Open Repetier-Host.
2. Connect the 3D printer to the computer (via USB port).
3. Perform homing in x-y-z axes. The homing process can be performed using

G28 command or using homing buttons placed in Repetier-Host control panel.
Once the homing procedure is finished, it will not be necessary to perform any
additional homing unless the 3D printer is disconnected.

4. Set printhead temperatures to the printing temperatures using Repetier-Host
control panel.

5. Open Slic3r and load the bioprinting configuration for the specific bioprinter
that is going to be utilized (File –>Load Config. . . ).

6. Open the “Print settings” tab and within the “Output options” section, select
the path of the Perl script that performs the post-processing.

7. Select the “Plater” tab and “Add...” the .STL file that is going to be printed.
8. Make the printing adjustments required for the generation of the G-code. Each

STL file, printing material and printhead configuration is different, therefore
it is not possible to make general adjustment valid for all cases. Some of the
most common adjustments to be performed in Slic3r are described below:
a) Layer height (Print settings –> Layers and perimeters)
b) Speed (Print settings –> Speed)
c) Z-offset (Printer settings –> General)
d) # Extruders (Printer settings –> General)
e) Nozzle diameter (Printer settings –> Extruder #)
f) Lift Z (Printer settings –> Extruder #)

9. Export the G-code and save it in a folder. Two G-code files will be gen-
erated with the name of the STL file and different extension: *.gcode and
*.gcode.before_postproc.

10. Open the *.gcode file using a text editor (i.e. SublimeText), select all the code
and copy it.

11. Paste the G-code in Repetier-Host (G-code -> Edit G-code).
12. Load the material to be printed into the printheads.
13. Adjust the printing pressure using the pressure regulators.
14. Send the G-code to the printer.
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Figure 5.14: Flowchart for the generation of G-code and the interaction with the 3D printer.

5.3 Conclusions

This chapter presents a detailed description of all the steps required to trans-
form a conventional desktop 3D printer into a 3D bioprinter. Specific hardware
and software modifications were performed to cover all the stages of a bioprint-
ing process. Hardware components of three open-source 3D printers (BCN3D+,
Witbox 2 and Sigma) were modified to allow the use of EBB printheads. The
original 3D printers electronics were replaced by standard open-source RepRap
electronics such as RAMPS and RUMBA, enhancing the replicability of these
experiments. Besides, the detailed descriptions of the electronic wiring diagrams
and the pneumatic scheme provided facilitate the adoption of this research even
by novel users.

Regarding 3D printers software, a modification of Marlin firmware was
required to adapt it to the particular functionalities of EBB printheads. In the
same line, a custom post-processing Perl script was developed and utilized in
conjunction with Slic3r to generate the bioprinting G-codes from STL files auto-
matically. Slic3r permitted to tune all the parameters involved in the bioprinting
process and the post-processing script performed all the adjustments required to
use the pneumatic-driven EBB printheads. All the software here utilized and
the specific modifications performed for this research are freely available to all
users through online repositories. This approach allows to enhance the collective
knowledge about bioprinting and expand its use through the scientific commu-
nity.
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Chapter 6

Methodology to determine the accuracy and
performance of bioprinting platforms

During EBB, 3D printed constructs are subjected to errors during the deposition
process which might compromise their final resolution and structural integrity.
The reasons that explain these errors can be many and varied, for example, an
uneven layer stacking, an incorrect control of bioink extrusion conditions or even
a bad calibration of the 3D printer axes. When a new bioprinter or printhead
is developed, it is necessary to determine the degree of deposition accuracy that
can be achieved to know the limitations and capabilities of each bioprinting sys-
tem. Besides, these methodologies also permit to carry out useful comparisons
between different bioprinting platforms. Several efforts have been made in the
3D printing field to evaluate the dimensional accuracy and reproducibility of each
printing system. These studies are often based on the use of comparative models
or benchmarking studies (Mahesh et al., 2006; Roberson et al., 2013). Charac-
terization of printer performance is obtained measuring the dimensional accuracy
and reproducibility in the x-y plane and z-axis, as well as evaluating the ability
to produce geometries such as thin walls or circular shapes (Sanchez et al., 2014).
Most of the benchmark studies measure the dimensional printing accuracy of cal-
ibration models consisting of simple geometries as squares or circles (Scaravetti
et al., 2008).

In this chapter, it is presented a methodology that can be utilized to
measure the dimensional accuracy of any bioprinter. Bioprinting resolutions and
capabilities of the three open-source 3D printers were obtained using the PH
printhead presented in chapter 4, but can be extrapolated to PHR as the working
principle is the same. Results obtained permitted to compare the accuracy of each

97
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bioprinting platform in the generation of 3D models with different characteristic
features. Besides, by using three different 3D printers, it was demonstrated the
versatility of the printhead proposed and its capacity to be utilized as a universal
bioprinting tool.

6.1 Standard calibration models design and printing

To determine the accuracy and versatility of the printheads presented, they were
installed in three open-source 3D printers (Witbox 2, BCN3D+ and Sigma).
Poloxamer 407 (P407) was selected as the material to perform this evaluation.
P407, which rheological properties can be found elsewhere (Kolesky et al., 2014),
is a synthetic polymer with stable viscosity values above 15 ºC and very low
post-printing swelling (Müller et al., 2015). These properties make P407 be-
ing particularly appropriate when trying to determine the dimensional errors of
printed constructs.

Six calibration models were designed to identify and quantify the ac-
curacy during the bioprinting process with the printhead proposed. 3D models
were designed using the modeling software SolidWorks (Dassault Systems) and
exported as stereolithography (STL) files. Open-source ImageJ software was used
to obtain geometrical measurements of printed parts (chapter 3). A detailed de-
scription and justification of the calibration models is provided as follows:

1. Concentric squares (based on (Sanchez et al., 2014)): four concentric empty
squares of sides 5, 8, 11 and 14 mm were printed varying the number of
layers stacked (1, 2, 4, 8, 16 layers). Squares were aligned with the xy-axes
(figure 6.1a). Square sides in x-y directions were measured separately and
compared with the computational model to detect possible misalignments and
instabilities on the printer.

2. Concentric circles (based on (Polzin et al., 2013)): concentric empty circles
of diameters 5, 8, 11 and 14 mm were printed varying the number of layers
stacked (1, 2, 4, 8, 16 layers). Circles involved xy-axes movements at the same
time (figure 6.1b). The diameter of all circles was measured and compared to
the model diameter.

3. Multilayer lattice structures (based on (Chung et al., 2013)): pore size
(P), strand diameter (D) and strand spacing (SS) were measured varying the
number of layers stacked (2, 4, 8, 16 layers) (figure 6.6). Predefined values of
P=1.3mm, D=0.2mm and SS=1.5mm were used (figure 6.1c).
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4. Straight filaments (based on (Kang et al., 2013)): 30 mm long straight
filaments with different strand widths were printed aligned with the y-axis
using the same tapered nozzle, but varying the deposition speed from 5 to
16.6 m s-1 (figure 6.1e).

5. Vertical pillars (based on (Hansen et al., 2009)): vertical pillars allow a bet-
ter interconnection of vascular networks beyond the horizontal plane. Pillars
were printed without stacking layers, maintaining the x-y coordinates, while
moving in the z-axis until the desired pillar height was reached. Printing pa-
rameters, such as pressure and deposition speed (0.83 to 4.16 mm s-1), were
adjusted to withstand their vertical shape and avoid the collapse. Stability
was evaluated varying pillar height from 2 to 10 mm (figure 6.1d).

6. Hierarchical networks of filaments with varying diameter (based on
(Kolesky et al., 2014)): the printed model simulates a hierarchical vascular
network. The connected network of curved filaments was printed in four dif-
ferent sections with the same nozzle size at different speeds (figure 6.1f) to
change the printed diameter.

The six calibration models proposed were printed using 40 wt% poloxamer P407
on a 25.4x76.2x1 mm glass slide. P407 was loaded into the syringe barrels at 4 ºC
and printed using a temperature and pressure of 22 ºC and 124 kPa respectively.
Calibration models 1 and 2 were designed to be printed using thin walls. To obtain
a homogeneous layer stacking, parameters as printing speed and layer height need
to be properly adjusted (Müller et al., 2013). To obtain optimal printing results,
the deposition speed for the calibration models 1, 2 and 3 was initially adjusted
to 15 mm s-1and a layer height of 200 μm. The straight filaments were printed
in a range of deposition speeds from 5 to 16.6 mm s-1. The vertical pillars have
heights ranging from 2 to 10 mm and were generated varying the vertical speed
from 4.16 to 0.83 mm s-1. Finally, the hierarchical network was printed varying
the printing speed on each section: S1: 2.5 mm s-1; S2: 5 mm s-1; S3: 8.3 mm
s-1; S4: 15 mm s-1. The same tapered nozzle (27G; ID: 200 μm; Nordson EFD)
was utilized in all cases.

The printing resolution was evaluated with the six calibration models. In
the case of concentric squares, circles and multilayer lattice structures, the printed
resolution was computed as the difference between the geometrical dimensions of
the printed model and the theoretical values of the virtual model for 1, 2, 4, 8,
and 16 layers (equation 6.1):
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Deviation error = dimensionMEASURED − dimensionST L (6.1)

The dimensional error in concentric squares models enables the evalua-
tion of the linear accuracy in the x-axis and y-axis independently. The printing
resolution in circular calibration models was evaluated for the x-y axes by measur-
ing the combined axes accuracy. Pore size, strand diameter, and strand spacing
were the main quantitative parameters to define the printing quality of the lat-
tice models. Straightness of printed pillars at different heights was categorized as
stable when no bending was observed, unstable if the pillar bent to one side and
collapsed if the pillar bent completely touching the glass slide. Six samples were
printed per calibration model (n=6), and each feature was measured six times
per sample using open-source ImageJ software (Rasband, 2018).

Figure 6.1: Schematic illustrations and optical images of the 3D calibration models printed to
evaluate the printing resolution. (a) Concentric squares with varying sides of 14,
11, 8 and 5 mm aligned with x-y printer axes. (b) Concentric circles with varying
diameters of 14, 11, 8 and 5 mm. (c) Porous structure, parameters measured
pore size (P), strand diameter (D) and strand spacing (SS). (d) Vertical pillars
printed at different heights. (e) Straight filaments of different diameter by varying
the deposition speeds. (f) Vascular network with channels of different diameters.
Scale bars: 2 mm.
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6.2 Determination of print resolution through calibration
models

6.2.1 Concentric squares

Dimensional errors obtained from the squares calibration model were compared
between x and y printing axes of each printer. Other parameters, such as the
number of layers stacked, the square size and the type of 3D printer utilized were
also considered (figure 6.2). It was observed a decrease in the x-y axes accuracy
when the number of layers stacked was increased. This behavior was noticed in all
the 3D printers used, as well as in all square sizes printed. However, it was more
evident for the BCN3D+. Results revealed that Witbox 2 had better accuracy in
both axes than BCN3D+ and Sigma, regardless of the number of layers stacked
and the square size.

Printing square calibration models of 16 layers was a challenging task.
Witbox 2 was the only system capable of creating constructs with sufficient qual-
ity. In general, regardless of the number of layers stacked and the square size,
Witbox 2 was the only bioprinter with errors between 41 to 204 μm. Nonethe-
less, there were no statistically significant differences with Sigma printer, which
obtained values between 98 to 263 μm in all the conditions. Sigma and BCN3D+
were unable to print any of the squares programmed with 16 layers (figure 6.2e).
In BCN3D+, squares with a 14 mm side were impossible to measure in y-axis for
8 layers stacked due to great deformations of the printed samples (figure 6.2d).

The differences between x-axis and y-axis in BCN3D+ were clear, with
statistical differences for all the squares sides between both axes and always
greater than 100 μm (figure 6.2). These differences increased with the square
side and the number of layers stacked, reaching a maximum value of 328 μm for 8
layers and 8 mm square side. On the contrary, Witbox 2 and Sigma printers did
not present any significant difference between the x-axis and the y-axis, resulting
in a balanced printing accuracy between both directions. The differences between
x-y axes can be explained by the working principle and structure of both printers.
While Witbox 2 and Sigma printhead moves in the x-y plane and the printed con-
struct only moves a layer height (figure 6.4b), BCN3D+ printed constructs are
continuously moving in the y-direction along with the printing platform (figure
6.4a).
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Figure 6.2: Dimensional errors obtained from squares calibration model printed in P407 at
40 wt% with 1 (a), 2 (b), 4 (c), 8 (d) and 16 (e) layers stacked using three
different 3D printers. Asterisk symbol (*) indicate statistical significance between
x-y axes of BCN3D+ (p <0.01), cross symbol (+) indicate statistical significance
between x-y axes of Witbox 2 (p <0.01) and hash symbol (#) indicate statistical
significance between x-y axes of Sigma (p <0.01). The data represent mean and
s.e.m. of six different samples (n=6).

It can be concluded that differences in how 3D printer axes move strongly
affect the final accuracy of the printed constructs. Printers with a moving plat-
form in the z-axis are preferred because instabilities during the printing process
are reduced. Besides, the better performance of Sigma and Witbox 2 printers
respect to BCN3D+ can be due to the fact that the former are sold already
assembled and the latter is sold as a kit and has to be assembled by the user.
Small imperfections during the assembling process might lead to an increase in
the printing tolerances and a thorough review of printer mechanics should be
done to ensure a good performance (Kelly, 2013). As a result, some minimum
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requirements, such as z-axis moving platform and structural stability, are needed
to modify an open-source printer for bioprinting purposes and assure an adequate
bioprinting accuracy.
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Figure 6.3: Dimensional errors obtained from squares calibration model printed in P407 at 40
wt%. Differences between x-y axes for each of the 3D printers utilized. Asterisk
symbol (*) indicate statistical significance between x-y axes of each 3D printer (p
<0.01). The data represent mean and s.e.m. of six different samples (n=6).
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Figure 6.4: Graphical representation of 3D printers movements in (a) BCN3D+ and (b) Wit-
box 2 and Sigma. The printing movements of the printhead are colored in blue
and the printing platform is colored in red.
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6.2.2 Concentric circles
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Figure 6.5: Dimensional errors obtained from circles calibration model printed in P407 at 40
wt% with 1 (a), 2 (b), 4 (c), 8 (d) and 16 (e) layers stacked using three different
3D printers. Asterisk symbol (*) indicate statistical significance between BCN3D+
and Witbox 2 (p <0.01). Cross symbol (+) indicate statistical significance between
BCN3D+ and Sigma. Hash symbol (#) indicate statistical significance between
Sigma and BCN3D+ (p <0.01). The data represent the mean and s.e.m. of six
different samples (n=6).

Circular, cylindrical, and semi-spherical models can be used to evaluate the print
resolution of the installed printhead during the simultaneous movement in both
xy-axes. The second calibration model (figure 6.1b) consisted of four concentric
circles with a varying number of layers. Once again, the errors obtained with the
BCN3D+ were always larger than that of other bioprinters (figure 6.5). Witbox
2 was again the most accurate bioprinter with errors ranging from 80 to 343 μm,
but differences with Sigma were not statistically significant. In contrast to the
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previous model of concentric squares, the bioprinters were capable of creating
cylindrical models with 16 layers.

6.2.3 Multilayer lattice structure

Multilayer lattice structures are the most common 3D models bioprinted for TE
applications (figure 6.1c). Pore size and strand diameter are the primary control
variables to assure proper structural stability and high porosity, which is essential
for long-term cell cultures and excellent cell viability (figure 6.6). Concerning both
variables, Witbox 2 and Sigma bioprinters showed a similar performance (figure
6.7) and in both cases significantly better than that of BCN3D+. The maximum
error in pore size with the Witbox 2 (39±8 μm) was almost three times lower
than that of BCN3D+ (111±8 μm). The weak performance of our printhead
installed in the BCN3D+ is particularly significant when printing more than two
layers, showing a clear limitation of the BCN3D+ to the creation of 3D patterns.
The errors in the strand spacing did not differ so much between the three MEBB
systems. The performance of the BCN3D+ showed a significant decrease when
printing lattice structures of 16 layers (figure 6.7).

Figure 6.6: Printed lattice structures with multiple layers using Witbox 2. Schematic repre-
sentation of the 3D models (top row) and images of printed lattice structures using
40% P407. Scale bars: 1 mm.

6.2.4 Straight filaments

A set of parallel straight filaments with different widths was another calibration
model printed at constant pressure and varying y-axis deposition speeds from 5
to 16.6 mm s-1 (figure 6.1e). 3D printed models showing discontinuous filaments
were initially discarded. The similar values obtained (figure 6.8b) for the three
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3D printers indicates that these results were not dictated by the mechanics of the
printer. The printhead worked well in all the bioprinters at low deposition speeds
generating threads of widths around 600 μm. The smallest values obtained at
the maximum deposition rate were slightly above 210 μm, independently of the
printer selected (figure 6.8b).
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Figure 6.7: Dimensional errors of printed lattice structures using three different open-source
3D printers. Asterisk symbol (*) indicate statistical significance between BCN3D+
and Witbox 2 (p <0.01). Cross symbol (+) indicate statistical significance between
BCN3D+ and Sigma (p <0.01). No statistical differences were found between
Witbox 2 and Sigma printers. The data represent the mean and s.e.m. of six
different samples (n=6).

6.2.5 Vertical pillars

Fabrication of microvascular networks requires the creation of complex 2D struc-
tures in a layer-by-layer fashion and the ability to interconnect them to build a
3D network. That interconnection can be performed using several approaches by
means of horizontal and vertical printed structures (Kolesky et al., 2016). Another
calibration model consisted of slender pillars (figure 6.1d) printed at deposition
speeds lower than 4.16 mm s-1. The stability of the printed posts was inversely
proportional to their height and z-axis printing speed (figure 6.8a). Some pillars
behaved more unstable before fall, but in general, they tended to collapse when
removing the printed constructs from the bioprinter bed surfaces. The highest
stable posts were obtained at minimum deposition speeds of 0.83 mm s-1 with a
total height of 7.5 mm.
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Figure 6.8: (a) Evaluation of the mechanical stability of printed vertical pillars with heights
varying from 2 mm to 10 mm at different deposition speed. (b) Straight channels
widths as a function of deposition speed variation. Both calibration models were
printed using a tapered nozzle (27G; ID: 200 μm; Nordson EFD).

6.2.6 Hierarchical network

Although EBB allows the production of large scale structures, bioprinting of
highly vascularized tissues already remains as a big challenge. Whatever the dis-
pensing system adopted, the capacity to create filaments makes this approach es-
pecially suitable to create geometries that mimic vascular networks. Several tech-
niques have been developed to generate cell-laden vascular constructs. Some of
these examples can be found in the bioprinting of sacrificial biomaterials forming
a predefined tubular network. After the cell-laden hydrogels have been deposited
and gelled, these fugitive inks are removed by a thermal de-crosslinking process,
forming an internal vascular network (Wu et al., 2011). Some of these embedded
vascular networks are composed of P407, a synthetic hydrogel that becomes liquid
when its temperature is decreased (Kolesky et al., 2016, 2014). Other approaches
use water-soluble carbohydrate-glass lattices (Miller et al., 2012), gelatin printed
channels as sacrificial element (Lee et al., 2010) or agarose fibers to fabricate
microchannel networks (Bertassoni et al., 2014b).

If the bioprinting nozzle and speed are the same in all the printing pro-
cess, constant diameters are generated. This configuration would require one
specific nozzle to produce each of the channel’s network and that is not always
a feasible option. However, it is possible to produce different diameters with the
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same nozzle adjusting parameters like printing speed, nozzle size and pressure
(Wu et al., 2010).

The last calibration model permitted the generation of a 4-order vascular
network with a 200 μm nozzle and different strand diameters. A constant printing
pressure was utilized for all filaments, but varying the deposition speed. All three
printers utilized showed enough capabilities to print within a wide range of speeds
(3.3-13.3 mm s-1) in a hierarchical fashion (figure 6.1f).

6.3 Conclusions

The methodology here proposed have permitted to obtain the overall printing
accuracy of three different open-source bioprinting platforms. Each of the cal-
ibration models proposed covers specific features to identify and quantify the
accuracy during the bioprinting process. Besides, we have demonstrated the ver-
satility of the printheads previously present by its installation in three different
3D printers. Although the mechanical resolution of the open-source 3D print-
ers here utilized (10-50 μm) are lower than other more sophisticated and higher
priced bioprinters (up to 1 μm), the final print accuracy achieved creating us-
ing P407 could be enough for biological applications. The calibration models
proposed permitted to quantify the capabilities and limitations of each modified
bioprinter utilized. The results obtained enabled us to discover significant differ-
ences in the dimensional errors between x and y-axes in the BCN3D+ printer.
It can be concluded that differences in how 3D printer axes move strongly affect
the final accuracy of the printed constructs. This behavior could be explained
because when using Witbox 2 and Sigma the printed construct only moves a
layer height, while in BCN3D+ the printed construct is continuously moving in
the y-axis along with the platform. Besides, the better performance of Sigma
and Witbox 2 3D printers respect to BCN3D+ could be explained because the
former are sold already assembled and the latter had to be assembled by the user.
Overall it can be said that the calibration models proposed represents a useful
tool to determine the accuracy of a bioprinting platform and establish a common
comparison framework between bioprinters.



Chapter 7

Accurate and efficient multi-material bioprinting

Most of the studies in 3D bioprinting have traditionally been limited to the use
of a single bioink, which is perhaps an oversimplification that limits the potential
of this technology. Employing multiple building and sacrificial biomaterials and
cells types in a single biofabrication session seem to be the right way of addressing
the complexity of organ engineering and produce outstanding advances in the
field of TE (Visser et al., 2013). Multi-material bioprinters have recently been
developed by several research groups (Kang et al., 2016; Ozbolat & Hospodiuk,
2016; Liu et al., 2017; Shim et al., 2012; Rocca et al., 2018; Kolesky et al., 2016).
These bioprinting systems usually incorporate up to three or four printheads to
perform multi-material extrusion like the open-source solution presented in this
research.

To the best of our knowledge, advances in multi-material bioprinting
will enable researchers to integrate intricate perfusable channels inside of com-
plex shape constructs, and create constructs with several different cell densities,
among other advantages. All of this cannot be accomplished without answering
fundamental questions such as the ideal properties of the bioinks and the rela-
tionships between the bioprinting process parameters and the print resolution
and fidelity (He et al., 2016). In the case of hydrogels and MEBB, few research
studies have been conducted on correlating the bioprinting parameters, and the
printed outcomes to a great extent (Kyle et al., 2017). Suntornnond et al. used
poloxamer to develop a mathematical model to correlate print resolution with
process parameters (Suntornnond et al., 2016). Similarly, a prediction model was
obtained by Trachtenberg et al to determine the suitability of poly-propylene fu-
marate for MEBB (Trachtenberg et al., 2016) while Ting et al. examined the
effect of poly(lactic-co-glycolic acid) (PLGA) composition and printing parame-
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ter on print resolution (Wang et al., 2013). However, today, there is no a definite
method to calibrate multi-material 3D bioprinters as well as to determine their
final print resolution. Understanding how parameters such as printing speed and
nozzle height affect the print resolution is vital not only for the shape of the
printed constructs but also for their mechanical properties. When encapsulat-
ing cells, selecting the optimal printing parameters will reduce the adverse effect
of the viscoelastic stresses on the cell viability (Gao et al., 2018; Wang et al.,
2013).

In this chapter, it is proposed a method to analyze the influence of the
main printing parameters in multi-material 3D bioprinting and accurately con-
trol the print resolution. Poloxamer hydrogels with different fluorescent inks were
printed into different complex constructs for finding the optimal printing param-
eters. This allowed to emulate the bioprinting of four materials, but at the same
time, also remove other secondary factors such as excessive swelling or temper-
ature dependence. Moreover, we explored alternative 3D bioprinting techniques
such as IDEX and simultaneous printing of several constructs from a time-efficient
perspective. All the experiments included in this chapter were carried out using
Witbox 2 3D printer (figure 7.1) except section 7.6, in which IDEX printing tech-
nology was analyzed using Sigma 3D printer (figure 7.14). Four PHR printheads
were installed on each 3D printer. The results obtained demonstrate that our
proposal has huge potential to help in creating large complex 3D constructs and
potential vascular networks for organ engineering.

Figure 7.1: General (a) and detailed view (b) of the modified Witbox 2 3D printer with four
bioprinting printheads.
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7.1 Optimal calibration of multi-material bioprinting systems

Two main calibration models were proposed to adjust the four printheads’ xy
positions with respect to each other and define the optimal printing pressure.
These models aim to determine the printability and final print resolution in multi-
material bioprinting systems. The proposed calibration 3D models were designed
using the CAD modeling software SolidWorks (Dassault Systems, v2016), and
exported as STL files. A detailed description and justification of the calibration
models are given in the following paragraphs:

• xy-offset pattern (calibration model 1): straight lines were printed in the
x and y directions using two different printheads (figure 7.2a). xy-offsets of
the four printheads were calculated with regard to the first printhead (P1).
For that reason, half of the straight lines were printed using P1 and the other
half were printed using a different printhead (P2, P3 or P4).

• Zigzag path (calibration model 2): a continuous zigzag was printed using
each printhead in other to determine the correct printing pressure and speed
(figure 7.2b). An increasing distance of 20 μm was separated between all of
the lines (Δd) with separation between lines ranging from 200 μm to 500 μm.
The optimal printing pressure was determined when all the printed lines did
not overlap and were printed forming continuous strands.
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Figure 7.2: Schematic illustration of the calibration models xy-offset pattern (a) and printing
pressure dependent zigzag path (b) where the distance d0 = 200 μm, and the
variation Δd = 20 μm.

Both calibration models were printed using 40 wt % P407 on 50x75x1 mm
glass slides (Corning Inc., New York, NY, USA). Bioink P407 was used in the 3D
bioprinter calibration, and the evaluation of the printing process. This bioink was
selected because of its stable nature, exceptional printability, adequate viscosity,
and low swelling (Kolesky et al., 2016; Chang et al., 2011). Note that the P407



112 Chapter 7. Accurate and efficient multi-material bioprinting

allows for evaluating the capabilities of any bioprinter minimizing the influence
of material properties and other secondary factors involved. All of the properties
mentioned facilitated the creation of complex architectures and their subsequent
evaluation. The P407 was loaded into 3 mL and 5 mL syringe barrels (Nordson
EFD) at 4 ºC and extruded at 24 ºC. The xy-offset calibration model was printed
using tapered nozzles with three different IDs: 200 μm (27G; Nordson EFD), 250
μm (25G; Nordson EFD) and 330 μm (23G; Nordson EFD). The calibration model
2 was printed in a range of pressures from 82 kPa to 138 kPa and speed from 5
mm s-1 to 25 mm s-1 using a 27G tapered nozzle.

Four different fluorescent dyes were utilized to improve the visualization
of P407 and Gel-Alg (except in the case of using cells to avoid cytotoxicity)
bioinks: orange (1:100; IFWB-33; Risk Reactor, Santa Ana, USA), clear blue
(1:500; IFWB-C0; Risk Reactor), yellow-green (1:1000; IFWB-C8; Risk Reactor)
and red (1:1000; IFWB-C7; Risk Reactor).

Figure 7.3: Images of the printed xy-offset pattern calibration model between P1 and P2. (a)
perfect alignment between P1 and P2; (b) +200 μm x-offset of P2 respect P1; (c)
overall picture of x and y calibration models printed at the same time; (d) −500
μm x-offset of P2 respect P1; (e) alignment accuracy in x and y axes measured
for three different nozzle sizes (200 μm, 250 μm, and 330 μm); scale bars: 2 mm.

First, calibration model 1 was printed to perform a quick visual calibra-
tion of the xy-offsets in the four printheads utilized (figure 7.3a–d). Calibration
errors or deviations in both x and y axes were measured simultaneously using the
printed strand patterns of both axes (figure 7.3c). After printing, the patterns
allowed the alignment of the printheads P2, P3, and P4 with respect to P1. We
considered either positive or negative misalignments in a range between 100 μm
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and 500 μm. For instance, figure 7.3b,d show clear x-axis misalignments of +200
μm and -500 μm, respectively. Once the deviations are visually identified, the
correction values can be introduced in the slicing software, and the new G-code
will correct the position of the printhead nozzles.

The results of the xy alignment for three different nozzles are shown in
figure 7.3e. The increase of the nozzle diameter produced a decrease in the align-
ment accuracies of both directions. These results can be explained by the much
thicker printed lines produced when using bigger nozzles. The same observa-
tions, the smaller the nozzle diameter, the higher the line with resolution, were
reported by Suntornnond et al. evaluating pluronic F127 (Suntornnond et al.,
2016). Therefore, it is preferable to perform the 3D printer calibration with the
smaller nozzle available. The light blue area indicates the limits for the 200 μm
nozzle in the x and y directions, which obtained the best results of the three noz-
zles. The maximum alignment errors obtained for this nozzle were in a range from
-23 μm to 18 μm in the x-direction and from -20 μm to 22 μm in the y-direction.
These values are sufficiently low and guarantee that the alignment accuracy is
at least of a similar order of magnitude to the mechanical resolution of the 3D
printer (20 μm).

Figure 7.4: (a) Scheme of the possible defects in the first layer calibration: nozzle too far
from printing platform and nozzle too close to printing platform; (b) images of
the zigzag path calibration models printed at a deposition speed of 15 mm s-1 for
various printing pressures; scale bar: 1 mm; (c) quantification of the number of
filled spaces between strands in the calibration model 2 varying printing pressure
and deposition speed (green: good; orange: normal; red: bad; x: discontinuous
printing).

The layer-by-layer approach characteristic of additive manufacturing (AM)
makes the thickness of the printed layers became the primary factor defining the
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print resolution along the z-axis. When the nozzle is too far from the platform,
the printed layers will not adhere to the surface, creating discontinuous strands,
and the next layer will not be deposited adequately (figure 7.4a). On the other
hand, if the tip is too close to the platform, it might lead to a clogging of the
nozzle or a discontinuous printing. In some research works, the 3D models are
sliced into layers with a slicing height equal to 70% or 80% of the inner nozzle
diameter (Guo et al., 2017; Paxton et al., 2017). A lower layer height will result
in fewer errors between the layers, but longer printing times. Herein, we found
that using a slicing height equal to the nozzle diameter was beneficial when de-
termining the effective deposition rate. Therefore, establishing the right distance
between the nozzle and the printing bed for the first layer is of vital importance
for avoiding further deposition problems.

The second calibration model or zigzag-path model was useful for deter-
mining the printing pressure needed to produce strands of the desired diameter.
The variation of the printing pressure in figure 7.4b for a fixed deposition speed of
15 mm s−1 produced strand widths of different dimensions. As expected, an ex-
cessive printing pressure and a low deposition speed produced dramatically wider
strands that can eventually overlap (figure 7.4c).

7.2 Z-axis calibration

When multiple printheads are installed within the same 3D printing system, the
z-axis calibration of each nozzle results crucial to ensure an accurate and reliable
z-positioning of each printhead respect to the others. This feature is especially
relevant in the calibration of the first layer height, as it can lead to detaching
constructs or nozzle clogging if it is placed too close to the printing surface.
Besides, if nozzles tips are not perfectly aligned in the same horizontal plane.
Slight differences in z-height of a few microns introduce inadmissible printing
errors when multiples layers are stacked. To solve this problematic situation, a z-
homing system is proposed which permits an automatic calibration of printheads
nozzles heights. To that end, we designed a push button using a mechanical
endstop (Makerbot mechanical endstop v1.0) as shown in figure 7.5a. Each time a
new printhead is utilized, the printhead moves to the push button xy-coordinates
and the nozzle tip touches it using the z-homing G-code command (G28 Z). As the
height (h) between the printing surface and the push button do not change, the
z-offset for each printhead is always the same once the push button is activated.
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This allows using printheads and nozzle types with different dimensions, as the
automated z-homing system compensate the unbalanced nozzles heights.

Accuracy and repeatability of the push button were assessed through
the probe accuracy test provided by Marlin firmware (G-Code: M48). In this
test, the mechanical endstop was pushed 40 times consecutively and variations in
the z-height were recorded. Different z-homing speeds were utilized for each test
(figure 7.5b). Results revealed that pushing the endstop at speeds lower than 6
mm s-1 obtained z-axis errors lower than 5 μm. If higher z-homing speeds were
utilized, z-axis errors increased reaching a maximum of 15 μm.
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Figure 7.5: (a) Schematic view of the 3D CAD design of the push button with all its com-
ponents utilized for automatic Z-homing calibration. (b) Homing accuracy in the
z-axis when the push button was utilized. Each point represents z-axis errors for
different homing speeds using the probe accuracy test (M48). The data represent
the mean and s.d of forty samples (n=40).

7.3 Print resolution in multi-material bioprinting

Extruded hydrogels usually result in spreading or diffusion from the initial shape
as a consequence of standing their weight and their slow gelation rates (He et al.,
2016). Besides, the printed strands are never cylindrical, even if we use hollow
cylinder-shaped nozzles. For these reasons, we decided to evaluate the print
resolution of printed P407 filaments by two dimensions: width and height. We
measured these two variables (figure 7.6a and 7.6b) for different values of printing
pressure and deposition speed to identify the optimal printing setup.
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We observed that pressure and speed are strongly correlated while work-
ing at intermediate pressures (96–138 kPa). However, pressure is probably a more
critical factor than deposition speed, especially for the height of the filaments
printed (figure 7.6a). This is consistent with previous studies on shear thinning
hydrogels as the one performed by Trachtenberg et al. printing poly(propylene
fumarate) (PPF) (Trachtenberg et al., 2016). They determined that fiber height
and width decreased with increasing deposition speed and decreasing pressure.
In addition, they also showed the higher effect of pressure with respect to speed
and the interaction of both factors (pressure and speed) is of great importance.
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Figure 7.6: Impact of the printing pressure and deposition speed when creating rectilinear fil-
aments. Quantification of the height (a) and width (b) of the printed filaments
using 40 wt % P407 and a 27G tapered nozzle. Data represent the mean and stan-
dard deviation of six different samples (n = 6); (c–h) Representative photographs
of different filaments printed at a constant pressure of 110 kPa on a cover glass
while reducing the deposition speed from 30 mm s−1 to 5 mm s−1); scale bar: 500
μm.

When printing at very low pressures (82 kPa), there was a limitation in
the deposition speed (around 8 mm s−1) for creating continuous filaments, much
lower value than the 25 mm s−1 achieved at the pressure of 110 kPa. Discon-
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tinuous strands were usually generated when printing at higher deposition speed
(figure 7.6c).

In general, strand width should be almost always greater than height
when keeping constant the value of the thickness layer (200 μm) because the
nozzle tends to crush the printed samples. We hypothesized that optimal printing
configuration would be that that the filaments show similar height and width
values with a low swelling ratio. Figure 7.6a and 7.6b demonstrated that these
conditions were achieved for printing pressure of 110 and 124 kPa, and deposition
speed of around 21 and 25 mm s-1, respectively. Using these parameters and 27G
nozzles, the height and width of the strands were very similar: (i) for 110 kPa was
around 202 μm and 230 μm; and (ii) for 124 kPa, the height-width values were
219 μm and 238 μm, respectively. Finally, we would like to highlight that using
a very high printing pressure (138 kPa) was a synonym of nonlinear response for
different deposition speeds, with too much bioink deposition and diffusion.

7.4 Multi-material bioprinting of complex scaffolds and 3D
constructs

After the four printheads were calibrated in x, y, and z axes and the appropri-
ate setup was found, representative complex structures were printed to demon-
strate the goodness of our proposed method. Different bioinks were printed per
each layer to study the accumulated misalignments that produce heterogeneous
patterns in the lattice scaffolds, and consequently the further reduction of the
porosity.

Firstly, porous lattice structures composed of one bioink per layer were
printed using two printheads (two fluorescent bioinks). The lattice structures were
printed using infill percentages ranging from 10% to 35%. Low and medium infill
percentages produced homogeneous patterns across the xy plane (figure 7.7a–d)
because of the successful calibration method. Nevertheless, the higher the infill
percentage, the less homogeneous the pattern is. In that case (figure 7.7e,f), there
was a difference between the theoretical pore area designed and the total pore
area printed. The printed pore area was smaller than the theoretical one, similar
to what He et al. reported (He et al., 2016).

After printing the first layer, the second layer became a weight load to
the first layer at the intersection. In addition, and as explained by (He et al.,
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2016), the radial diffusion of the upper hydrogel layer on the lower one at the
intersections produced a radial narrowing of the pore. As a result, we obtained
more rectangular-shaped pores than squared ones. These observations were more
evident when the infill density was between 25% and 35% (figure 7.7d–f). The lim-
iting higher infill percentage seems to be 30%, with only a few overlapping areas
observed. Therefore, we demonstrated that conducting an accurate calibration
process is a guarantee of the integrity of the structures created layer-by-layer.

Figure 7.7: General and detailed views of porous lattice structures printed with two bioinks
and two printheads. Each bioink was used in a different layer. The G-code was
generated using the slicing software with the infill percentages: 10% (a), 15% (b),
20% (c), 25% (d), 30% (e) and 35% (f). The printing pressure and speed utilized
in all the cases were 110 kPa and 15 mm s−1, respectively; scale bars: 2 mm
(general views) and 500 μm (detailed views).

More complex lattice structures with fluorescent bioinks were printed
using the four printheads mounted in the bioprinter. Diagonal and rectilinear
patterns (figure 7.8a–d) were stacked successfully into two different multi-material
scaffolds (figure 7.8g,k). The step by step stacking of the layers is depicted in
figure 7.8e–g,i–k. As in the previous scaffolds, the fidelity at the central part of the
structures was better than that at the edges. The lack of accuracy near the edges
was due to the accumulation of material in the region where the lines change
their angles, similar to the mistakes reported by He et al. for single material
extrusion (He et al., 2016). Looking at the intersection point of the diagonal
diagonal structure (figure 7.8h), we observed that the printheads in charge of
dispensing blue and red hydrogels were slightly deviated in the +x coordinate
(according to figure 7.3b). This effect was probably the leading cause of the
small dissimilarities in shape observed at the empty triangular areas. These
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differences were consistent with the geometry tolerances of the structures due
to the alignment errors in the x-direction reported in the previous sections. In
summary, both multi-material structures were printed successfully due to the
automatic calibration system used.

Figure 7.8: Pictures of a complex porous structures printed using four printheads with paral-
lel and diagonal rectilinear patterns. Each fluorescent bioink was deposited in a
different layer (a–d) with a total of four layers stacked (e–g,i–k). Detailed view of
the diagonal (h) and perpendicular lattice structures (l); scale bars: 1 mm.

Regarding the rectilinear scaffold, the structure was created without over-
lapping areas (figure 7.8i). The diffusion of the upper layer toward the lower one
was due to the gravity being more evident than in the previous structure (figure
7.8l). This effect is mainly related to the higher infill density (or smaller pore
area). Through the successful printing of these two complex scaffolds, the pro-
posed calibration methodology for multi-material bioprinting was verified. We
believe that this approach will allow precise control of the deposition of various
hydrogels and cell types for the fabrication of more biomimetic tissue structures.

Another CAD computer model (figure 7.9), which entails greater com-
plexity compared to the previous structures (figures 7.7 and 7.8), and thereby
more calibration requirements, was printed using four fluorescent bioinks (figure
7.9b). The model is a lattice structure formed by parallel rectilinear strands,
each one with its particular bioink color (figure 7.9c). We checked the existence
of overlaps or empty spaces between the strands as a sign of an erroneous cal-
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ibration across the xy axes. The overlaps with excessive material accumulated
tended to break the continuity of the strands of the next layer (figure 7.9e),
whereas the errors in the calibration process produced distinct gaps between the
parallel strands (see the blue filament in figure 7.9d). On the other hand, if
the xy-offsets of the four printheads were correctly determined, the strands were
printed without being merged as shown in figure 7.9f. Note that the slicing of
the 3D models took into account the swelling ratio of the hydrogel P407 (figure
7.9a). This ratio was estimated at a 100 μm per strand. Therefore, the initial
diameter in the computing model needed to be 200 μm to obtain printed strands
of 300 μm without overlapping. We conclude that the structures printed are an
excellent example of correct calibration cases.

Figure 7.9: Pictures of a complex porous structure printed using four printheads and rectilinear
patterns. The four printheads deposited dyed P407 in the same layer with a total
of two layers stacked. General view of the CAD design (a) and printed porous
structure (b); (c) general view of the first layer; (d) detailed view of printheads
misalignments on the y-axis; (e) detailed view of strands diffusion in the second
layer; (f) detailed view of the porous structure printed correctly. Scale bars: 1mm.

Kang et al. (Kang et al., 2016) proved the immense potential of these
kinds of lattice constructs (figure 7.9b) to produce mandible bone and ear-shaped
cartilage using cell-laden bioinks side-by-side with PCL to ensure the mechanical
strength of the printed constructs. In this research, we followed a similar approach
regarding the MEBB system with four printheads but avoiding the proprietary
nature of their multi-material bioprinter. Similar geometries with several bioinks
printed right next to the other using parallel rectilinear strands (figure 7.9c) but
not in a lattice construct were fabricated by Lui et al. (Liu et al., 2017). How-
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ever, their approach incorporates an array of bioink reservoirs routed to a single
printhead instead of our multiple and separate printheads. An advantage of the
Lui et al. system is that it can eject the bioinks in individually or simultaneously,
but it is limited to the use of a single nozzle, which restricts the ability to print
hydrogels with very different viscosities. Other multi-material bioprinters such as
the 3D-Bioplotter (EnvisionTEC, Gladbeck, Germany) incorporates a mechanism
designed to exchange the printheads, which gives flexibility but increases the cost
and complexity. Multiple bioinks can be printed in the same 3D model, but in-
creasing the total printing time significantly. Although commercially available 3D
bioprinters from EnvisionTEC and RegenHU can assure mechanical resolutions
up to 1 μm and 5 μm, respectively, we demonstrated that our system with limited
mechanical precision also produced complex structures with enough accuracy for
TE applications (Wang et al., 2017; Trachtenberg et al., 2016; Guo et al., 2017;
Paxton et al., 2017; Ribeiro et al., 2017).

a b

c

Figure 7.10: Multi-material printheads assignment using Slic3r software. (a) Porous structure
with four layers stacked, each one assigned to a different printhead; (b) 3D model
of a heart section composed of four parts; (c) printhead trajectories calculated by
the slicing software using a porous infill.

Another CAD model to show the potential of a well-calibrated multi-
material 3D bioprinter for generating complex structures is depicted in figure 7.11.
The model represents a human heart section where each of the parts consisted
of a single perimeter and a porous infill at 15% printed in two layers. All of the
printing trajectories, either for the perimeter or the porous infill (figure 7.10a-c),
were generated automatically by the slicing software, which greatly facilitated the
printing process. We proceed with the following printing sequence: orange (P1),
blue (P2), green (P3) and red (P4), but this ordering can be easily changed.



122 Chapter 7. Accurate and efficient multi-material bioprinting

a b e

c d

5mm

Figure 7.11: Complex multi-material printing of model that represents a human heart sec-
tion. The model is composed of heterogeneous bioinks to demonstrate the multi-
material capabilities of our system. (a–d) printing of the main parts of the heart
section separately; (e) combination of the multiple parts using the four bioinks
in a complex structure; scale bars: 5 mm.

The CAD model of the heart section has curvilinear geometries that cre-
ate complex trajectories than previous models (figure 7.9) based on straight lines.
These geometries increased the number of print errors detected. For instance, blue
(figure 7.11c) and green (figure 7.11d) bioinks overlaid the thin middle sections of
the heart printed of orange bioink (figure 7.11b). Better calibration procedures
might avoid these defects by incorporating the effect of the bioink swelling during
CAD models generation. Liu et al. printed a very similar geometry of the hu-
man heart section using their multi-material platform described before (Liu et al.,
2017). We obtained similar results with our constructs showing good demarcation
among adjacent materials.

Gel-Alg and P407 bioinks were printed in a single session creating multi-
material constructs (figure 7.12). Gel-Alg represents a more challenging material
regarding printability when compared to P407. Consequently, the printed strands
were not straight and the openings were irregular, reducing the pore area (fig-
ure 7.12a). Other authors also reported complications when printing Gel-Alg
mixes. Paxton et al. attributed the weak printability to the lower yield stress
point of Gel-Alg blends (Paxton et al., 2017). Despite this, we were capable of
calibrating the bioprinter and obtaining the proper printing parameters to cre-
ate complex constructs from the CAD models in a single multi-material session
(figure 7.12b–d).
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Figure 7.12: Complex multi-material structures printed. Gel-Alg and P407 bioinks were
printed using 25G and 27G tapered nozzles, respectively. (a) general view of
a 2-layer porous lattice structures printed with Gel-Alg (left, green for printhead
1 and blue for printhead 2) and P407 (right, green for printhead 3 and red for
printhead 4) bioinks; (b) general view of circular lattice structure with the inner
circle printed in Gel-Alg (green for printhead 1 and blue for printhead 2), and
the outer circle printed in P407 (green for printhead 3 and red for printhead 4);
general (c) and side view (d) of an 8- layer porous lattice with alternating layers
of Gel-Alg and P407. Sequence of colors: Gel-Alg (orange), Gel-Alg (blue), P407
(green) and P407 (red); scale bars: 2 mm.

7.5 Multi-material printing of complex 3D vascular networks

Several tests were performed to produce pillars (vertical strands) and hanging
bridges between them using P407, similar to the fugitive structures printed by
Kolesky et al. that mimic vascular networks (Kolesky et al., 2016). Pillars
were printed moving the printhead on the z-axis and keeping constant the xy-
coordinates. When printing one pillar, and prior to the printhead movement in
the z-direction, the tip of the nozzle was placed at 200 μm from the glass slide
and the solenoid valve was opened a waiting time of 500 ms. Within this time,
the P407 started to flow and permitted to deposit an excess of material in the
base of the pillar to give it more stability (figure 7.13d). If no waiting time was
utilized, a weaker pillar base was produced, decreasing the structure stability.
Once the nozzle extruded the pillar moving to the desired height, an additional
waiting time of 1 s was considered to allow the column to stabilize. After that,
the nozzle was raised at a fast speed (25 mm s-1) a distance 2 mm higher than the
pillar height to improve its verticality. There was a limit in the column heights
that could be achieved without losing verticality.
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Figure 7.13: (a,b) Complex vascular 3D networks printed in P407; (c) evaluation of the sta-
bility of 3D printed vertical pillars for a fixed height of 8 mm. Printing pressure
ranging from 89 kPa to 117 kPa and deposition speeds ranging from 0.5 mm s−1

to 4 mm s−1. The data inside the figure represents the mean of pillars diameter
(in μm) of six different samples (n = 6); (d) side view of 3D printed 4 mm
height pillars; (e) vascular structure printed at two different heights (2 mm and
5 mm) with interconnected bridges; scale bars: 1 mm.

Different printing pressure (89 kPa to 117 kPa) and deposition speeds
(0.5 mm s-1 to 4 mm s-1) were tested, producing pillars with different diameters
and stability (figure 7.13c). A constant pillar height of 8mm was set for all the
vertical pillars printed with a 27G nozzle. As expected, the lower the speed and
the higher the pressure, the larger the diameter of the pillars extruded. Regardless
of the pressure and the speed utilized, pillars with diameters above 814 μm always
remained stable while pillars with diameters between 678 μm and 762 μm tended
to bend slightly to losing their verticality. Above these diameters, pillars collapsed
utterly touching the glass slide.

Regarding the hanging bridges between pillars, the deposition speed in
the xy-plane and the distance between pillars have a direct influence on the
straightness of the bridge (figure 7.13a). To generate continuous straight strands
(figure 7.13b,e), pillars were spaced up to 4 mm while the deposition speed was
set at 7.5 mm s-1. When faster deposition speeds were utilized for the bridges,
the pillars tended to collapse by the impact of the deposited strands. In general,
the samples printed demonstrated excellent results for maximum heights of 8 mm
to 10 mm.
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If different materials or even the same material but in different concen-
trations are used to print this type of vascular 3D networks, it would be first
necessary to evaluate the stability of the vertical pillars for different process pa-
rameters, as shown in this section (figure 7.13c). Then, the next step would
be to find the optimal deposition speed for the hanging bridges. These types of
constructs were tested by Ribeiro et al. (Ribeiro et al., 2017) printing poloxamer-
poly(ethylene glycol) (PEG) blends at different concentrations (poloxamer/PEG:
30%, 29/1%, 28/2%, 27/3%, 26/4% and 20%). They found that higher concen-
trations of P407 led to a decrease in bridge sagging, which coincides with our
observations at higher concentrations of poloxamer.

We agree with He et al. (He et al., 2016) that the ideal multi-material 3D
bioprinter for tissue engineering applications should be high throughput, ease of
use, with excellent print resolution, and capability of dispensing multiple bioinks
with different viscosities. Even if some of the commercially available bioprinters
incorporate all these specifications, we would like to stand up for the open-source
bioprinters. This equipment can provide all discussed advantages plus avoid-
ing the proprietary nature of the commercial ones. Indeed, our open-source 3D
printing platform was capable of achieving high accuracy and cell viability in
multi-material bioprinting with a relatively lower cost than other commercial
units.

7.6 Time-efficient 3D printing through IDEX technology

Current multi-material MEBB systems have enough printing resolution to de-
posit biomaterials and cells in a precise spatial arrangement, however, most of
them can only print one material at a time. This increases the print times re-
quired to fabricate constructs with clinically relevant sizes, hindering the ex-
pansion of this technology to large-scale applications. Besides, the duration of
the printing process is a determining factor for cell-viability of printed constructs
(Skardal & Atala, 2014). Excessive long bioprinting processes might decrease cell-
viabilities, as cells nutrients and oxygen requirements are not fulfilled. In most
of the extrusion-based multi-material bioprinting strategies, each biomaterial is
loaded on single printhead (Kolesky et al., 2014; Rutz et al., 2015; Sears et al.,
2017). In this way, as more biomaterials are utilized, more printheads should
be installed in the bioprinter. However, only one material can be deposited at
a time and inactive printheads must wait for their printing turn until the active
printhead has finished.
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Desktop multi-material 3D printers can be divided into two categories ac-
cording to how their printheads move in standard and independent dual extruders
(IDEX) 3D printing systems (table 7.1). Standard multi-material systems inte-
grate two or more printheads within the same x-carriage. This layout requires
that all the printheads move at the same time, including those that are not uti-
lized, and only one printhead can be printing at a time. In addition, since inactive
printheads are placed close to the 3D printed construct, inactive nozzles could
contaminate it with unwanted material or collide with the already printed model.
However, in the last years has emerged a new 3D printing technique called IDEX.
As its name suggests, IDEX 3D printers are built with independent x-carriages,
which allows independent printhead movements from each other in the x-axis.
This configuration permits to print multi-material constructs without interfer-
ences between printheads, as one x-carriage can be printing while the other is
parked outside the printing area. Besides, the use of independent carriages al-
lows the generation of multiple constructs at the same time, as several printheads
can be utilized simultaneously. This approach arises as a promising bioprint-
ing strategy to reduce significantly the print times of multi-material constructs,
minimizing the idle times caused by inactive printheads.

Table 7.1: List of commercially available multi-material desktop 3D printers with and without
IDEX technology.

Multi-material
3D printer

Number of
extruders

IDEX Price
(US$)

Positioning
resolution
x-y-z (μm)

Print volume
x-y-z (mm)

BCN3D Sigma R17 2 Yes 2.695 12.5-12.5-1 210-297-210
BCN3D Sigmax 2 Yes 4.295 12.5-12.5-1 420-297-210
Ultimaker 3 2 No 3.495 12.5-12.5-2.5 215-215-200
Ultimaker 3
extended

2 No 4.295 12.5-12.5-2.5 215-215-300

Ultimaker S5 2 No 5.995 6.9-6.9-2.5 330-240-300
FlashForge Creator
Pro

2 No 929 11-11-2.5 227-148-150

MakerGear M3-ID 2 Yes 3.299 - 180-228-203
Zortrax Inventure 2 No 3.490 - 135-135-130
Cel RoboxPRO 2 No 5.158 - 210-300-400
Markforged Mark
Two

2 No 13.499 - 320-132-154

Raise3D Pro 3D
Printer

2 No 3.999 78 280-305-300

In this section, both printing techniques were evaluated from a time-
efficient perspective using two open-source desktop 3D printers: Witbox 2 (stan-
dard) and Sigma (IDEX). Print times using both 3D printers were measured for
the generation of multiple constructs. Four PHR printheads were installed in
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both 3D printers, as this printhead permits an easy integration on most of the
desktop 3D printers (figures 7.1 and 7.14). Printheads integration in Sigma and
Witbox 3D printers was performed by merely changing the x-carriages couplings
and screwing to them with four M3 bolts per printhead (see chapter 4 and 5).
As shown in figure 7.14, Sigma 3D printer integrates two printheads on each
x-carriage, while in Witbox 2 the four printheads were installed in the same x-
carriage (figure 7.1). Each printhead contained the same biomaterial (P407) but
dyed with a different color for a better error visualization.

Figure 7.14: General (a) and detailed view (b) of the modified Sigma 3D printer with four
bioprinting printheads.

The fabrication of multi-material 3D bioprinted constructs requires the
use of multiple printheads within the same bioprinter. However, the integration
of multiple printheads it is not an easy task, as it depends either on printheads
dimensions and the space available in the bioprinter to install them. As a con-
sequence, as more printheads are installed, the final usable print area decreases.
We can observe this reduction in the 3D printers utilized for this study. The
original print areas of Witbox 2 and Sigma are 297x210 mm and 210x297 mm,
respectively. Figure 7.15 shows the print volume of both printers once the four
printheads were installed. In standard 3D printing systems (Witbox 2), multiple
printheads must be installed within the same x-carriage. This causes a significant
reduction of the print area if compared with the use of a single printhead (100x25
mm) (figure 7.15a). However, if IDEX 3D printers are utilized instead (Sigma),
the printheads are installed in two different x-carriages, which permits to have a
bigger print area (130x140 mm) (figure 7.15b).

One of the key features of IDEX 3D printing systems is the possibility
to fabricate multiple multi-material constructs at the same time using both x-
carriages independently, either in duplication or mirror modes. This feature is
especially useful to reduce print times, as multiple constructs can be generated
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simultaneously. Standard 3D printing systems can also be utilized to print multi-
ple constructs jointly, however, they present several disadvantages respect IDEX
technology. First of all, while IDEX 3D printers allow controlling the distance be-
tween x-carriages, in standard systems the distance between nozzles is fixed. This
feature is especially relevant, as the xy distances between printheads nozzles must
be the same than the xy distances between the printing surfaces centers. Secondly,
in standard systems the print area is considerably reduced, consequently, IDEX
systems allow the use of more printing platforms at the same time. As shown in
figure 7.15, Witbox 2 permitted the use of only two printing platforms, while in
Sigma 3D printer the print area allowed the use of four printing platforms.

X=130mm

Y=140mmZ=100mm

X=100mm

Y=25mmZ=90mm

a b

Figure 7.15: Print volumes of Witbox 2 (a) and Sigma (b) 3D printers for multi-material
bioprinting with four printheads installed (measures expressed in mm).

The first step in the creation of a time-efficient bioprinting strategy was
to determine which is the infill pattern that permitted the generation of constructs
in the shortest possible time. We evaluated the print times required to print solid
12 mm cubes considering different infill patterns and densities. Four different
infill patterns (honeycomb, Hilbert curve, octagram spiral and rectilinear) and
infill densities (10%-12.5%-15%-17.5%) were evaluated (figure 7.16). G-codes
were generated using Slic3r software, as described in chapter 5. Rectilinear infill
revealed as the fastest 3D printing pattern from all tested, followed by octagram
spiral (figure 7.17a). Hilbert curve and honeycomb patterns required similar
print times, however, they needed twice the time than the rectilinear pattern for
the 17.5% infill density. Print times increased rapidly with infill density following
similar tendencies for all patterns except the rectilinear, in which a more moderate
increase was observed.
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Figure 7.16: Bi-material constructs printed in 40 wt% P407. P407 was deposited printed at
25 ºC, using a 200 um ID nozzle, a deposition speed of 15 mm s-1 and 2 layers
stacked. G-code generated using Slic3r from solid cubes with a 12 mm side,
different fill patterns, and densities. Scale bars: 1 mm.

Once the rectilinear pattern showed as the best infill option in terms of
print speed, various multi-material constructs were generated using this pattern.
In the conventional 3D printing approach, each construct is printed sequentially in
a single printing platform using one printhead at a time. However, the approach
here proposed permits to generate several multi-material constructs, printed in
different glass slides and using various printheads simultaneously. Both printing
strategies (sequential and simultaneous) were analyzed, measuring the print times
required to generate the same constructs. Each experiment was named according
to the number of printheads (P), printing platforms or bases (B) and materials
(M) utilized. For example, a 4P-2B-2M configuration means that 4 printheads
have been utilized to print in 2 different printing platforms a bi-material construct.
Poloxamer P407 with a deposition speed of 15 mm s-1 was utilized in all samples.
Printheads travel speed when P407 was not deposited was 60 mm s-1.



130 Chapter 7. Accurate and efficient multi-material bioprinting

The first experiment consisted of printing two bi-material constructs us-
ing standard and simultaneous 3D printing strategies. Using the standard ap-
proach, the constructs were printed sequentially using two printheads, each with
a different material (2P-1B-2M). In the IDEX approach, both constructs were
printed using four printheads, two of them being utilized simultaneously, each
one on a different printing platform (4P-2B-2M). Results showed that simultane-
ous deposition is able to reduce print times up to 1.6 times than sequential 3D
bioprinting (figure 7.17b). In this case, it was possible to implement the simul-
taneous 3D printing strategy in Witbox 2 and Sigma 3D printers, as their usable
printing area is big enough to place two independent platforms (figure 7.15). No
significant differences between both 3D printers were found in this case.
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Figure 7.17: (a) Sigma and Witbox 2 print times for different infill patterns and degree of
porosity. (b) Sigma and Witbox 2 print times for a bi-material construct printed
simultaneously (4P-2B-2M) and sequentially (2P-1B-2M). (c) Sigma print times
for a for-material construct printed simultaneously (4P-4B-4M) and sequentially
(4P-1B-4M). (d) Sigma print times for a single-material construct printed simul-
taneously (4P-4B-1M) and sequentially (1P-1B-1M).

The second experiment consisted of printing four multi-material con-
structs using four different materials (figure 7.18a-b). As Witbox 2 print area
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was not big enough to hold four independent bases (figure 7.15a), only Sigma
3D printer was utilized in this case. On one hand, four printheads loaded with
different materials were utilized to print four-material constructs in four differ-
ent platforms (4P-4B-4M). On the other hand, each four-material construct was
printed in a single platform sequentially (4P-1B-4M). Results revealed that print-
ing the four-material constructs using the simultaneous approach permitted to
reduce print times almost by half (figure 7.17c).

Finally, we evaluated the print times required to print four single-material
constructs using four printheads simultaneously (4P-4B-1M) and just one print-
head sequentially (1P-1B-1M). As explained before, only Sigma 3D printer could
be utilized. Results showed that printing with four printheads simultaneously, it
was possible to produce the same construct 8 times faster than using the tradi-
tional sequential 3D printing (figure 7.17d).

Figure 7.18: General and detail images of multi-material porous constructs printed in Sigma
3D printer and IDEX strategy using four printing platforms simultaneously (a-b)
and a cell culture plate of 6 wells (c-d).

Besides the glass slides utilized, simultaneous 3D printing can be applied
to other printing as printing surfaces such as culture plates with several wells
(figure 7.18c-d). In addition, this 3D printing approach can be utilized not only
in 3D bioprinting but to any AM process in which a time reduction is required.
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7.7 Conclusions

The use of multiple cell types and biomaterials is essential to recapitulate the
architecture, mechanical strength, and complexity of human tissues. Moreover,
in 3D bioprinting, maintaining the print resolution along the layer-by-layer man-
ufacturing process offers greater stability when creating thick self-supporting tis-
sue constructs. In this chapter, we have presented a non-expensive and useful
calibration method applicable to 3D bioprinters with multiple printheads. The
particular multi-material 3D bioprinters herein used were desktop 3D printers
modified to incorporate four independent MEBB printheads.

P407 hydrogel mixed with four fluorescent dyes was utilized as the base
bioink for the calibration due to its remarkable stability. Our calibration proce-
dure is exportable to any bioprinting system, but it is strongly recommended to
use the automatic push-button system to reduce the print errors in the z-axis and
calibration times drastically. Besides, parameters such as the printing pressure,
deposition speed, nozzle height, and nozzle diameter were evaluated from the ex-
perimental results to obtain the optimal printing conditions. To prove the method
using different biomaterials, multi-material constructs were printed in different
combinations of P407 and Gel-Alg bioinks. Besides, complex multi-material 3D
models and intricate vascular networks were created assessing the final accuracy
and printing precision of the bioprinting platform. Other technologies such as
drop-on-demand bioprinting could also benefit from the method proposed, due
to the universality of the proposed multi-material calibration method.

Moreover, a novel 3D printing strategy was presented, which implies the
use of IDEX technology and the production of multiple constructs using several
printheads simultaneously. Two open-source 3D printers (Witbox 2 and Sigma)
were utilized to compared both standard and IDEX 3D printing approaches.
Simultaneous and conventional 3D printing strategies were evaluated from a time-
efficiency perspective. Results showed a substantial print time reduction when
multiple printheads were utilized simultaneously, compared with the conventional
sequential 3D printing strategy. The results obtained represent an interesting
approach in the bioprinting field to generate various constructs simultaneously,
which implies a reduction of cell death due to excessive print times. In this way,
using several printheads at the same time allowed to minimize idle times caused
by inactive printheads, and thus reduce the overall printing times.



Chapter 8

Efficient scaffolds fabrication for printing hybrid
constructs

In TE, the use of 3D printing for the fabrication of scaffolds has steadily increased
over the past years (Lam et al., 2009; Li et al., 2017; Mitsak et al., 2011). Many
biocompatible materials have been successfully printed, but one of the most out-
standing synthetic resorbable polymers is polycaprolactone (PCL) due to its me-
chanical strength, stiffness (enough to influence cell behavior (Hendrikson et al.,
2015)) and tailorable degradation kinetics (Lam et al., 2007, 2008). PCL cannot
directly be formulated with cells (Groll et al., 2018), but many in-vitro studies
have shown clear cell spreading, attachment and extracellular matrix formation
over the scaffolds (Li et al., 2003, 2017; Park et al., 2018). It is also easy to manu-
facture due to its superior viscoelastic and rheological properties over many of its
resorbable counterparts (Woodruff & Hutmacher, 2010). These features enable
the generation of complex functionally graded scaffolds with precise control of
the internal porosity and strands diameter at low cost.

Several AM technologies such as fused deposition modeling (FDM) (Guerra
et al., 2018; Ramanath et al., 2008) and microextrusion-based systems (Gupta
et al., 2018) are suitable to extrude PCL and produce scaffolds with controlled
porosity through a layer by layer approach. FDM is a technology particularly
useful for filament-type polymers of very low viscosity at high temperatures such
as PLA or ABS. Even if FDM has also been used to produce 3D scaffolds of PCL
(Zein et al., 2002), extrusion-based systems can deposit molten PCL at low tem-
perature but at much higher pressure than FDM. Two types of extrusion-based
system are currently employed: pneumatic and mechanical. As viscosity and
strength of PCL depend on its molecular weight (Grosvenor & Staniforth, 1996),
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mechanical-based systems that generate higher extrusion pressures are preferred
for PCL of high molecular weight (Kim & Son, 2009; Seyednejad et al., 2011).
On the other hand, PCL with low and intermediate molecular weight can be ex-
truded with pneumatic systems due to lower pressure requirements (Trachtenberg
et al., 2014; Kundu et al., 2015). Herein, we use a pneumatic printhead for PCL
extrusion similar to the ones used for bioprinting, but with the capacity to work
at significantly higher pressure, and print temperature above 80 ºC.

Novel AM systems that integrate biomaterials and cell-laden hydrogels
deposition have gained much attention for their potential application into the
generation of human-scale tissue constructs of any shape such as calvarial bone,
cartilage, and skeletal muscle, among others(Kang et al., 2016; Visser et al.,
2013; Olubamiji et al., 2016b; Shim et al., 2012). These so-called “printed hybrid
TE constructs” combine 3D scaffolds of complex architectures, cell-laden bioinks
extruded in integrated patterns, and microchannels that allow the diffusion of
nutrients and oxygen across the construct. Their aim is to assure cell survival and
enough structural integrity for surgical implantation. While the bioinks support
cell survival and proliferation, the scaffold provides enough structural integrity
and mechanical resistance needed for surgical implantation (Khademhosseini &
Langer, 2016). Building hybrid constructs requires the use of multiple printheads
with precise calibration and accurate temperature control (Pati et al., 2013). The
use of high print speeds for the generation of hybrid constructs results critical
for reducing the total print time. Long print times dramatically decrease cell
viability (Skardal & Atala, 2014). Shorter ones are preferred, but the printing
accuracy cannot dismiss because a precise material deposition is also essential
for cell viability. Also, printing the scaffold at high temperatures decreases cell
viability of the already printed bioinks (Shim et al., 2012). Therefore, selecting
the most appropriate print parameters for each specific application is needed to
balance print temperature, accuracy and carriage speed.

In this chapter, it is explored the possible values of certain print parame-
ters that could help in generating precise scaffolds of PCL while minimizing print
times. The main candidates, which have a direct influence on the PCL flow rate,
were print temperature, nozzle shape and diameter, carriage speed, and inlet
pressure. For the first time, it was investigated the differences in flow using three
types of nozzles with different diameters under the same 3D printing platform:
conical, cylindrical and cylindrical shortened. Experiments were performed using
an open-source 3D printer with a custom-designed high-temperature printhead
for extruding PCL (see chapter 4). This makes the results easily replicable by
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other laboratories. Computational fluid dynamics (CFD) simulations of the ex-
trusion process were carried out to gain a more comprehensive understanding of
the flow of PCL inside the different nozzles. The results obtained are useful when
selecting the best configurations to produce the supporting structures of a hybrid
construct in the shortest print time without dismissing print accuracy.

8.1 CFD model and constitutive equations

A CFD simulation of PCL flowing through different nozzle geometries was con-
ducted in ANSYS® Academic Research Fluent, Release 19.2 (ANSYS Inc, Canons-
burg, PA, USA). The extrusion of PCL was simulated as a non-isothermal steady
state process (discarding the melting process, the start-up and the shutdown
phases), coupling fluid flow and heat transfer problems. A 2D-axisymmetric
model was chosen for the simulations, considering the characteristic volume-of-
revolution of both the syringe and the nozzle. Different rectangular cell sizes
were tested and the final mesh was chosen for mesh independence of the solution,
accuracy and computational effort.

Conical, cylindrical and shortened cylindrical nozzles with the same ID
(437 μm) were simulated to evaluate the dynamics of PCL extrusion. The noz-
zles were modeled as stainless-steel parts that receive the PLC flow heated in the
syringe. The heat transfer between the nozzle and the surrounding air was eval-
uated with an additional simulation using an extended domain. This simulation
gave a mean heat transfer coefficient (HTC) between nozzle and air of 4 W/m2K
for an air-free stream temperature of 21 ºC.

A pressure inlet boundary condition of 700 kPa was imposed at the upper
part of the syringe. The nozzle output was set as a pressure outlet at atmospheric
pressure. The non-slip condition was imposed for all the walls. The stainless-
steel syringe, at a constant temperature of 120 ºC, was considered as a thermally
insulated part that transferred heat to the incoming PCL fluid.

The pseudoplastic PCL CAPA 6400 was modeled as a generalized New-
tonian fluid using the Bird-Carreau viscosity law (Carreau, 1972; Bird & Carreau,
1968):

ηt(γ̇) = η0[1 + (λγ̇)2]
n−1

2 (8.1)
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where ηt represents the viscosity law at some reference temperature Tref,
η0 the zero-shear viscosity,γ̇the shear rate, λ the relaxation time and n the degree
of shear-thinning, a material-dependent factor. The parameters of the Bird-
Carreau equation (table 8.1) were extracted from the experimental data provided
by the manufacturer, showing that this model fitted well the experimental data
in those conditions figure 8.1).

Table 8.1: Bird-Carreau parameters and activation energy value used in the viscosity model of
PCL for a Tref of 100 ºC.

Bird-Carreau parameters
Zero-shear viscosity
(η0) (Pa s)

n λ Activation energy
(Ea) (kJ/mol)

291.3 0.8 0.0083 30.7

The temperature dependence of the viscosity was modeled as:

η = H(T )ηt(γ̇) (8.2)

where ηt (γ̇) is the viscosity law at some reference temperature Tref, and
H(T) is the Arrhenius law (Arrhenius, 1967):

H(T ) = e
[ Ea

R
( 1

T −T0
− 1

Tref −T0
)] (8.3)

where Ea is the activation energy, R is the thermodynamic constant,
T0 corresponds to the lowest absolute temperature that is thermodynamically
acceptable and Tref is the reference temperature. Ea was obtained from equations
8.2 and 8.3 using a Tref of 100 ºC and the zero-shear viscosity values provided by
the manufacturer at 125 ºC and 150 ºC (152 Pa s and 95 Pa s, respectively).
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Figure 8.1: Viscosity versus shear rate relationship of CAPA 6400. Points represent the ex-
perimental data provided by the manufacturer for temperatures 100 ºC and 125
ºC. Solid lines are the Bird-Carreau model fittings calculated according to equation
8.2.

8.2 Influence of temperature, shape and diameter of nozzles
on PCL flow rate

Nozzle limitations regarding flow rate were investigated when extruding PCL
at 700 kPa with two nozzle geometries: cylindrical (Trachtenberg et al., 2014;
Olubamiji et al., 2016a) and conical (Kang et al., 2016). Conical nozzles (Micron-
S dispensing tips; Fisnar, United Kingdom) and cylindrical nozzles (Stainless
steel dispensing tips; Fisnar, United Kingdom) with different IDs were utilized to
print the PCL (table 8.2). Shortened cylindrical nozzles with the same IDs than
standard cylindrical nozzles were generated by cutting the needle from 13 to 2
mm (figure 8.2a).

Table 8.2: Conical and cylindrical nozzles utilized in the experiments with their corresponding
gauge and inner diameter (ID).

Inner diameter (ID) (μm)
Conical 233 - 335 437 - - - - - -
Cylindrical - 300 - - 510 600 690 840 1070 1200
Gauge G30 G24 G27 G25 G21 G20 G19 G18 G17 G16

The volumetric flux, which is the rate of volume flow across a unit area,
was calculated to eliminate the influence of the different nozzle diameters and
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shapes on the results. To this end, we weighted the quantity of PCL extruded in
one minute P and we calculated the volumetric flux as follows:

Q = P/(60ρA) (8.4)

where A is the outlet area and ρ is the density of PCL CAPA™ 6400
provided by the manufacturer (1100 kg/m3).

Figure 8.2: Nozzles selected for the experiments. (a) Stainless steel cylindrical standard (left)
and shortened (right) nozzles of gauge G19. (b) Conical nozzles of gauge G30,
G27 and G25 respectively, from left to right.

Cylindrical nozzles are known to produce lower flow rates than conical
ones (Olubamiji et al., 2016b; Billiet et al., 2014), but their use is widely extended.
However, we first explored the potential benefits of using a so-called cylindrical
shortened nozzle, which has a needle of reduced length (figure 8.2a). Shortened
cylindrical nozzles exhibited significantly higher volumetric flux than the standard
ones (figure 8.3a) because the temperature drop through the needle decreased
(figure 8.3b). Interestingly, the differences in flow were even more significant when
printing with the largest diameters. For instance, shortened cylindrical nozzles
with diameters 690 μm and 840 μm generated volumetric fluxes 7 and 12 times
higher than the standard ones, respectively (figure 8.3a). On the other hand,
no flow was detected when using standard cylindrical nozzles with diameters less
than 600 μm (figure 8.3c). Therefore, a heating cover should be installed till
the tip of the dispensing syringe to avoid the dramatic temperature drop that
increases the PCL viscosity. However, when building hybrid constructs, these
high temperatures near the tip outlet might also affect the evaporation rate of
the already printed bioinks.

When printing PCL with nozzles of small diameter (less than 510 μm),
conical nozzles always generated greater volumetric fluxes than shortened ones
(figure 8.3c). Even if different gauges were used, this trend held over the range
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of conical nozzle diameters used in this study. We also confirmed the important
variation in the flow depending of the diameter of the conical nozzle chosen (figure
8.3d). Volumetric flux increased more rapidly when printing with nozzles of large
diameter at high print temperatures (figure 8.3d). For example, the volumetric
flux of the conical G25 nozzle at 140 ºC was around 5 times higher than that at 80
ºC. However, these differences were only around 4 times for nozzles of 335 μm and
233 μm. These observations are meaningful because the higher the flow, the faster
the carriage can move. Therefore, even if the user raises the temperature when
printing with nozzles of small diameter, the increase in volumetric flux will not be
as significant as when using the largest ones. Thus, these results demonstrated
that both shape and diameter were essential to facilitate the extrusion flow. Note
that the values of volumetric flux displayed before cannot be directly utilized as
print speeds for the 3D printing setup because these experiments were generated
under constant pressure in free air, and not over a printing surface.

The PCL flow strongly depends on the evolution of the print temperature
along the nozzle and on its geometry (Sheshadri & Shirwaiker, 2015). Overall,
the results of the CFD simulations allowed foreseeing limitations in the extrusion
process and gave a more comprehensive understanding of the PCL flow inside
the nozzles studied. The constitutive model incorporated the dependency of the
PCL viscosity from the shear rate and the temperature using the Bird-Carreau
viscosity law (Bird & Carreau, 1968) along with the Arrhenius law (Arrhenius,
1967). A reasonable agreement was achieved between the experimental data and
the simulations with mean relative errors of 6% and 12% in the case of variables
temperature and volumetric flux, respectively. The velocity profiles obtained at
the tip of the three nozzles (figure 8.3e) confirmed that the conical nozzles showed
the highest volumetric flux for both large (figure 8.3a), and small diameters (figure
8.3d).

We determined the influence of the needle length on the extrusion rate
by simulating a cylindrical nozzle with needle lengths ranging from 2 to 13 mm
(figure 8.3f). The standard cylindrical nozzles (13 mm length needle) are mostly
exposed to the air, transferring their heat to the surroundings and producing a
dramatic increase in the viscosity of the PCL. The velocity profiles showed the
importance of these features in the extrusion of PCL, with greater extrusion flow
as the nozzle was progressively shortened. We would also like to point out that
the registered velocity profiles (figure 8.3e and 8.3f) follow the parabolic shape
representative of Newtonian fluids, perhaps indicating a reduced influence of the
shear rates on the PCL viscosity. This could be because the shear rate values
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Figure 8.3: Experimental volumetric fluxes and results from the CFD simulations using dif-
ferent nozzle geometries. Extrusion was simulated at target temperature 120 ºC,
inlet pressure 100 kPa, and using a conical G25 nozzle. (a) Relationship between
volumetric flux, nozzle shape and ID ranging from 690 μm to 1200 μm for a fixed
print temperature of 120 ºC. (b) Temperature contour plots from the CFD simula-
tion using conical, cylindrical and shortened cylindrical (2mm length) nozzles. (c)
Relationship between volumetric flux, nozzle shape and ID ranging from 233 μm
to 600 μm for a fixed printing temperature of 120 ºC. (d) Influence of print tem-
perature in the extrusion flow rate for different conical nozzles with different IDs.
(e) Velocity output profiles from the CFD model when using the three G25 nozzle
types. (f) Velocity output profiles from the CFD model when using the cylindrical
G25 nozzles with variable lengths, from 13 mm to 2 mm. (g) Shear rate contour
plots from the CFD simulation using conical, cylindrical and shortened cylindrical
(2mm length) nozzles. The data represent the mean and standard deviation of six
experiments (n=6).
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during the extrusion were small in all cases (figure 8.3g), so the PCL viscosity
is always near the upper plateau causing the Newtonian behavior. Similar to
(Billiet et al., 2014), the nozzle geometry with the highest shear rates was the
conical one. In this case, all shear rate values were smaller than 121 s-1 and
located in a region at 80 ºC. In further investigation, we plan to check possible
inconsistencies in the model at low print temperatures (80 - 60 ºC) where the
plateau will be reduced because the departure point from the constant-viscosity
regime will move towards left.

We can conclude that the PCL volumetric flux at constant target tem-
perature and pressure is strongly dependent on the nozzle morphology that con-
ditions shear rate and print temperature at the nozzle tip. Consequently, the
conical nozzles revealed as the best choice concerning extrusion flow, while the
shortened nozzles are preferred to the standard cylindrical ones unless the tem-
perature along the nozzle is entirely controlled.

8.3 Determination of the carriage speeds of PCL extrusion

It is well-known that not only pore size and porosity have an impact on cell attach-
ment and proliferation, but also scaffold architecture has a significant influence
on tissue growth kinetics (St-Pierre et al., 2005; Bidan et al., 2012). As the degra-
dation of the scaffolds progress, the size of their strands or filaments decreases
while their pore size increases (Lam et al., 2008). So, we need above all a precise
control of the diameter of the scaffold strands just after printing. Therefore, we
first examined the printed strands of PCL regarding section shape (roundness),
dimensions, and discontinuities using conical nozzles, which exhibited the best
performance in the previous section (figure 8.3c).

Straight PCL filaments were printed onto a glass slide using different val-
ues of print temperature, nozzle diameter, and carriage speed. The same printing
pressure (700 kPa) was utilized for all samples. In line with the experiments per-
formed in chapter 7 and the scheme of figure 8.4, the layer height in the slicing
software was set to the same value as the nozzle diameter. The strand roundness
was calculated as the ratio between the measured height and width of the printed
filaments. A roundness of 1 represents a perfect circle, and values lower than 0.3
represent flattened strands.
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Figure 8.4: Scheme of the layer height adjustment to evaluate the influence of the carriage
speed on the PCL deposition. Slow speed produces wider and flatten filaments of
PCL (left) while the correct carriage speed should generate homogeneous filaments
of widths similar to nozzle diameter (right).

The higher the print temperature, the greater carriage speed could be
used. The maximum carriage speed at 140 ºC was 14, 9, and 4 mm s-1 for the
G25, G27, and G30 conical nozzles, respectively. As the print temperature was
lowered to 120 ºC, carriage speeds have to be reduced in 21, 33, and 50% for G25,
G27, and G30 conical nozzles, respectively. The same trend was observed for 80
ºC, and 100 ºC. Slow carriage speeds generated filaments of low roundness (figure
8.5a), with the worst values (between 0.3 and 0.5) obtained at the lowest carriage
speeds (1 - 2 mm s-1). This effect was even more pronounced when the target
temperature was higher than 120 ºC due to the low viscosity of the PCL. Visual
examination of the printed filaments revealed excessive PCL deposition with the
material flattening against the print surface (figure 8.5b and 8.5c). Similar results
with a notable increase in the width of the PCL strands as print temperature rises
were reported by Sheshadri et al. (Sheshadri & Shirwaiker, 2015).

The increase in roundness was directly proportional to the carriage speed,
reaching values close to one in some cases. In addition, we observed that low tar-
get temperatures reduced drastically the range of potential values for the carriage
speed. This could be mainly due to an increase in viscosity with a decrease in
nozzle temperature, which was also evidenced by the constitutive equation (see
equation 8.2 and figure 8.1).
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Figure 8.5: Evaluation of properties of the printed PCL strands. (a) Evolution of the round-
ness of the printed PCL strands versus the carriage speed for three conical nozzles
at different target temperatures. White areas are those in which strands of hetero-
geneous section are produced due to an excessive carriage speed. (b) Representative
image of twelve filaments of PCL printed using a G25 conical nozzle at 120 ºC
and carriage speeds ranging from 3 to 14 mm s-1. The white dash box indicates
the heterogeneous sections due to the excessive carriage speed. (c) Representative
photographs of the height of PCL filaments printed using a G25 conical nozzle at
120 ºC and carriage speeds of 15 mm s-1 (upper) and 1 mm s-1 (lower). Scale
bars: 1 mm.

When carriage speeds are higher than a particular threshold, small fluc-
tuations on this speed may easily lead to inconsistencies in the extruded material
(see the waves at the bottom of figure 8.5b). In these cases, the PCL was de-
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Figure 8.6: Evolution of the dimensions of the strands of PCL printed versus carriage speed.
(a) Height and (b) width of the strands for the three conical nozzles studied were
measured at pressure 700 kPa and target temperatures 120 ºC and 140 ºC. Data
represent the mean and standard deviation of six different samples (n = 6).

posited either discontinuously or in strands of heterogeneous section (figure 8.5c).
Note that the threshold for the smallest conical nozzle working at low tempera-
tures was so low (around 2 mm s-1) that there was very little room for maneuver.
On the other hand, PCL filaments were not only more rounded at high carriage
speeds, but also almost always smaller than the nozzle ID (figure 8.6a and 8.6b).
This effect was more visible when lowering the target temperature from 140 to 120
ºC. These results agreed with the observations presented by Shim et al. (Shim
et al., 2012), where strand widths ranging from 275 μm to 90 μm were generated
using a nozzle of ID 200 μm. We conclude that homogeneous strands of small
diameter can be printed with nozzles of large gauge (> G20) at a much faster
speed (figure 8.6a). This situation is beneficial for our aim of creating hybrid
constructs because the higher the speed, the lower the print time results.

8.4 Evaluation of PCL print times

Time is one the most critical problems in biofabrication because it affects pro-
ductivity, cell viability, and limits the construction of large-scaled tissues, which
will ultimately be mandatory if real tissue replacements want to be generated
Murphy & Atala (2014). When bioprinting hybrid constructs, there is a notable
increase on the time required due to their inherent complexity. Long print times,
including the preparation of the bioinks, will severely decrease cell viability bur-
dening the future of the tissue construct because the cell nutrients and oxygen
requirements might not be reached on time (Skardal & Atala, 2014).
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To study these matters, scaffolds of different porosity were generated
using conical nozzles of three distinct diameters (figure 8.7). The target temper-
ature was kept constant (120 ºC) and we adjusted the carriage speeds to each
nozzle. The carriage speeds were selected according to the results displayed in
figures 8.5a and 8.6 with the widths of the strands matching nozzle IDs. These
values were 2, 5, and 7 mm s-1 for the 233, 335, and 437 μm nozzles, respectively.
Note that smaller nozzles require more trajectories per layer than the large ones
to generate scaffolds of similar porosity, as the latter creates thicker strands than
the former. A higher number of trajectories also implies longer print times, which
is particularly important when creating hybrid scaffolds. For instance, creating
the scaffold of porosity 20% with the nozzle of ID 437 μm required 2.6 min, while
335 μm and 233 μm nozzles required 5.9 min and 19.6 min, respectively. Our
results confirmed the linear relationship between porosity and print time (fig-
ure 8.7b). The implications of these factors should be analyzed carefully when
looking for significant reductions in the print time of PCL scaffolds.

As shown in the previous section, it is possible to generate scaffolds with
the same strand diameter using different nozzle sizes. For instance, printing the
scaffolds in the middle row of figure 8.7 (ID: 335 μm) can be done in three different
ways. In figure 8.7, the most obvious solution for creating strands of diameter
335 μm is to employ a combination 335 μm / 5 mm s-1 (ID / carriage speed). It
would be also feasible to produce these strands with 233 μm / 2 mm s-1 or even
with 437 μm / 11 mm s-1. The three options would provide the same diameter,
but the largest nozzle (437 μm) will demand the shortest print times.

During PCL 3D printing, it is necessary that each layer solidifies (or
at least gains enough consistency) before the next layer is stacked. Otherwise,
as more layers are stacked, the whole scaffold will deform as a consequence of
standing their own weight in a non-consistent state. This aspect will depend on
some features such as PCL properties, layer dimensions, processing temperature,
print speed or strand diameter. Within these experiments, PCL solidification
times varied depending on the printing temperature utilized, with 120 ºC and
140 ºC requiring longer times. When using these printing temperatures with
slow print speeds (from 1 to 4 mm s-1), no additional cooling was required for an
accurate layer stacking. However, when print speeds were higher than 4 mm s-1,
a layer fan was utilized to enhance the cooling of deposited PCL strands (figure
8.8). The layer fan was attached to the printhead using a 3D printed fan support
that directed the air flow to the printed construct. The enhanced cooling enabled
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using faster print speeds without scaffold deformations when multiple layers were
stacked.

Figure 8.7: Influence of porosity percentage, and layers stacked on the print time. (a) Two-
layered PCL porous scaffolds of porosity ranging from 70 to 20% were printed
using conical nozzles of three diameter at target temperature 120 ºC, and pressure
700 kPa. The travel speed of the printhead was adjusted to make the width of the
strands match the nozzle ID (233 μm: 2 mm s-1; 335 μm: 5 mm s-1; 437μm: 7
mm s-1). Scale bars: 1 mm. (b) Print times to produce a 12 x 12 mm scaffold of 8
layers and different degrees of porosity at 120 ºC. The carriage speeds selected to
produce strands of 335 μm diameter were 2, 5, and 11 mm s-1 for nozzles 233, 335,
and 437 μm, respectively. (c) Print times for a 12 mm square side scaffold, with
a 30 % porosity and several layers stacked. Maximum print speeds were utilized
for each nozzle-temperature configuration. (d) PCL porous structures created by
stacking 8 (left), 16 (center), and 32 (right) layers. Scale bar: 5 mm. Side (e)
and top (f) views of 3D scaffold of 32 layers printed with a 437 μm nozzle at 140
ºC and speed 14 mm s-1. Scale bars: 500 μm.
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Production of scaffolds with clinically relevant size requires a compromise
between print speed and resolution. We studied the scalability by printing the
same porous scaffold, i.e. the same number of trajectories, but increasing the
number of layers stacked. Figure 8.7c illustrates the influence of the carriage
speed over the total print time per scaffold. The carriage speed selected for each
nozzle was the highest possible at 120 ºC (233 μm: 2 mm s-1; 335 μm: 6 mm
s-1; 437 μm: 11 mm s-1) and 140 ºC (233 μm: 4 mm s-1; 335 μm: 9 mm s-1; 437
μm: 14 mm s-1). We observed that the highest speeds, which are associated to
large nozzles, permitted faster scaffolds generation. For example, the production
of a porous scaffold with 32 layers stacked printed at 120 ºC would require 10
additional minutes if using 335 μm instead of a 437 μm (figure 8.7c). However, if
the 233 μm nozzle is utilized instead, the print time increases to 52 min. The great
time differences obtained revealed that using non-optimized printing parameters
would introduce inadmissible idle times in the bioprinting process, which would
ultimately result in low productivity and a great decrease in cell viability when
hybrid scaffolds are produced. It is important to note that when using nozzles of
small diameter and at a medium-low temperature (120 ºC), print times increased
more than 100% (figure 8.7c). On the opposite, the time differences using nozzles
of large diameter at low or high temperatures can be neglected. Consequently,
nozzles of large diameter and low print temperatures are preferred to get short
print times and assure high cell viability in hybrid constructs.

Figure 8.8: Images of the fan support installed on the printhead to increase the cooling rate
of the PCL.

8.5 Proof of concept of hybrid construct using the selected
print parameters

One of the main advantages of using hybrid constructs that integrate soft hydro-
gels and rigid scaffolds is to provide better mechanical properties and a biological
microenvironment suitable for cell survival and growth (Shanjani et al., 2015). A
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3D hybrid construct employing PCL and P407 was proposed as a proof of concept
(figure 8.9a). This construct was generated using the multi-material bioprinting
system presented in chapter 7 with the high-temperature printhead installed. The
calibration method proposed in chapter 7 was critical for the alignment of both
biomaterials (PCL and P407). We adjusted the print parameters according to
the previous results and we were able to print both materials at the same carriage
speed. Note that if a cell-laden bioink would be employed, temperatures lower
than 140 ºC could be used with the conical G25 without substantially increasing
the print time (figure 8.7c).

Hybrid constructs were generated depositing P407 and PCL strands to-
gether within the same construct layers. PCL strands were deposited continuously
in a zigzag pattern, while P407 strands were deposited independently next to PCL
strands. Conical nozzles with different IDs were utilized for both biomaterials:
437 μm (Micron-S dispensing tips; Fisnar, United Kingdom) for PCL and 200 μm
(Nordson EFD; Spain) for P407. The carriage (or printhead travel) speed was 14
mm s-1 for printing both PCL and P407, which required print temperatures of
140 ºC and 25 ºC, respectively.

In figure 8.9b, we observe that the first layer of the hybrid construct
showed a successful alignment of both materials with homogeneous strands one
beside the other, while figure 8.9c presents the high shape fidelity of the hy-
brid construct. The use of PCL provided a stiffer framework to incorporate the
P407 than if only a soft hydrogel is used, demonstrating its potential to generate
constructs with complex geometries and enhanced mechanical properties.

Figure 8.9: (a) CAD model of a 3D hybrid constructs of dimensions 20 x 20 mm. (b) First
layer and (c) stack of two layers printed of the hybrid construct. It is composed
of PCL (ID: 437 μm; 14 mm s-1; 140 ºC; 700 kPa) and intercalated filaments of
poloxamer P407 (ID: 200 μm; 14 mm s-1; RT; 100 kPa). Scale bars: 2 mm.
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8.6 Conclusions

Herein, we presented a series of experiments that provide useful information to
find the best setup for PCL deposition in terms of time efficiency and print
accuracy. Nozzle shapes were first analyzed through flow experiments and CFD
simulations. Results demonstrated that the internal nozzle morphology represents
one of the key points to be considered in the extrusion of PCL. Conical nozzles
revealed as the best shape to achieve high print speeds, with significant flow
differences respect cylindrical shapes.

Assuming that the carriage speed must always be maximized without
reducing the quality of the printed constructs, we explored the optimal values
for other printing parameters such as nozzle size and print temperature. Print
temperature is a limiting factor as too high temperatures increase drastically
cell dead when depositing the next layer of the scaffold over the already printed
layer of cells and bioink. On the other hand, too low temperatures resulted in
difficulties to get a proper PCL flow.

The scalability was studied by printing PCL scaffolds of different poros-
ity and number of layers. This allowed us detecting the print parameters that
have a direct influence on the print time. Results revealed that varying nozzle
diameter and target temperature led to time reductions up to 50 min. These
results are valuable in the TE field because reducing the print times of hybrid
constructs results crucial for building scaffolds of clinically relevant size at high
cell viability.
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Chapter 9

3D bioprinting of cell-laden hydrogels

3D bioprinting makes it possible to generate cell-laden constructs with complex
geometries and customized control over the internal pore architecture, which
is not possible using the conventional TE techniques. The development of an
open-source 3D bioprinting platform, with all the challenges and improvements
encountered, have been detailed in previous chapters. However, any bioprinting
tool must be checked to meet its main purpose, the deposition of cell-laden bioinks
with high cell-viabilities of printed constructs. In this chapter are described all
the steps followed to perform a successful bioprinting of cell-laden constructs,
from the choice of bioink to the measurement of cell-viability (figure 9.1). The
properties and behavior of bioinks utilized were assessed through rheological mea-
surements. Thermoresponsive bioinks, such as the ones utilized, required finding
the appropriate printing conditions to obtain accurate deposition results. Differ-
ent printing parameters like printhead temperature, pressure, deposition rate, or
printing speed were optimized for each bioink based on its rheology and several
printing tests. Once all these parameters were set, hASC cells were introduced
inside Gel-Alg bioinks and 3D bioprinted inside a sterile hood. Cell-laden porous
constructs were generated and subsequently crosslinked with a CaCl2 bath to pre-
serve their shape once deposited. Finally, cell-viability measurements of printed
constructs were performed right after extrusion and 24h later, demonstrating the
viability of the open-source bioprinting approach presented in this thesis.

151
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Figure 9.1: Overall scheme of the bioprinting process utilized.

9.1 Rheological properties of hydrogels utilized

Rheology can be defined as the study of deformation and flow of matter. If an
ideal solid is deformed elastically, the energy required for its deformation will be
fully recovered when the stresses are removed. If an ideal fluid (liquid or gas) is
subjected to any force, it will deform irreversibly and it will flow. Therefore, the
energy generated will be dissipated within the fluid in the form of heat and will not
be recovered when the stresses are removed. Nevertheless, the real materials that
we find can display either elasticity and viscosity properties or the combination
of both. There are only a few liquids that can be considered as ideal and a great
majority show rheological properties that remain in a region between the solids
and the liquids. Depending on the material of study, they can have both elastic
and viscous properties and are often named as visco-elastic materials.

Bioinks are classified under Non-Newtonian fluids and a shear thinning
behavior is preferred to facilitate their deposition. Bioinks with high viscosities
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are often preferred as they are able to obtain better shape fidelities. However, an
increase in the viscosity is also related to an increase in the shear stress produced
in the extrusion process, resulting in higher damage of bioprinted cells. Bioinks
viscosities are tailored through their molecular weight and polymer concentration.
Therefore, when a new bioink is developed it results essential to measure the
rheological properties of bioinks produced.
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Figure 9.2: Linear and non-linear viscoelastic regions obtained from a oscillation strain sweep
test.

In order to accurately evaluate rheological properties of Non-Newtonian
materials such as bioinks, measurements should be conducted in regions where the
viscoelastic properties are independent of the imposed strains or stresses. When a
material is rheologically evaluated for the first time, it is important to determine
its linear visco-elastic region (LVR) (figure 9.2). This region establishes the limits
between the linear and the non-linear behavior when the sample is subjected
to several stresses. If a controlled stress rheometer is utilized, it is possible to
obtain the LVR through two different tests: creep and dynamic oscillation. In
the creep test, a constant stress is applied to the samples and the obtained strain
is measured with time. To obtain the LVR, a series of creep curves are plotted
increasing the stress applied independently, with the overlapped curves indicating
the LVR. The dynamic oscillation test was utilized in this study. Here, a strain
sweep was utilized varying the amplitude of oscillation a constant frequency of
1 Hz. Results were plotted as storage (G´) and loss modulus (G´´) versus %
strain. When the storage modulus (G´) obtained is constant the sample remains
within the LVR. If the G´varied with the strain applied, the sample will stand
out of the LVR.

To evaluate the printability of Gel-Alg blends, different concentrations of
this mixture were prepared according to rheological measurements, printing reso-
lution and cell viability. Temperature sweep tests performed to Gel and Gel-Alg
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Figure 9.3: Determination of the gelation temperature by temperature sweep test.

blendings showed the phase transition temperature, corresponding to the crossing
point between the storage modulus (G´) and the loss modulus (G´´) (figure 9.3).
Below this critical temperature, solutions undergo a thermally reversible gelation.
The gelation temperature for Gel solution with a 10% concentration was 26.1 ºC.
The Gel phase transition temperature increased from 26.1 ºC to 26.7 ºC and 27.3
ºC after mixing it with 1% and 2% Alg, respectively.
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Figure 9.4: Log-log plot of the viscosity vs. shear rate.

The rheological behavior of Gel-Alg bioinks under continuous steady
shear was analyzed (figure 9.4). All bioinks tested exhibited shear thinning behav-
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ior, a property that improves the printability of bioinks (Ozbolat & Hospodiuk,
2016). To achieve the desired viscosity, parameters like temperature and concen-
tration can be tailored. Several tests were performed to Gel solutions at different
temperatures (10 ºC, 15 ºC and 20 ºC), with apparent viscosities ranging from
2·102 to 3·104 Pa s at a shear rate of 0.1 s-1. Limited viscosity changes were
detected in Gel solutions at 10 ºC and 15 ºC, however, a significant viscosity
reduction of two orders of magnitude can be observed for Gel at 20 ºC. Gel-
Alg bioinks exhibit similar shear thinning behavior, with apparent viscosities of
1·103 Pa s at a shear rate of 0.1 s-1, a value that lies within the gelatin viscosities
defined above. If we consider the same temperature to compare Gel and Gel-Alg
bioinks (20 ºC), we observed an order of magnitude increase in the viscosity when
Alg is added.
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Figure 9.5: Time sweep test with the time dependence of G’ and G” measured at 20 ºC.

Bioprinting is a time-consuming process that has negative influence on
cell viability. Depending on the bioink used, a preliminary holding time is needed
to facilitate the stabilization of the bioink at the printing temperature by means of
thermal gelation (Zhao et al., 2015). This stabilization time varies from one bioink
to another and will also depend on the mixing and bioprinting temperatures. At
the beginning of the experiment both Gel-Alg bioinks had an unstable behavior
due to samples were loaded at 37 ºC and the experiment was performed at 20 ºC
(figure 9.5). From minute 6 in advance, the elastic modulus (G´) curve remains
higher than the viscous modulus (G´´), suggesting a gel state in the bioinks.
Taking into account these results, a holding time of 30 min was utilized for the
bioprinting experiments performed with the cells embedded in Gel-Alg blends.
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9.2 3D bioprinting of thermoresponsive hydrogels

Cell viability is greatly influenced by bioprinting parameters like bioink viscosity,
pressure, time and nozzle diameter. Each of the parameters involved in the bio-
printing process is highly correlated between them. For example, tailoring bioink
printing temperatures will lead to important changes in its rheological properties
like viscosity. Viscosity changes also imply using different nozzle diameters and
pressures. If all these parameters are properly adjusted, bioprinted results most
likely will result in higher cell viability constructs, due to the lower shear stress
generated in the bioprinting process. For that reason, it is essential to develop
versatile bioprinting tools that allow us to customize as far as possible bioprinters
to our own needs. This also includes having a precise control over a wider range
of temperatures that allow us to tailor bioinks rheological properties and achieve
a better printability.

Cell-laden constructs require optimal interconnectivity for an efficient
nutrient and waste flow, as well as tissue ingrowth (Billiet et al., 2012). This
objective can be achieved by means of porous architectures, that can be tailored
using different printing configurations (Trachtenberg et al., 2014). Macroporosity
studies using Gel-Alg bioinks have been previously performed by several authors
(Zehnder et al., 2015; Chung et al., 2013; Ouyang et al., 2015), measuring pa-
rameters like pore size (P), strand diameter (D) and strand spacing (SS).

Gel-Alg bioinks were utilized with a two-fold objective: ensure good cell
biocompatibility and precisely control its temperature during bioprinting. Rhe-
ological results demonstrated the temperature and time-dependence of Gel-Alg
bioinks (Ouyang et al., 2016) and bioprinting experiments revealed that small
variations in the printing temperatures produced a significant loss of accuracy in
the printed geometries (Zhao et al., 2015). We can observe this effect in the phase
transition temperatures obtained in the temperature sweep tests (figure 9.3) and
the printing measurements of Gel-Alg lattices at diverse temperatures (figure 9.6
and table 9.1).

Table 9.1: Measurements of Gel-Alg lattice structures printed at different temperatures. Data
represent mean and s.e.m. of six different samples (n=6)

Temperature (ºC)
20 22 24

Pore size (mm) 1.5 ± 0.02 1.05 ± 0.02 0.99 ± 0.02
Strand diameter (mm) 0.4 ± 0.01 0.82 ± 0.01 1 ± 0.01
Strand spacing (mm) 1.99 ± 0.02 1.99 ± 0.01 1.99 ± 0.01
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Gel-Alg lattices structures were printed at different temperatures using
Witbox 2 to determine the optimal printing temperature according to the bioinks
rheological properties (figure 9.6). Intended lattice dimensions of P=1.75 mm,
D=0.25 mm and SS=2mm were utilized with 2 layers stacked. The optimal
printability for 10%Gel-2%Alg was obtained with a printing temperature of 20
ºC (table 9.2). We can observe from figure 9.6 that when the printing tempera-
ture is close to the intersection point between G´ and G´´ curves, the Gel-Alg
bioink undergoes a gel-to-liquid transition and lattices produced were less accu-
rate. Printing temperatures above 22 ºC generated lattices with pores partially
or completely closed, especially for those printing temperatures of 26 ºC and
above. On the contrary, printing temperatures below 20 ºC resulted in discon-
tinuous strands due to stronger gelation of the thermoreversible bioink. These
results showed the importance of a precise temperature control of bioinks in the
printhead during the printing process. A printing temperature difference of only
2 ºC resulted in an increase of the strand diameters of 420 μm and consequently
an equivalent reduction in the pore size. Strand spacing measurements remained
constant for all the printing temperatures, as it seems that this parameter is more
related to the 3D printer resolution than to the bioink rheological properties.

Figure 9.6: Images of printed lattice structures using 10%Gel-2%Alg Alg and a 25G tapered
nozzle at temperatures ranging from 18 ºC to 28 ºC. Scale bars: 2 mm.

Once an optimal printing temperature of 20 ºC was determined, Gel-Alg
lattices were printed with multiple layers stacked (figure 9.7). The viscosity and
consistency of 10%Gel-2%Alg bioink was good enough to create lattice models up
to 16 layers at 20 ºC. The strand width of the printed models slightly increased
proportionally to the number of layers, reducing the pore size (table 9.7). Dif-
ferences of 200 μm in the pore size and strand diameter were observed between
the 2 and 16 layers stacked. However, the constructs showed excellent printed
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resolution (figure 9.7) and enough stability to proceed to their crosslinking and
incubation.

Figure 9.7: Printed lattice structures with multiple layers using Witbox 2. Schematic repre-
sentation of the 3D models (top row) and images of printed lattice structures using
10%Gel-2%Alg. Scale bars: 1 mm.

Table 9.2: Measurements of Gel-Alg lattice structures printed using an optimal temperature of
20 ºC and stacking layers. Data represent mean and s.e.m. of six different samples
(n=6)

# Layers
2 4 8 16

Pore size (mm) 1.5 ± 0.01 1.41 ± 0.02 1.32 ± 0.02 1.31 ± 0.02
Strand diameter (mm) 0.41 ± 0.01 0.5 ± 0.02 0.58 ± 0.01 0.61 ± 0.02
Strand spacing (mm) 1.95 ± 0.01 1.97 ± 0.03 1.92 ± 0.01 1.89 ± 0.01

9.3 3D bioprinting of cell-laden constructs

Bioprinting experiments performed have shown that small changes in bioprinting
temperatures lead to important variations in the printability and resolution. As
demonstrated in the rheological tests, temperature changes also cause important
changes in the storage and loss moduli of Gel-Alg bioinks, being critical param-
eters in achieving high cell viabilities in printed constructs. In addition, other
parameters such as the extrusion pressure, the deposition speed or the nozzle
diameter were also critical. The adjustment of all these parameters will result
in greater cell viabilities, due to the lower shear stress generated during the bio-
printing process (Blaeser et al., 2016).

3D bioprinting experiments utilize a great number of cells that are quite
expensive to produce. For that reason, it was essential not only to ensure a proper
processing of cells during the deposition process, but also prevent any possible
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contamination that could affect the final viability results. Any bioprinting process
requires sterile conditions in all its phases, which include not only the environment
where the bioprinter is located, but also the bioprinter itself and all the equipment
introduced inside the sterile hood. Witbox 2 3D printer was sterilized according
to the procedure detailed in chapter 3 and introduced in a laminar flow hood to
ensure sterile conditions.

hASCs were mixed with Gel-Alg bioinks (cell density of 106cells/mL) by
gentle pipetting to create a homogeneous suspension that was transferred into 3
mL Luer-lock syringes (Nordson EFD) and closed with a piston (SmoothFlow;
Nordson EFD). The syringes were introduced inside the bioprinted printhead and
connected to a software-controlled solenoid valve and an air pressure regulator
for a precise control of the pressure between 96 and 110 kPa. Extrusion was
performed under nitrogen pressure, previously filtered using a 40 μm sterile filter.
The syringe with the mixture was loaded into a preheated/precooled printhead
for the stabilization of the hydrogel for 30 min. Bioinks were extruded into 3D
cell-laden structures (size 12 x 12 mm x 4 layers) on 35 mm Petri dishes through
a 25G tapered nozzle (Nordson EFD) at a printing speed of 14 mm s-1. The
printed constructs were cross-linked in 3 wt% calcium chloride (CaCl2; Wako) for
6 min and then washed three times with phosphate buffer (PBS) and replaced
with growth medium, Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen)
supplemented with 6% human serum.
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Figure 9.8: Cell viability after printing hASCs at 20 ºC using 10%Gel-2%Alg and a 25G
tapered nozzle. (a) Percentage of cell viability in the printed constructs. Error
bars represent s.e.m. (b-c) Representative laser confocal images of cell viability
assay 1h (b) and 24 h (c) after printing. Scale bars: 200 μm.

Cell viability of the hASCs was measured in the 10%Gel-2%Alg cell-laden
lattice printed constructs. Using a live/dead assay, cell viability post-printing was
evaluated at 1h and 24h resulting in a 91.78±2.63% and 90.06±1.38% of living
cells, respectively. Figure 9.8a shows non-statistical differences in cell survival
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rate at 24 hours. Figure 9.8b and 9.8c shows fluorescence microscope images
of live/dead assays of hASC embedded in the bioinks, where living cells appear
in green and dead cells are shown in red. The cell-viability results of Gel-Alg
printed lattices (greater than 90%) confirms that the printing process utilized
did not appear to damage the vast majority of dispensed cells. In addition, the
printability results at different temperatures obtained in the previous experiments
confirm the proper adjustment of bioprinting parameters. Demonstrating that the
open-source bioprinting platform presented in this thesis is a promising alternative
to the proprietary commercial bioprinters.

9.4 Conclusions

In this chapter, we have demonstrated the potential of the open-source bioprint-
ing platform proposed to generate cell-laden constructs. Rheological properties
and printability of Gel-Alg bioinks were tailored by altering the ratio and con-
centration of the hydrogels utilized. Rheological measurements permitted to ob-
tain relevant bioink properties as the phase transition temperature, viscosity and
holding time. This information allowed to have a comprehensive understanding
of bioinks conditions before and during the printing process, and tailor some
printing parameters such as temperature and processing time. Moreover, Gel-
Alg printed lattices at different temperatures demonstrated that the printhead
utilized had enough capacity to precisely control the printing conditions based
on bioinks rheology. The cell-viability percentages (higher than 90%) measured
in the Gel-Alg lattice structures demonstrated the excellent biocompatibility of
the bioprinting platform proposed. Besides, it permitted to achieve equivalent
print accuracies to the ones obtained through commercial bioprinters in the mar-
ket, which implies a significant leap in bringing 3D bioprinting technology to TE
laboratories worldwide.



Chapter 10

Conclusions and future work

10.1 Conclusions

In the framework of 3D bioprinting, this thesis presents a detailed description of a
novel open-source 3D bioprinting platform exportable to most of the open-source
desktop 3D printers. Within this platform were included all the tools involved in
an EBB bioprinting process, from the printheads utilized for bioinks deposition
to the software used for G-code generation. Beyond the technological develop-
ment of this proposal, several innovative methodologies and bioprinting strategies
were presented, which would permit to reduce the print times, measure the print
resolution and increase the accuracy of bioprinters. Besides, several comprehen-
sive studies of printing parameters were conducted using various biomaterials to
obtain the optimal printing configuration for each application. In that sense, all
the bioprinting tools here presented can be considered as an easy and affordable
way to enter in the bioprinting field and also enhance the collective knowledge of
this technology with innovative proposals.

The main findings associated with this thesis work are summarized be-
low:

1. Two novel open-source MEBB printhead designs (PH and PHR) were devel-
oped, permitting a precise control of bioprinting parameters such as pressure
or temperature. These printheads allow heating and cooling bioinks with the
same device. Besides, they allow a fast and easy syringe exchange by merely
removing the upper cap of the printhead. Its modular design allows the use
of different syringe sizes, replacing the specific Al block for each syringe while
keeping the rest of the printhead components. These printheads can be easily

161
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combined with low-cost desktop 3D printers to achieve print accuracies equiva-
lent to the commercial equipment in the market. The universality, modularity
and wide range of printing temperatures make these devices a unique tool for
bioprinting applications, being the first open-source printheads that provide
all these capabilities altogether.

2. Open-source desktop 3D printers were modified to turn them into bioprinters.
To that end, hardware and software modifications were required to adapt them
to the specific particularities of the bioprinting system proposed. All the mod-
ifications here performed are exportable to most of the open-source desktop
3D printers in the market. A detailed description of all these modifications
was included to facilitate their adoption among the scientific community. All
the software utilized and the specific modifications performed for this research
are freely available to all users through online repositories. This approach al-
lows to enhance the collective knowledge about bioprinting and expand its use
through the scientific community.

3. A standard methodology was presented to determine the bioprinters accuracy
and establish a common comparison framework between bioprinters. The cali-
bration models proposed permitted to quantify the capabilities and limitations
of three different open-source bioprinting platforms, as well as compare their
print resolutions. Results revealed that differences in how 3D printer axes move
strongly affect the final bioprinting accuracy. 3D printers with their printing
platform moving in the z-axis are preferred because instabilities during the
printing process are reduced.

4. A non-expensive and automatic calibration method was proposed, which is
exportable to most of the 3D bioprinting systems with multiple printheads.
Complex multi-material 3D models and intricate vascular networks were gen-
erated assessing the final accuracy and printing precision of the multi-material
bioprinting platform.

5. A novel 3D printing strategy was presented, which implies the use of IDEX
technology and the production of multiple constructs using several printheads
simultaneously. Two open-source 3D printers were utilized to compare both
standard and IDEX 3D printing approaches. Simultaneous and conventional
3D printing strategies were evaluated from a time efficiency perspective, show-
ing a substantial print time reduction when multiple printheads were utilized
simultaneously. In this way, using several printheads at the same time allowed
to minimize idle times caused by inactive printheads, and thus reduce the over-
all printing times. The results obtained represent an interesting approach in
the bioprinting field, which implies a reduction of cell death due to excessive
print times.
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6. A novel open-source pneumatic printhead for the fabrication of scaffolds at
high temperatures was developed in this research. This printhead demon-
strated its excellent capabilities in terms of temperature response and printing
accuracy. A series of PCL experiments were presented which provide useful in-
formation to find the best setup for PCL deposition regarding time efficiency
and print accuracy. Nozzle shapes and inner diameters were also analyzed
through flow experiments and CFD simulations, demonstrating that the in-
ternal nozzle morphology represents one of the key points to be considered
in PCL printing. The scalability was studied by printing PCL scaffolds of
different porosity and number of layers. Results revealed that varying nozzle
diameter and target temperature led to time reductions up to 50 min. These
results are valuable in the TE field because reducing the print times of hybrid
constructs results crucial for building scaffolds of clinically relevant size at high
cell viability.

7. Rheological properties and printability of Gel-Alg bioinks were tailored by
altering the ratio and concentration of the hydrogels utilized. Rheological
measurements permitted to obtain relevant bioink properties as the phase
transition temperature, viscosity and holding time. This information allowed
to have a comprehensive understanding of bioinks conditions before and during
the printing process, and tailor some printing parameters such as temperature
and processing time.

8. The high cell-viabilities obtained in Gel-Alg printed lattices demonstrated the
excellent biocompatibility of the bioprinting platform proposed. Besides, it
permitted to achieve print accuracies equivalent to the commercial bioprinters
in the market, which implies a significant leap in bringing 3D bioprinting
technology to TE laboratories worldwide.

10.2 Future work

Overall it can be said that the results presented in this thesis can contribute to ex-
tend the potential of 3D bioprinting technology in the TE field. The open-source
bioprinting platform proposed permits to expand EBB technology to a broader
number of laboratories. This novel open-source bioprinting platform represents
a low-cost and more accessible alternative to the commercial bioprinters, with
limitless applications in TE and the ultimate goal of generating engineered living
tissues. However, due to the complexity of this final task, there are several topics
that could not be covered in this thesis and could inspire new research lines. With
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the regard of continuing with the research line here proposed, the following topics
are suggested to be investigated in more detail in the future:

1. In the framework of multi-material bioprinting, it would be interesting to ex-
plore the creation of complex in-vitro models with different biomaterials and
cell types.

2. Other technologies such as drop-on-demand bioprinting could be explored in
conjunction with the open-source EBB systems here proposed.

3. The generation of the bioprinting G-code could be enhanced using a dedi-
cated and open-source bioprinting software. This software would permit to
increase the user-friendliness by novel users and include specific configurations
for bioprinting.

4. Lastly, the potential of IDEX 3D printing technology and the use of several
printheads simultaneously could also be further explored to reduce the print
times required to fabricate in-vitro models and increase the repeatability of
this type of experiments.

10.3 Contributions

The main results of the thesis have been published in the following international
journals:

1. Sodupe-Ortega, E., Sanz-Garcia, A., Pernia-Espinoza, A., Escobedo-Lucea,
C. et al. (2018). Accurate calibration in multi-material 3D bioprinting for
tissue engineering. Materials, 11(8), p. 1402. DOI: 10.3390/ma11081402

2. Sodupe-Ortega, E., Sanz-Garcia, A., Pernia-Espinoza, A., Escobedo-Lucea,
C. et al. (2019). Efficient fabrication of polycaprolactone scaffolds for printing
hybrid tissue-engineered constructs. Materials. (Accepted).

3. Sodupe-Ortega, E., Sanz-Garcia, A., Pernia-Espinoza, A., Shimizu T., Escobedo-
Lucea, C. et al. (2019). A versatile open-source printhead for low-cost 3D
microextrusion-based bioprinting. Biofabrication (Submitted).
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Appendix A

Supplementary material of printheads and
bioprinters components

Table A.1: Bill of materials of the PH printhead, including quantity, cost, description and
provider of each component

Part Name Qty. Cost (US$) Description Provider Code
Printhead carcass 1 1.71 3D printed 3D printer -
Syringe cover 1 0.39 3D printed 3D printer -
Heatsink clamp 1 0.06 3D printed 3D printer -
Heatsink clamp thin 1 0.05 3D printed 3D printer -
3D printer coupling 1 0.68 3D printed 3D printer -
Al block 1 13.49 SMCa Misumi A6061FNM
Al plate 1 4.77 SMC Misumi A6061FNM
M3 brass insert 6 1.52 SMC RS Online 278-584
Thermistor NTC 100k 3 4.68 SMC RS Online 528-8592
M3x10 mm screw 10 4.77 SMC RS Online 660-4636
M3x25 mm screw 4 1.92 SMC RS Online 304-4435
Peltier module 2 14.80 SMC Hebei I.T. TES1-12704
Heatsink and axial fan 2 17.59 SMC StarTech FANP1003LD

66.43
aSMC = Standard Mechanical Component

a b c

d e f

Figure A.1: Images of the PH printhead .STL files. (a) Printhead carcass; (b) Heatsink clamp;
(c) Thin heatsink clamp; (d) Cover syringe 3ml; (e) Cover syringe 5ml; (f) Cover
syringe 10ml.
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components

Table A.2: Bill of materials of the PHR printhead, including quantity, cost, description and
provider of each component

Part Name Qty. Cost (US$) Description Provider Code
Printhead carcass 1 1.03 3D printed 3D printer -
Syringe cover 1 0.20 3D printed 3D printer -
Heatsink clamp 1 0.35 3D printed 3D printer -
3D printer coupling 1 0.68 3D printed 3D printer -
Al block 1 13.49 SMCa Misumi A6061FNM
Al plate 1 3.18 SMC Misumi A6061FNM
M3 brass insert 6 1.52 SMC RS Online 278-584
Thermistor NTC 100k 3 4.68 SMC RS Online 528-8592
M3x10 screw 10 4.77 SMC RS Online 660-4636
M3x25 screw 4 1.92 SMC RS Online 304-4435
Peltier module 2 14.80 SMC Hebei I.T. TES1-12704
Heatsink 2 4.10 SMC RS Online 750-0951
Axial fan 2 13.71 SMC RS Online 111-8315

64.43
aSMC = Standard Mechanical Component

a b

c d

Figure A.2: Images of the PHR printhead .STL files. (a) Printhead carcass; (b) Heatsink
clamp; (d) Cover syringe 3ml; (e) Cover syringe 5ml.
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Figure A.3: Dimensioned drawing of the PH printhead Al blocks for the 10 mL, 5 mL, and 3
mL (from left to right).
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Figure A.4: Dimensioned drawing of the PHR printhead Al blocks for the 10 mL, 5 mL, and
3 mL (from left to right).
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components

Table A.3: Bill of materials of the high-temperature printhead, including quantity, cost, de-
scription, and provider of each component

Part Name Qty. Cost (US$) Description Provider Code
Printhead carcass 1 1.03 3D printed 3D printer -
Front cover 1 0.20 3D printed 3D printer -
Syringe cover 1 0.35 3D printed 3D printer -
Al block 1 13.49 SMCa 3D printer -
M3 brass insert 6 1.52 SMC RS Online 278-584
Band heater (22v) (25x25mm) 1 7.00 SMC LJXH 32856328124
Relay 12V-40A 1 3.00 SMC Nagares RLP/5-12D
Thermistor NTC 100k 1 1.56 SMC RS Online 528-8592
M3x10 mm screw 6 2.86 SMC RS Online 660-4636
M3x25 mm screw 4 1.92 SMC RS Online 304-4435

32.93
aSMC = Standard Mechanical Component

a b

c d

Figure A.5: Images of the STL files of the high-temperature printhead components. (a)
Printhead_carcass.STL; (b) Front_cover.STL; (c) Syringe_cover.STL; (d)
Fan_support.STL.
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Figure A.6: Dimensions of the Al block located inside the polycarbonate carcass of the print-
head for heating the 5 mL stainless steel syringe (see scheme on the right side).

a b c

Figure A.7: Images of the 3D printers couplings .STL files for a single printhead. (a) Coupling
BCN3D+; (b) Coupling Witbox 2; (c) Coupling Sigma.

Figure A.8: Image of Witbox 2 coupling .STL file for multiple printheads.
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a b

Figure A.9: Images of Witbox 2 endstop modifications .STL files in x-axis (a) and y-axis (b).

a b

Figure A.10: Images of Sigma endstops modifications .STL files in x-axis (a) and y-axis (b).
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G-code post-processing script

Perl script utilized in Slic3r software to post-process the G-code generated.

Listing B.1: G-code post-processing Perl script
#!/ usr/bin/perl -i. before_postproc
# Author : Enrique Sodupe
# Last modification : 08/01/2019
# Version : 1

use strict ;
use warnings ;

use constant X_homing => 179; # X- homing for right carriage ( x2_max endstop )
use constant time_open => 50; # time valve is open before start to move [ms]
use constant time_close => 50; # time printhead is paused before valve closes [

ms]

use constant zfeedrate => 400; # replace all z feedrates for Z axis
use constant Z_security => 4; # Option disabled
use constant Z_offset_E1 => 0; # Enable Z- offset for E1 ( respect E0) (+ add)
use constant Z_offset_E2 => 0; # Enable Z- offset for E2 ( respect E0)
use constant Z_offset_E3 => 0; # Enable Z- offset for E3 ( respect E0)

my $t2 = 0;
my $z5 = 0;
my $z6 = 0;

while (<> ) {

# -------------------
# Clean GCode :
# -------------------

# Delete M104 S? T?; set extruder temperature
# SLIC3R : Filament settings --> Filament
# If Extruder and Bed temperatures are set to zero in SLIC3R this is not

necessary because M104 are not included in the code
if (/ M104 S([0 -9.]+) T([0 -9.]+) ; set temperature /) {

# print ";DELETED:␣M104␣S?␣;␣set␣ temperature \n";
# print ";del(M104)\n";
print "";
next;

}

# Delete M104 S? T?; wait for temperature to be reached
# SLIC3R : Filament settings --> Filament
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# If Extruder and Bed temperatures are set to zero in SLIC3R this is not
necessary because M104 are not included in the code

if (/ M109 S([0 -9.]+) T([0 -9.]+) ; wait for temperature to be reached /) {
# print ";DELETED:␣M109␣S37␣;␣wait␣for␣ temperature ␣to␣be␣reached\

n";
# print ";del(M109)\n";
print "";
next;

}
# Delete G21 , G90 and M82: are already added in the Start GCode

if (/ G21 ; set units to millimeters /) {
# print ";DELETED:␣G21␣;␣set␣units␣to␣ millimeters \n";
print "";
next;

}
if (/ G90 ; use absolute coordinates /) {

# print ";DELETED:␣G90␣;␣use␣absolute␣ coordinates \n";
print "";
next;

}
if (/ M82 ; use absolute distances for extrusion /) {

# print ";DELETED:␣M82␣;␣use␣absolute␣distances ␣for␣extrusion \n";
print "";
next;

}

# Delete "G92␣E0" (set extruder position to zero):
if (/ G92 E0/) {

# print ";DELETED␣G92␣E0␣\n";
print "";
next;

}
# Delete "G1␣E-2␣F2400":

if (/^ G1 E -2.00000 F2400 .00000/) {
print "";
next;

}
# ----------------------------------
# Open - Close solenoid valves :
# ----------------------------------
# Every time T0 ,T1 ,T2 or T3 appears in the GCODE $t2 stores which printhead is

being used (T_ ?)
$t2 = $1 if (/^T([0 -9.]+) /);
# Every time the bed moves (G1 Z) the height is recored . Utilized for the push

button to lower the bed after Z- Homing .
$z6 = $1 if (/^ G1 Z([0 -9.]+) F([0 -9.]+) /);

#Open - valve : "M106␣P0?␣S255". Replace the extruder first push to compensate the
retraction .

if (/^ G1 E2 .00000 F2400 .00000/) {
if ($t2 <1) {

print "\nM106␣P$t2␣S255;␣-->␣Open␣valve\nG4␣P". time_open
.";␣Wait␣[msec ]\n\n";

next;
}
elsif ($t2 ==1) {

print "\nM106␣P$t2␣S255;␣-->␣Open␣valve\nG4␣P". time_open
.";␣Wait␣[msec ]\n\n";

next;
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}
elsif ($t2 ==2) {

print "\nM106␣P$t2␣S255;␣-->␣Open␣valve\nG4␣P". time_open
.";␣Wait␣[msec ]\n\n";

next;
}
elsif ($t2 ==3) {

print "\nM106␣P$t2␣S255;␣-->␣Open␣valve\nG4␣P". time_open
.";␣Wait␣[msec ]\n\n";

next;
}

else {
}

}

#Close - valve : "M106␣P0?␣S0" and wait before next movement . Replace extruder
retraction with valve closing .

if (/ G1 E ([0 -9.]+) F([0 -9.]+) /) {
if ($t2 <1) {

print "\nM106␣P$t2␣S0;␣-->␣Close␣valve\nG4␣P". time_close
.";␣Wait␣[msec ]\n\n";

next;
}
elsif ($t2 ==1) {

print "\nM106␣P$t2␣S0;␣-->␣Close␣valve\nG4␣P". time_close
.";␣Wait␣[msec ]\n\n";

next;
}
elsif ($t2 ==2) {

print "\nM106␣P$t2␣S0;␣-->␣Close␣valve\nG4␣P". time_close
.";␣Wait␣[msec ]\n\n";

next;
}
elsif ($t2 ==3) {

print "\nM106␣P$t2␣S0;␣-->␣Close␣valve\nG4␣P". time_close
.";␣Wait␣[msec ]\n\n";

next;
}

else {
}

}
# --------------------------------------------------------
# Park printheads when not used (only for IDEX systems ):
# --------------------------------------------------------

if (/^; CHANGE PRINTHEAD /) {
if ($t2 <1) {

print "G1␣X0␣F5000;␣ ---------------------->␣Homing␣E$t2\
n";

}
elsif ($t2 ==1) {

print "G1␣X0␣F5000;␣ ---------------------->␣Homing␣E$t2\
n";

}
elsif ($t2 ==2) {

print "G1␣X". X_homing ."␣F5000;␣ ----------->␣Homing␣E$t2\
n";

}
elsif ($t2 ==3) {
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print "G1␣X". X_homing ."␣F5000;␣ ----------->␣Homing␣E$t2\
n";

}
else {

}
}

# ----------------------------------------------------------------------
#Move x- carriages to X- Homing when print ends (only for IDEX systems ):
# ----------------------------------------------------------------------

if (/^; END GCODE /) {
if ($t2 <1) {

print "G1␣X0␣F5000;␣ ---------------------->␣Homing␣E$t2\n";
}
elsif ($t2 ==1) {

print "G1␣X0␣F5000;␣ ---------------------->␣Homing␣E$t2\n";
}
elsif ($t2 ==2) {

print "G1␣X". X_homing ."␣F5000;␣ ----------->␣Homing␣E$t2\n";
}
elsif ($t2 ==3) {

print "G1␣X". X_homing ."␣F5000;␣ ----------->␣Homing␣E$t2\n";
}
else {

}
}

# ---------------------------------------------------------------------------
# Z- Offsets between printheads (not utilized if the push - button is enabled ):
# ---------------------------------------------------------------------------
# Change Z axis speed and independent offset for each printhead :
if (/^ G1 Z([0 -9.]+) F([0 -9.]+) /) {

my ($z2) = $1; # store the original value of Z height
my ($f3) = $2; # store the original Z feedrate
my ( $new_f3 ) = zfeedrate ; # new variable to replace the Z feedrate with a

constant declared at the beginning

my ( $new_z2 ) = $z2 + Z_offset_E1 ; # new Z heights for E1 considering E1 Z-
offset

my ( $new_z3 ) = $z2 + Z_offset_E2 ; # new Z heights for E2 considering E2 Z-
offset

my ( $new_z4 ) = $z2 + Z_offset_E3 ; # new Z heights for E2 considering E2 Z-
offset

if ($t2 <1) {
print "G1␣Z$z2␣F$new_f3;␣ -------------->␣E$t2␣Z-travel␣(

NO␣offset)␣E$t2␣\n";
next;

}
elsif ($t2 ==1) {

print "G1␣Z$new_z2␣F$new_f3;␣ -------------->␣E$t2␣Z-travel␣(E1␣
offset)␣E$t2␣\n";

next;
}
elsif ($t2 ==2) {

print "G1␣Z$new_z3␣F$new_f3;␣ -------------->␣E$t2␣Z-travel␣(E2␣
offset)␣E$t2␣\n";

next;
}
elsif ($t2 ==3) {
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print "G1␣Z$new_z4␣F$new_f3;␣ -------------->␣E$t2␣Z-travel␣(E3␣
offset)␣E$t2␣\n";

next;
}

else {
}

}
# ------------------------------------------------------------------
#Go to push button (Z- Homing ) when the printhead is changed
# ------------------------------------------------------------------

if (/^ T0 /) {
print "T0␣\n";
print "G1␣X75␣Y38␣F3000␣;␣ --------------->␣P0␣go␣to␣push␣button␣

\n";
print "G28␣Z␣;␣ -------------------------->␣Z-Homing␣P0␣\n";
print "G1␣Z$z6␣F400␣;␣ ---------------->␣Lower␣bed␣Z-travel\n";
print "\n";
next;

}
if (/^ T1 /) {

print "T0␣\n";
print "G1␣Z20␣F400␣;␣ -------------->␣Lower␣bed␣for␣nozzle␣change

␣\n";
print "G1␣X73␣Y129␣F3000␣;␣ -------------->␣P1␣go␣to␣push␣button␣

\n";
print "G28␣Z␣;␣ -------------------------->␣Z-Homing␣P1␣\n";
print "G1␣Z$z6␣F400␣;␣ ---------------->␣Lower␣bed␣Z-travel␣\n";
print "\n";
next;

}
if (/^ T2 /) {

print "T1␣\n";
print "G1␣Z20␣F400␣;␣ -------------->␣Lower␣bed␣for␣nozzle␣change

␣\n";
print "G1␣X9␣Y47␣F3000␣;␣ ---------->␣P2␣go␣to␣push␣button␣\n";
print "G28␣Z␣;␣ -------------------------->␣Z-Homing␣P2␣\n";
print "G1␣Z$z6␣F400␣;␣ ---------------->␣Lower␣bed␣Z-travel\n";
print "\n";
next;

}
if (/^ T3 /) {

print "T1␣\n";
print "G1␣Z20␣F400␣;␣ -------------->␣Lower␣bed␣for␣nozzle␣change

␣\n";
print "G1␣X7␣Y129␣F3000␣;␣ ----------->␣P3␣go␣to␣push␣button␣\n";
print "G28␣Z␣;␣ -------------------------->␣Z-Homing␣P3␣\n";
print "G1␣Z$z6␣F400␣;␣ ---------------->␣Lower␣bed␣Z-travel\n";
print "\n";
next;

}
else { print or die $!;}

}
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