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1. INTRODUCTION 

I had the opportunity to intern at the TargetsLab research centre during the summer of 2021. 
This group, affiliated with the University of Girona, has been exploring new ways for the 
treatment of Triple Negative Breast Cancer (TNBC) and lung cancer during the past few years. I 
was tasked with assisting former doctoral-level researchers in the production of specialised 
scaffolds that could be utilised for the growth of the MDA-MB-231 TNBC cell line, and which 
would hopefully permit and enhance the formation of highly specific cell structures known as 
tumoroids by imitating the human extracellular matrix. These formations could be interpreted as 
early form tumours or a functional tumoral mass on a very small scale; they are currently viewed 
as a promising tool for cost-effective studies on new cancer treatments that will be used in the 
field of oncology's precision medicine. 

Despite what I knew about the basic cell culture methods currently employed in the world of 
scientific research, I was continually struck by the fact that the design and functioning of culture 
equipment had not been updated to accommodate the biomedical field's growing complexity. 

During my internship, I learnt that the key to obtaining the needed structures or any organ-like 
cell culture consisted of mimicking the conditions and dynamics of the human body as accurately 
as possible, given the technical constraints. However, many other parameters must be applied to 
the culture in order to achieve a successful simulation of the dynamics of the human internal 
environment, including the flow and pressure of the liquids in contact with the cells or the 
concentration of oxygen and carbon dioxide in the culture vessel, among others. 

At that time, I began exploring existing dynamic culture methods and became familiar with the 
concept of "Organ-on-a-Chip," a micro-scale system designed to imitate the human body 
environment in order to build human tissue models for disease modelling and medication testing. 
Despite its many advantages, a brief market analysis revealed that very few businesses were 
devoted to the development of dynamic culture equipment and that, in reality, this feature had 
a substantial impact on the prices of this equipment, which began at approximately $20,000. 

Since I began my degree, one of my professional goals has been to participate in the development 
of strategies to shape a more accessible, sustainable, and decentralised science. Therefore, after 
the investigation, I began to consider how universities or research groups, with significantly fewer 
resources than large pharmaceutical multinationals or large educational institutions, might be 
able to utilise these new techniques and technologies. Thus, the idea arose to design a system 
with the same objectives and fundamental features as existing dynamic culture equipment, but 
at a significantly cheaper cost, and whose production could be handled by the same groups in a 
simple and cost-effective manner. 

The following is a proposal for a device for the production of dynamic 3D cell cultures that aims 
to meet the aforementioned affordability and functionality requirements. AutoDesk's AutoCAD 
platform will be used for the design, while fused filament fabrication technique has been selected 
for the manufacture. To realise the full potential of personalised medicine, it is natural and 
necessary for personalised and cost-effective manufacturing and medicine to converge. 
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2. PREVIOUS CONCEPTS 
2.1. BIOMEDICINE 
2.1.1. CANCER 

Cancer is one of the main pathologies affecting the population worldwide, with more than 19.3 
million diagnoses and a mortality rate of almost 10 million by 2020 according to the World Health 
Organization, which represents more than 10% of total deaths worldwide [1]. This year, the most 
common (in terms of cancer diagnosis) were: 

• Breast (2.26 million cases) 
• Pulmonary (2.21 million deaths) 
• Colorectal (1.93 million cases) 
• Prostate (1.41 million cases) 
• Skin (non-melanoma) (1.20 million cases) 
• Gastric (1.09 million cases) 

The types of cancer that caused a highest number of deaths in 2020 were: 

• Pulmonary (1.8 million deaths) 
• Colorectal (935,000 deaths) 
• Liver disease (830,000 deaths) 
• Gastric (769,000 deaths) 
• Breast (685,000 deaths) 

In our country, it represents the second cause of death after cardiovascular diseases, it is 
estimated that by the end of 2021, 276.239 cases were detected according to the calculations of 
REDECAN (Spanish Network of Cancer Registries)[2]. 

Getting to know and describing the pathophysiological mechanisms of cancer is a complex task. 
In 1838, at the beginning of its research, cancerous tissue was described as the one made up of 
cells with altered morphology and it was postulated that the cause of the pathology was cellular 
damage. Currently, cancer is considered a disorder of cells that are abnormally divided, which 
leads to the formation of aggregates that create lesions to the adjacent tissues, they nourish from 
the body and alter its physiology; in addition to these factors, aggregates can migrate and invade 
distant tissues, continue their growth and thus give rise to the well-known metastasis [3]. 

2.1.2. CELL CULTURE  
The term cell culture refers to laboratory methods that allow the growth of prokaryotic or 
eukaryotic cells under physiological conditions. Its origins date to the early 20th century, when it 
was introduced to study tissue growth and maturation, viral biology and vaccine development, 
the role of genes in disease and health, and the use of large-scale hybrid cell lines to produce 
biopharmaceuticals.  

The experimental applications of cultured cells are as diverse as the cell types that can be grown 
in vitro. However, in the clinical context, cell culture is most often associated with the creation of 
model systems used to study basic cell biology, mimic disease mechanisms, or investigate the 
toxicity of novel drugs. One of the advantages of using cell cultures for these applications is the 
ability to manipulate genes and molecular signalling pathways. In addition, the homogeneity of 
clonal cell populations or specific cell types and well-defined culture systems eliminates 
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confounding genetic or environmental variables, generating data with high reproducibility and 
consistency that cannot be guaranteed when whole organ systems are studied [4]. 

Cell culture systems are indispensable tools for a variety of in vitro clinical studies and for basic 
research. The classically preferred model is a static dish culture. This approach generates mainly 
adherent two-dimensional (2D) cell monolayers that do not reflect the situation in vivo, where 
cells grow in a complex three-dimensional (3D) microenvironment [5]. Although it is known that 
static 2D cell culture systems resemble the complexity of the physiologic conditions only to a 
limited extend, the expansion and differentiation of cells on plastic surfaces is still “gold standard” 
in many cell culture applications. 

2.1.3. 3D CELL CULTURE 
The use of 3D cell culture refers to the process of growing cells in their natural environment or in 
vivo. This is done by adding a third dimension that can mimic the complex interactions between 
cells and between cells and the extracellular matrix (ECM). In living tissues, cells exist in 3D 
microenvironments with complicated cell-cell and cell-matrix interactions and complex transport 
dynamics for nutrients and cells. Standard 2D or monolayer cell cultures poorly represent these 
environments, often making them unreliable predictors of drug efficacy and toxicity in vivo. Cells 
cultured in simplified monolayers lose their original phenotypic and functional properties, often 
become dedifferentiated, and are very different from the tissues from which they are derived. As 
a result, the biological responses of these cells may not be physiologically relevant, which can 
greatly affect their predictability and thus their utility for drug discovery.  

3D spheroids are more similar to tissues in vivo in terms of cellular communication and 
development of extracellular matrices. These matrices contribute to the ability of cells to move 
within their spheroid, similar to cells in living tissue. The spheroids are thus improved models for 
cell migration, differentiation, survival, and growth. Because of their architectural similarity to in 
vivo tissues, 3D cells cultures retain the phenotypic and functional properties of their in vivo 
counterparts, providing a more physiologically relevant in vitro system for evaluating biological 
responses. In addition, 3D cells cultures provide a more accurate representation of cell 
polarization, as cells can only be partially polarized in 2D. In addition, cells grown in 3D exhibit 
different gene expression than cells grown in 2D. 

In the world of drug discovery and development, 3D cell culture systems are rapidly replacing 2D 
cell cultures due to their reliability as an in vitro approach to predicting in vivo responses [5][6]. 

2.1.4. DYNAMIC CULTURING SYSTEM 
Dynamic cell culture describes the in vitro culture of cells in the presence of applied mechanical 
stress. Of great emerging interest is the ability to control the flow of fluid, such as medium, over 
cells while they grow. Flow rate can be generated very precisely using microfluidic instruments 
and is an ideal way to better replicate the dynamic environment that cells normally reside in. The 
use of bioreactors bears the potential to achieve a more organ or tissue-specific dynamic culture 
by providing physical cues, improved nutrient supply (by enhancing the removal of waste 
products through the circulation of medium), and adding shear stress to cell [7][8]. 

2.1.5. TUMOROID 
One of the most important recent advances in biological science research is the development of 
3D cell culture systems, such as organoids, spheroids, and chip models of organs. A 3D cell culture 
is an artificial environment in which cells can grow and interact with their environment in all three 
dimensions. These conditions are similar to an in vivo state. 
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Organoids are a type of 3D cell culture that contains organ-specific cell types that can show spatial 
organization and replicate some of the functions of the organ in question. They recreate a very 
relevant system from a physiological point of view that allows researchers to analyse complex 
and multidimensional issues, such as the onset of a disease, tissue regeneration, and organ-to-
organ interaction. 

The term "tumoroid" means "tumor-like organoid"; tumors are generally derived from primary 
tumors harvested from cancer patients and may mimic the human tumor microenvironment 
(TME). They are currently considered a promising tool for cost-effective studies on new cancer 
drugs that will be used in precision medicine in the field of oncology [9]. 

2.1.6. SCAFFOLD 
Scaffolds are structures engineered to induce desirable 
cellular interactions that contribute to the formation of 
new functional tissues for medical purposes. Cells are 
often 'seeded' into these structures, which can support 
the formation of three-dimensional tissue. Scaffolds 
mimic the extracellular matrix of native tissue by 
reconstructing the in vivo environment and allowing cells 
to influence their own microenvironment. They typically 
serve at least one of the following purposes: enable cell 
attachment and migration (as seen in Figure 1), transport 
and retain cells and biochemical factors, allow diffusion 
of vital cell nutrients and expressed products, and exert 
certain mechanical and biological influences to alter cell 
phase behaviour. 

To achieve the goal of tissue reconstruction, scaffolds must meet some specific requirements. 
High porosity and adequate pore size are necessary to facilitate cell seeding and diffusion of cells 
and nutrients throughout the structure. They are critical for tissue engineering because they must 
provide a suitable mechanical and chemical environment in which seeded cells can thrive and 
function as expected and eventually form fully functional tissue. These requirements place high 
demands on the materials used to fabricate the scaffolds, which must be naturally biocompatible 
and biodegradable. The rate at which degradation occurs must match the rate of tissue formation 
as closely as possible [6], [10]–[12]. 

2.1.7. HIDROGEL 
Hydrogels are hydrophilic polymer networks that are able to swell, store large amounts of water 
and maintain three-dimensional, swollen structures. These properties form the basis for various 
applications, especially in the biomedical field. Many hydrogels are synthetic, but some are 
derived from nature [13].  

The cross-links that bind the polymers of a hydrogel fall into two general categories: physical and 
chemical. Chemical hydrogels have covalent cross-linking bonds, while physical hydrogels have 
non-covalent bonds. A covalent bond is a chemical bond in which pairs of electrons are exchanged 
between atoms. These electron pairs are called common pairs or bond pairs. The stable balance 
between attractive and repulsive forces between atoms when they share electrons is called a 
covalent bond. A non-covalent interaction differs from a covalent bond in that it is not a sharing 

Figure 1. Graphic representation of cell adhesion 
to a scaffold [187]. 
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of electrons, but rather scattered variations of electromagnetic interactions between molecules 
or within a molecule [14].  

Chemical hydrogels result in strong, irreversible gels due to covalent bonding. They can also have 
harmful properties, making them unfavourable for medical applications. Physical hydrogels, on 
the other hand, have high biocompatibility, are non-toxic and are also easily reversed by simply 
changing an external stimulus such as pH or temperature; therefore, they are well suited for 
medical applications.  

Hydrogels have proven useful in a number of cell culture applications. They reveal fundamental 
phenomena that regulate cell behaviour and provide tools for expansion and targeted 
differentiation of different cell types that are not possible with conventional culture substrates. 
The production of hydrogels for cellular experiments usually involves either the encapsulation of 
viable cells in the material or the production of substrates using moulds that are later populated 
with cells [15]–[18] . 

2.2. FABRICATION 
2.2.1. ELECTROSPINNING 

 

Figure 2. Electrospinning process [19]. 

Electrospinning is a widely used technique to produce polymer fibres with a diameter between 2 
nm and several micrometres from a polymer in solution. This technique has gained interest in the 
last decade, mainly because of the control it can exert over the structure and size of the fibres, 
the versatility of the polymers used and the unique properties of the final material: high specific 
surface area, controllable and cross-linked porosity, high mechanical performance, flexibility etc. 

The basic process is based on the combination of three main components: the current generator, 
the metal needle and the collector in which the fibres are deposited. The needle is in a syringe 
that contains the solution and the flow is controlled by a pump. When a voltage is applied (usually 
in the range of 1 to 30 kV), the droplet emerging from the needle is electrified and the charges 
are distributed on the surface so that the droplet experiences two types of forces: electrostatic, 
as repulsion between the surface charges, and the coulombic forces exerted by the external 
electric field. The surface of the droplet gradually resists the action of these forces until it begins 
to stretch and form an inverted cone called the Taylor cone. The stretching process reaches a 
limit where the concentration of the charge is so high that it exceeds the surface tension of the 
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solution and creates a current at the tip of the cone. This current passes through an unstable path 
where it undergoes a stretching process simultaneously with the evaporation of the solvent, 
resulting in a drastic reduction in diameter. Attracted by the charged collector, the fibres are 
deposited and randomly distributed to form a nonwoven fabric. The diameter of the fibres and 
their morphology determine the properties of the finished material [20], [21]. This process is 
visually represented in Figure 2. 

2.2.2. 3D MODELING 
3D modelling is the process of developing a mathematical representation of any three-
dimensional object (either inanimate or animate) using specialised software. The product is called 
a 3D model. These 3D objects can be generated automatically or created manually by deforming 
the mesh that contains them or otherwise manipulating its vertices. 3D models are used for a 
variety of media, including video games, movies, architecture, illustration, engineering and 
commercial advertising. 

3D modelling software is a type of 3D graphics software used to create three-dimensional models. 
Although complex mathematical formulae form the basis of 3D modelling software, the 
programmes automate the calculations for users and have tool-based user interfaces. 3D models 
represent a three-dimensional object through a collection of points in 3D space connected by 
various geometric entities such as triangles, lines, curved surfaces, etc. Because they are a 
collection of data (points and other information), 3D models can be created by hand, by 
algorithms or by scanning. They can be displayed as a two-dimensional image through a process 
called 3D rendering or used in a computer simulation of physical phenomena. The model can also 
be created physically using 3D printing equipment [22]–[24]. 

2.2.3. ADDITIVE MANUFACTURING  
Additive manufacturing is the process of building up an object layer by layer. It is the opposite of 
subtractive manufacturing, where an object is created by removing a solid block of material until 
the final product is ready. 

Technically, additive manufacturing can refer to any process where a product is created by 
building something up, such as casting, but it usually refers to 3D printing (see the more used 
additive manufacturing methods in Figure 3). 3D printing is the construction of a three-
dimensional object from a CAD model or a 3D digital model. The term "3D printing" can refer to 
a variety of processes in which material is applied, bonded or solidified by computer control to 
create a three-dimensional object, usually adding the material layer by layer. 

Additive manufacturing was first used in the 1980s to develop prototypes but these objects were 
usually non-functional. This process was called rapid prototyping because it allowed a scale model 
of the final object to be created quickly, without the typical set-up process and costs associated 
with creating a prototype. As additive manufacturing improved, its application expanded to 
include rapid tooling, which was used to create moulds for final products. In the early 2000s, 
additive manufacturing was used to produce functional products. Today, the precision, 
repeatability and material diversity of 3D printing have increased to the point where some 3D 
printing processes are considered viable technology for industrial production, and the term 
additive manufacturing can be used synonymously with 3D printing. One of the main advantages 
of 3D printing is the ability to produce very complex shapes or geometries that would otherwise 
be impossible to construct by hand, including hollow parts or parts with internal truss structures 
to reduce weight. Fused Deposition Modelling (FDM), which uses a continuous filament of a 
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thermoplastic material, is the most commonly used 3D printing process [25]–[27]. This term is a 
Trademark of Stratasys Inc. [28], thus the technology is known in the community as Fused 
Filament Fabrication or FFF. 

 

Figure 3. Popular additive manufacturing methods [29]. 

2.2.4. FUSED FILAMENT FABRICATION 
Fused Filament Fabrication (FFF) is a 3D printing 
process that uses a continuous filament made of a 
thermoplastic material. The plastic filament is 
wound on a spool and feeds the heater (hot end). 
The resulting molten material is then ejected 
through a nozzle in the form of 'drops', while the 
incoming filament, still in the solid phase, acts as a 
'trigger'. The nozzle is mounted on a mechanical 
support that can be moved in the X-Y plane. As the 
nozzle is moved on the table in a predetermined 
geometry, it applies a thin grain of molten plastic 
that solidifies on contact with the substrate and/or 
previous layers of the object. Once a layer is 
complete, the platform is lowered in the Z direction to begin the next layer. This process continues 
until the object is completed. The 3D printer head or printer extruder is responsible for melting 
the material to form the layers of the object. The extrusion is done by a part called the cold end, 
which pulls the filament, and a hot end, which melts it and applies it to the object being 
constructed [30], [31]. 

The cold end usually consists of a stepper motor, a small gear, a large gear and a bearing. The hot 
end consists of the heater and the thermistor sensor, as seen in Figure 4. The speed of the print 

Figure 4. Illustration of an extruder [188]. 



ANTONI IGNASI CÀNAVES LLABRÉS 
GRAU EN ENGINYERIA BIOMÈDICA – UNIVERSITAT DE GIRONA 
 

12 

head must be controlled so that the deposition can be stopped and started and a layer without 
holes or build-up is produced [32]. We distinguish between two varieties of extruders: 

• Direct extruder: The filament runs directly from the sprocket to the hot end, which are in 
close proximity. This proximity allows you to manage the extrusion of the filament, 
resulting in fewer errors and easier filament replacement. In addition, it is employed for 
flexible materials, which can fail with other types of extruders. The primary issue with 
direct extruders is that the filament moves abruptly with the motion of the machine, 
resulting in increased inertial forces and vibrations. 

• Bowden Extruder: A Teflon tube separates the sprocket from the hot end. This tube is 
used to introduce the filament till it reaches the nozzle. Adding one more component to 
the machine increases the number of parts that must be replaced and inspected. This 
sort of extruder can fail with flexible materials because to the difficulty in controlling the 
filament tension inside the Bowden tube. Removing components from moving elements 
and affixing them to the structure accelerates the movement of the 3D printer and can 
boost printing speed. 

There are a variety of materials that can be used in this type of technology, including 
thermoplastics such as ABS (acrylonitrile butadiene styrene), PLA (polylactic acid), high impact 
polystyrene (HIPS), polyurethane (TPU), nylon, ... 

The term Fused Filament Fabrication was coined by members of the RepRap project to avoid the 
patented term Fused Deposition Modelling (FDM). FFF is now the most popular technique (in 
terms of number of machines) in mainstream 3D printing. Other techniques, such as 
stereolithography, can achieve better results but are much more expensive. FDM was developed 
in 1988 by S. Scott Crump, the co-founder of Stratasys. When the patent on this technology 
expired in 2009, anyone could use this type of printing without paying Stratasys for the right to 
do so. This opened up commercial, "Do It Yourself" and open-source 3D printer applications [33].  

2.3. MATERIALS 
2.3.1. PLA 

PLA (molecular structure shown in Figure 5), also 
known as polylactic acid or polylactide, is a 
thermoplastic that, unlike other industrial materials 
made mainly from petroleum, is derived from 
renewable resources such as corn starch, tapioca roots 
or sugar cane and can be semi-crystalline or 
amorphous depending on the purity of the polymer 
character. Due to its more environmentally friendly 
origin, this material has become very popular in the 3D 
printing industry. We have started to see it in medical 
applications and in the food industry as it has 
excellent organoleptic properties [34], [35]. 

Lactic acid is produced through a fermentation process from 100% renewable resources. The 
polymer degrades quickly in the environment and has very low toxicity as it is mainly converted 
into water and C𝑂𝑂2. PLA can be produced by condensing lactic acid and ring opening the cyclic 
lactic acid dimer [36]. 

Figure 5. Structural unit of the PLA polymer [189]. 
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PLA is one of the easiest materials to print on and does not require precise print settings. For 
practical applications, the strength of PLA is surprisingly sufficient for most lightweight prototypes 
and models. Especially in recent years, PLA blends have improved greatly in terms of durability. 

However, research shows that for prints that need to be truly food safe / suitable for biological 
research, a number of post-processing procedures need to be carried out, as bacteria or 
microorganisms can be deposited between the layers of the model during filament printing due 
to the hardware used not being a sterile environment [37], [38]. 

2.3.2. PET-G / PCTG 
Polyethylene terephthalate or PET (molecular 
structure shown in Figure 6),  is a type of 
thermoplastic polymer obtained by a 
polycondensation reaction between terephthalic acid 
and ethylene glycol, both low molecular weight 
substances derived from petroleum. It is a recyclable 

material, but not biodegradable. This opaque or transparent linear thermoplastic polymer is very 
resistant, light, harmless and has a high degree of crystallisation, depending on the arrangement 
of the molecules that make it up. It belongs to the group of synthetic materials called polyesters. 

Its main properties include high transparency, although it can absorb dyes, high resistance to 
wear and corrosion, very good sliding coefficient, good chemical and thermal resistance, very 
good barrier to carbon dioxide, acceptable barrier to oxygen and moisture, compatibility with 
other barrier materials, which together improve the barrier quality of packaging and therefore 
allow its use in certain markets, recyclability, the fact that its viscosity decreases when heated, 
resistance to ultraviolet (UV) radiation and approval for use in products that must come into 
contact with food [39]–[41]. 

PETG (polyethylene terephthalate glycol) 
(molecular structure shown in Figure 7), is one 
of the types in which PET plastic polyester is 
presented. PETG is formed by the 
copolymerisation of PET. The process is based 

on the addition of cyclohexanedimethanol (CHDM) instead of ethylene glycol, resulting in a block 
with longer atoms where the adjacent chains do not fit together as in ethylene glycol. This makes 
it possible to stop crystallization when acting on this material, to obtain more transparent objects 
and to lower the melting point. These are ideal properties for producing resistant parts that are 
easy to mould or extrude. Due to its ease of extrusion and thermal stability, PETG and other PET 
derivatives are increasingly used in the world of 3D printing FDM / FFF. 

One of the reasons PETG is used in 3D printing instead of PET is the problem the latter has when 
it heats up. When overheated, PET becomes cloudy and brittle, which is impractical for use with 
a 3D printer FDM / FFF, a problem that does not occur with PETG as it contains glycol. It is also 
more durable thanks to its higher resistance to wear and corrosion from oxidants, which comes 
with high impact resistance.  

PETG as a material for 3D printing is characterised by a functionality very similar to that of ABS 
(good temperature resistance, durable, resistant) and is as easy to print as PLA. It is also 
characterised by good adhesion between layers, low deformation during printing, resistance at 
low temperatures for long periods of time, chemical resistance (bases and acids) and absence of 

Figure 6. PET molecule [190].  

Figure 7. PETG molecule [195]. 
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odour during printing. The application of this copolyester in 3D printing is focused on the 
production of parts that require a certain flexibility and good impact resistance (even at low 
temperatures) [42]–[44]. 

In both cases, these materials meet FDA (Food and Drug Administration, USA) requirements, so 
they are approved for food contact and can also be used in medical applications. PET is odourless 
and tasteless and can be sterilised with gamma rays or ethylene oxide; PETG can also be sterilised 
by radiation but not autoclaved [41], [45]. 

PCTG (modified cyclohexylene dimethylene glycol polyterephthalate) belongs to the same family 
of polyesters as the increasingly popular PETG. Compared to its better-known counterpart, PCTG 
offers higher impact strength, temperature resistance and clarity, making it an excellent 
alternative to PETG. This filament does not require a heating chamber, so it can be used in home 
printers. At the same time, it offers high dimensional stability and its low shrinkage prevents the 
model from cracking. It also meets the requirements of the FDA and could be used in the food-
packaging and medical fields [46]. 

PCTG offers much higher impact resistance than other similar materials. It achieves results of 
about 90 kJ / m2 in the Izod test (PETG: 5-8 kJ / m2). PCTG also withstands higher temperatures 
(up to 76°C)[47].  

2.3.3. TPU  

 

Figure 8. TPU molecules [48]. 

Thermoplastic polyurethane is one of the existing varieties within polyurethanes. It is a linear 
elastomeric polymer and therefore thermoplastic. Vulcanisation is not required for its processing, 
but a new process for cross-linking was introduced in 2008. This elastomer can be moulded by 
the usual processes for thermoplastics, such as injection moulding, extrusion and blow moulding. 
TPE-U is an abbreviation for urethane-based thermoplastic elastomer, but is commonly referred 
to as TPU. Thermoplastic polyurethane is characterised by its high resistance to abrasion, oxygen, 
ozone and low temperatures. This combination of properties makes thermoplastic polyurethane 
an engineering plastic. It is a block copolymer consisting of alternating sequences of hard and soft 
segments. Its conformability depends on the presence of hard and soft segments in its chemical 
composition. The ratio of hard and soft segments can be manipulated to produce a wide range 
of hardnesses.  

Hard segments are isocyanates and can be classified as aliphatic or aromatic depending on the 
type of isocyanate. The soft segments are reactive polyol. In addition to the ratio of hard and soft 
segments in a given TPU product, the type of isocyanate and polyol is also responsible for the 
properties of the resulting TPU. The linear and long-chain polyols and the linear and short-chain 
diols react with the diisocyanates to form a semi-crystalline polymer with a linear structure, 
whereby the combination of the polyols with the diisocyanates forms the amorphous part 
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(flexible segment) and the combination of the short-chain diols with the diisocyanates forms the 
crystalline part (hard segment). 

The type of raw material and the reaction conditions determine the properties of the final 
product. Thermoplastic polyurethane can be produced from two families of polyols: Polyester-
based polyols and polyether-based polyols. 

Polyester-based polyols are characterised by very good mechanical properties and good 
resistance to temperatures, mineral oils and hydraulic fluids. Polyether-based polyols are 
characterised by higher hydrolysis resistance, greater flexibility at low temperatures and better 
resistance to microorganisms [49]–[51]. Figure 8 shows the molecular structure of each group. 

2.3.4. POLY( METHYL METHACRYLATE ) 
Polymethyl methacrylate (PMMA) (molecular structure shown in Figure 9) is an amorphous 
thermoplastic. It is better known as acrylic and is sold under brands such as Plexiglas®. PMMA is 
a durable, highly transparent material with excellent resistance to ultraviolet radiation and 
weathering. It can be coloured, shaped, cut and perforated [52].  

Acrylic compounds have a high tendency to polymerise; the 
reaction is very exothermic. They are produced by bulk or 
suspension polymerisation. Bulk polymerisation is also 
called in-situ polymerisation because it is carried out 
without solvent or water and results in semi-finished 
products such as sheets, blocks or pipes without the need 
for moulding. In this process, primers are added to the 
pure monomer or a higher viscosity prepolymer. Heat 
must be dissipated by cooling water or air to obtain a polymer without internal stresses; to 
achieve this, the polymerisation process can take days or weeks. PMMA obtained by bulk 
polymerisation has a high molecular weight, so it cannot be melted without decomposing. An 
isotropic product is obtained that has no orientation and has excellent optical properties [53], 
[54]. 

PMMA can be bonded with cyanoacrylate cement (commonly known as superglue), with heat 
(welding) or with chlorinated solvents such as dichloromethane or trichloromethane (chloroform) 
to dissolve the plastic at the joint, which then melts and hardens to form an almost invisible weld. 
Scratches can be easily removed by polishing or heating the surface of the material[55] . 

You can form intricate designs from PMMA sheets by laser cutting. PMMA vaporises into gaseous 
compounds (including its monomers) during laser cutting, creating a very clean cut and making 
cutting very easy. 

2.3.5. CHLOROFORM 
Trichloromethane, chloroform or methyl trichloride, is a chemical compound with the chemical 
formula 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3. It can be obtained by chlorination as a derivative of methane or ethyl alcohol or, 
more commonly in the pharmaceutical industry, using iron and acid on carbon tetrachloride. 

At room temperature, it is a volatile, non-flammable, colourless liquid. It decomposes slowly by 
the combined action of oxygen and sunlight, converting to phosgene (COCl2) and hydrogen 
chloride (HCl) according to the following equation: 2 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3  +  𝑂𝑂2 →  2 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2  +  2 𝐻𝐻𝐻𝐻𝐻𝐻. 

Figure 9. PMMA molecule [191]. 
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Since it is usually stable and miscible with most lipids and saponifiable organic compounds, it is 
often used as a solvent. It is also used in molecular biology for various processes, e.g., DNA 
extraction from cell lysates. Likewise, it is used in the fixation of post-mortem histological 
specimens [56]–[58]. 

It is one of the most commonly used solvents for smoothing printed PLA and PETG models, as it 
is stronger and faster acting than acetone. However, the fumes produced by its evaporation are 
more toxic than those of acetone [59]. 

2.3.6. PDMS 
Polydimethylsiloxane (PDMS) (molecular 
structure shown in Figure 10) is a polymer derived 
from silicones. Common to all silicones is the 
repetition of siloxane units, each consisting of a 
𝑆𝑆𝑆𝑆 − 𝑂𝑂 group. A large number of side groups can 
be attached to a silicon atom. In the case of 
PDMS, this is methyl, CH3. Different chain ends 
can be coupled to the polymer. Trimethylsiloxy 
𝑆𝑆𝑆𝑆 − 𝑆𝑆𝐻𝐻3 usually forms the chain ends. The shortest molecule consisting of only two end groups 
and containing no dimethylsiloxane monomer units is hexamethyldisiloxane, HMDSO, which is 
very important as a process gas for hydrophobic plasma coatings. PDMS are linear polymers that 
exist in a liquid state with a very high molecular weight. However, they can be cross-linked to 
become elastic. It is a nearly inert polymer and very resistant to oxidation. It can be used as an 
electrical insulator in organic electronics (microelectronics or polymer electronics) as well as in 
biological microanalysis. 

One of the most common applications of low-pressure plasma for PDMS is in the field of 
microfluidic systems: The customer produces a specific polydimethylsiloxane depending on the 
application, then it is plasma treated and finally the PDMS chip is mounted on a glass plate, silicon 
surfaces or other substrates. Some of the advantages of plasma pre-treatment in microfluidic 
systems are the short processing time, the ability to create irreversible PDMS bonds on the 
substrate surface leading to the formation of impermeable channels in the microfluidic assembly, 
the hydrophilization of PDMS and the substrate surface with the subsequent complete wetting 
of the channel and the design of hydrophilic-hydrophobic regions. If we focus on the application 
of microfluidic systems, they will be crucial in the future for the study of chemical reactions and 
fluid transport on a microscopic scale, the detection of biological organisms and rapid clinical 
diagnosis and screening of drugs.  

  

Figure 10. PDMS molecule [192]. 
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3. STATE OF THE ART 
3.1. ORGAN-ON-A-CHIP 

Organ-on-a-chip is a system that biomimetically simulates a physiological organ and is integrated 
into a microfluidic device. The chip's microenvironment simulates the organ in terms of tissue 
interactions and mechanical stimulation using cell biology, engineering and biomaterial 
technologies. This represents the structural and functional properties of human tissue and can 
be used to predict response to a variety of stimuli, including pharmacological and environmental 
responses. It has a wide range of applications in precision medicine and the development of 
biological defence strategies [60], [61]. 

 

Figure 11. Example of body-on-a-chip (interconnected organs-on-a-chip) system [62]. 

 

Figure 12. Diagram of an organ-on-a-chip system [63], [64]. 

3.1.1. DESIGN 
A microfluidic system mimics complex physiological processes in the human body by varying flow 
rate and channel geometry with microvalves and micropumps to achieve stable two-dimensional 
biochemical concentration gradients. It also improves nutrient delivery and eliminates waste 
deposits. The dynamic environment of the cells is more similar to in vivo conditions than a static 
culture. In addition, the flow of the culture medium causes the polarity and arrangement of the 
treated cells. The microfluidics integrated into the cultivation equipment allow for a variety of 
biological assessments specific to each organ. The media flow in the system is controllable and 
modifiable and can either be constant or programmed to simulate a pulsatile format [65], [66]. 
The fluid behaves primarily like laminar flow at the microscale level, resulting in a stable gradient 



ANTONI IGNASI CÀNAVES LLABRÉS 
GRAU EN ENGINYERIA BIOMÈDICA – UNIVERSITAT DE GIRONA 
 

18 

of biochemical molecules that is controlled both spatially and temporally. Concentration 
gradients control various biochemical signals in biological phenomena such as angiogenesis, 
invasion and migration [67].  We can also control the stress to which cells are exposed. Elastic 
porous membranes can help with this. Mechanical stimulation is thought to be an important 
factor in the differentiation of physiological processes [68]. Finally, microfluidics can help us 
design cell patterns to create physiological in vitro models with complex geometries. Surface 
modifications, templates and 3D printing all contribute to on-chip cell modelling. The latter 
enables extensive personalisation of the patterns, structures and systems developed by the 
researchers [69]–[71]. An example of organ-on-a-chip implementation can be seen in Figure 11, 
and an example of body-on-a-chip implementation can be seen in Figure 12. 

3.1.2. COMPONENTS 
According to the literature, any organ-on-a-chip system consists of four basic components. The 
microfluidics are responsible for delivering the target cells to a predetermined location and 
include an inlet system for the culture fluid and the drainage of residual fluid during the culture 
process. Our goal is to develop a product that is miniaturised, integrated and automated. Another 
factor to consider is the cell tissue from which the cultured samples are taken and whether they 
are to be seeded in a two-dimensional or three-dimensional cell culture. Three-dimensional 
cellular structures can be built with three-dimensional culture structures such as scaffolds or 
hydrogels. Although 3D tissue structures simulate the in vivo situation more accurately than 2D 
models, living cells of organ tissues are still mainly cultured in 2D due to technological limitations 
and the cost of developing the extracellular matrix (compounds and hardware used in culture). 
Certain tissues require physical or chemical signals to simulate the physiological 
microenvironment that promotes their maturation. Finally, we need to consider the component 
of detection, which refers to the monitoring of substances, changes or interactions between 
particles in our culture system, whether desired or undesired, and which can be done with 
advanced sensors [72], [73]. 

3.1.3. APLICATIONS 
Many types of healthy and diseased tissues and organs are currently being built on microfluidic 
chips, including models of microvascular obstruction, cystic fibrosis, heart, kidney, liver, lung, 
pancreas, brain, skin, eye, gut and neuropsychiatric disorders. Importantly, these organ-on-a-chip 
microdevices can mimic organ-level responses to toxins, drugs, radiation, pathogens and 
microorganisms in vitro, as well as organ-specific inflammatory responses, which is critical for 
preclinical modelling of drugs and diseases [74]–[100]. 

3.2. TUMOR-ON-A-CHIP 
Despite enormous efforts to study the biology of cancer and to develop therapies against it, 
cancer remains one of the leading causes of death in humans. To understand the nature of cancer 
and develop treatments, the greatest challenges in cancer research are to create an efficient in 
vitro tumor microenvironment and to explore efficient methods to detect anticancer drugs. 
Human-specific biophysical and biochemical factors in the tumor microenvironment are difficult 
to replicate in traditional flat in vitro cell models and in vivo animal models. Due to the limitations 
of traditional models, it has been difficult to translate basic research findings into clinical 
applications [101]. 

Organ-on-a-chip technology has also been used to create 3D models of human tumors in vitro, 
opening new avenues for cancer research thanks to advances in organ-on-a-chip platforms and 
dynamic culture systems [102]–[104]. Tumor-on-a-chip has proven to be an attractive prospect 
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in organ-on-a-chip research for studying cancer biology and treatment options. It mimics the 
interactions between human tumors in vivo and tissues / organs using microfluidics and cell 
culture technology in a bioinspired design . Tumors have a complex microenvironment that 
includes a dense extracellular matrix (ECM), irregular vessels, a diverse population of stromal, 
immune and inflammatory cells, carcinogenic stem cells and a limited nutrient supply [105]–
[110]. Several studies have shown that complex components can significantly influence cancer 
growth and metastasis via mechanical and biochemical factors [111]–[113]. 

3.2.1. MANUFACTURE 
Tumor-on-a-chip developed devices so far include lung tumor chips, liver tumor chips, pancreatic 
tumor chips, breast tumor chips, brain tumor chips, melanoma tumor chips, and tumor 
metastasis chips. These tumor chips can simulate the 3D microstructure and microphysiological 
functions of human organs/tissues in vivo, tumor growth and spread, angiogenesis and 
progression from early to advanced lesions, including epithelial-mesenchymal transition (EMT), 
tumor cell invasion and metastasis, allowing researchers to better understand the mechanisms 
of action of this pathology. Multi-organ-on-a-chip systems with cell culture interactions have also 
shown great promise for screening cancer drugs and cancer therapies  [114], [115]. 

To simulate the intravasation process in vivo, migrated tumor cells need to be exposed to 
different microenvironments and oxygen gradients in an in vitro metastasis model. To simulate 
the physiological effects of oxygen on tumor progression and metastasis, microfluidics-based 
chips can generate oxygen gradients with high spatial and temporal resolution [116], [117]. 

As mentioned earlier, there are several key elements in making an integrated organ-on-a-chip, 
including a microfluidic system, 2D/3D microtissue cultures, components that can replicate the 
ECM and physiological processes, and sensors to monitor the system and read out the results. 
The same applies to a tumor-on-chip device. 

Tumor-on-a-chip devices have been fabricated using a variety of techniques. Photolithography, 
replica moulding, soft lithography, microcontact printing and bioprinting technology are the most 
commonly used. Despite the promising results of these techniques, when applied in the reality of 
non-privatised biological research laboratories, we find that in most cases it is necessary to 
collaborate with other research groups to produce the devices or, in the worst case, to acquire 
the necessary machinery to apply these techniques and the knowledge to use them properly and 
achieve optimal manufacturing. 

3.2.1.1. 3D PRINTING 
The advent of new technologies has created high-resolution yet low-cost manufacturing 
opportunities. Three-dimensional material printing is an emerging method for producing 
microscale 3D templates, components and devices. Interestingly, they are also capable of printing 
biomedical parts and tissues using cells, matrices and biomaterials. Known techniques include 
stereolithography, multi-jet modelling and focused deposition modelling [118]–[120], as seen in 
Figure 13. It can also be a combination of additive and subtractive manufacturing. In 
microfabrication, rapid prototyping is a major advantage of this approach, as it can replace master 
moulds made by photolithography and also allows direct fabrication of various other 
microstructures [121]. In bioprinting of artificial living organs [122], there are usually six steps, 
including imaging, design, material selection, cell selection, bioprinting and application. The 
advantages of 3D printing are the precise control and application of the desired cell arrangement. 
However, there are still limitations to the smallest dimensions that can be achieved, and it is also 



ANTONI IGNASI CÀNAVES LLABRÉS 
GRAU EN ENGINYERIA BIOMÈDICA – UNIVERSITAT DE GIRONA 
 

20 

not compatible with all materials . Nonetheless, the use of 3D printing technologies for the 
manufacture of microfluidic devices is becoming more common [123].  

 

Figure 13. Schematic of currently applied 3D printing methods on organ-on-a-chip fabrication. Microextrussion (A), 
Inkjet (B), Laser printing (C), Stereolithography (D) [124]. 

3.2.1.2. HOT EMBOSSING 
A very suitable and adaptable method for microfabrication of polymer-based chips. First, a master 
must be designed and fabricated, which is usually done by photolithography. The process is then 
carried out in the embossing machine, where the master is assembled by applying force and heat. 
The method has several advantages, including low cost and the ability to produce polymer 
microstructures with a high aspect ratio and micro lamellae. In order to achieve a high-quality 
surface, the temperature and other influencing parameters must be precisely controlled [126]–
[128]. An example of fabrication of a PMMA chip using hot embossing is shown in Figure 14. 

 

Figure 14. PMMA chip fabrication through hot embossing [125]. 
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3.2.1.3. INJECTION MOULDING 
Injection moulding is a manufacturing process in 
which molten material is injected into a mould. It 
can be performed on a variety of materials, the 
most common of which are metals, glasses, 
elastomers, confections, and thermoplastic and 
thermoset polymers. Further efforts to reduce 
microfabrication processes have led to casting 
and especially injection moulding techniques. 
The first major advantage is that the cost of high-
precision microfabrication is limited to the 
master fabrication. This method is used for mass 
production of a large number of 
microcomponents. To ensure high production 
quality, temperature, pressure and injection 
speed must be precisely controlled [129]–[131]. 
An example of organ-on-a-chip implementation 
using injection moulding as the fabrication 
technique can be seen in Figure 15. 

3.2.1.4. SOFT LITHOGRAPHY 

 

Figure 16. Manufacture of a PDMS application using soft lithography [132]. 

Photolithography is a general term used in integrated circuit manufacturing to describe 
techniques that use light to create finely patterned thin films of suitable materials on a substrate, 
such as a silicon wafer, to protect specific areas during subsequent etching, deposition or 
implantation processes. Typically, UV light is used to transfer a geometric pattern from an optical 
mask to a photosensitive chemical (photoresist) that is applied to the substrate. When the 

Figure 15. Organ on a chip fabricated by injection 
moulding [193]. 
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photoresist is exposed to light, it is either degraded or hardened. The textured film is then created 
using appropriate solvents to remove the softer parts of the coating [133]. 

Soft lithography is a technique based on the method of photolithography and applied to a wider 
range of materials, especially elastomers (such as PDMS, example of implementation in Figure 
16). The method was offered due to certain limitations of photolithography that were 
encountered when working with biological systems. The relatively high cost, incompatibility with 
curved substrates and lack of surface control are cited as limitations of photolithography. Finally, 
there are many cases where soft lithography has been used to make a chip to replicate an organ, 
e.g., kidney on a chip, brain on a chip and intestine and liver on a chip [134]–[136]. 

3.2.2. MATERIALS 
3.2.2.1. PDMS 

Polydimethylsiloxane is the most commonly used material in the manufacture of tumor-on-a-chip 
devices (PDMS). It is a silicon-based elastomer with highly advantageous properties such as 
optical transparency, breathability, biocompatibility and flexibility, which allow continuous 
microscopic observation of tissue constructs for real-time assessment of cell behaviour and 
response to treatment. It is also compatible with a wide range of microfabrication techniques, 
such as soft lithography and moulding, as seen in Figure 17. However, there are some properties 
of PDMS that limit its use and motivate the search for alternatives. The absorption of hydrophobic 
molecules is a drawback that negatively affects toxicity, efficacy and the prediction of 
pharmacokinetics and pharmacodynamics. It is also fluorescent to some degree and should not 
be used with organic solvents. Despite increasing efforts to improve the properties of PDMS chips 
through surface modifications such as plasma treatment, UV treatment and coating, no one has 
succeeded yet [137]–[142]. 

 

Figure 17. Manufacture of a microfluidics device using PDMS [143]. 

3.2.2.2. THERMOPLASTICS 
Thermoplastics have recently been proposed for the fabrication of microfluidic devices, as PDMS 
and glass-based chips have limitations in terms of surface treatment instability, processing 
techniques and molecular absorption. Their main advantages are low cost, low density, 
biocompatibility and ease of fabrication. They are more resistant to pressure and temperature 
fluctuations as they contain linear and branched molecules, which makes them chemically stable 
and suitable for biomedical/biochemical studies. This is evident in the study by Trinh et al. in 
which they make a lab-on-chip device for human cell cultures from PMMA, which has the 
advantage that it can be bonded quickly and is suitable for protecting sensors in chips [144].  
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Microfluidic devices based on polymers such as PMMA or copolymers (COC) have thus been 
developed, as well as new microfabrication techniques such as injection moulding, casting and 
laser cutting. The use of thermoplastic polymers has some limitations. For example, not all are 
transparent, making microscopic observation or imaging impossible. Some have strong 
autofluorescence properties that make them unsuitable for detection, and they have low gas 
permeability, which has a negative impact on long-term cell culture [145]–[147]. 

3.2.2.3. GLASS 
Glass is one of the oldest materials 
used in the development of 
microfluidic devices. Soda lime, 
quartz and borosilicate glass are 
used in this field. They consist of 
silica (SiO2) and other oxides (e.g., 
CaO, MgO...). Transparency, 
resistance to mechanical stress, 
hydrophilicity, biocompatibility and 
a lower drug absorption capacity 
have been mentioned as advantages 
of using glass in microfabrication. 
The low gas permeability of glass, on 
the other hand, is a major problem 

that can lead to channel blockage. Nevertheless, it can be an advantage in anaerobic studies. 
Photolithography, wet etching and laser cutting are examples of glass microfabrication 
techniques [148]–[150] (see glass chip implementation in Figure 18). 

The main reason for preferring polymer materials over glass is the high manufacturing cost, as it 
is difficult to mould and requires cleanroom facilities for each step, which prolongs the 
manufacturing processes. In addition, the techniques for bonding the substrates (anodic or 
thermal bonding) are more demanding. However, there are some applications where glass 
microfluidics are highly recommended such as when sensor integration is needed, as polymers 
have low stiffness or require scaffolding [151]. 

3.2.2.4. OTHERS 
Besides PDMS, glass and thermoplastics, other materials can be used to create microfluidic 
tumors-on-a-chip. Gelatine is a natural biopolymer derived from collagen. Due to its cellular 
reactivity and ability to transport a variety of biomolecules, it is often used in drug delivery models 
and tissue engineering. Gelatine can polymerise with proteins, growth factor nucleotides, 
polysaccharides and other polyionic complexes, in addition to promoting cell growth [152]. This 
material offers a wide range of models for the controlled, sustained and/or targeted release of 
bioactive molecules. Bacterial cellulose paper is another new material. It offers all the advantages 
of cellulose at the nanoscale and is derived from natural sources with good biocompatibility and 
low cost. Bacterial cellulose nanofibers are processed and dried to produce a stable paper device 
for model making. Some research groups have successfully fabricated vascularized 3D breast 
tumor models from paper by using this paper device to make various microchannels [153]. 

Figure 18. Layering example of a microfluidics device using glass  [194]. 
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3.2.3. BIOLOGICAL IMPLICATIONS 

 

Figure 19. Similarities and differences between 2D and 3D culture [154]. 

With the advent of new components and production techniques, such as microfluidics and 
microprinting, along with stem cell technologies, it is now possible to create organoids and 
spheroids that resemble human tissues. They can be utilised in the study of human development, 
the progression of diseases and their therapies, and the creation of individualised drug delivery 
systems [155]. 

Organoids are three-dimensional cell culture models with the capacity to self-organize into 
complex and intricate tissues and organs. Typically, embryonic stem cells, induced pluripotent 
stem cells, adult stem cells, and other forms of stem cells can be utilised to generate organoid 
models [156]. The combination of these two technologies may allow organ-specific structures 
and in vivo gene expression signatures to replicate the evolution of in vivo pathology more 
accurately than either model alone [157]. Organoids derived from these stem cells may be 
incorporated into tumour chips. 

A cellular spheroid is a three-dimensional aggregate of several individual cells created from 
cancer cell lines or clusters of cells separated from tumour tissue and deposited on non-adherent 
surfaces. A cancer spheroid 3D is one of the well-defined in vitro 3D cell culture models used to 
increase the accuracy of the predictions made during preclinical drug testing. Patra et al. 
performed drug detection and flow cytometry analyses on a large number of identically sized 
tumour spheroids. They utilised a microfluidic device to accomplish this. Utilizing experimental 
data from three-dimensional models of tumour spheroids, the significance of drug detection was 
demonstrated to be crucial. In addition, the type of cell culture (2D or 3D) and the size of the 
spheroid have a substantial effect on the reactions to medicines, highlighting the benefits of 
combining the two techniques for screening applications. These results have the potential to aid 
pharmaceutical researchers in gaining a more comprehensive understanding of the actions of 
medications in three-dimensional cell structures that more closely resemble those formed in vivo 
[158]–[162]. 
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In contrast to organoids, which normally require a framework for growth, spheroids are three-
dimensional cell cultures that can be created without a scaffold. Therefore, this is the most 
significant distinction that can be made between organoids and spheroids. Organoids are capable 
of both self-assembly and regeneration, whereas spheroids are incapable of doing so [163]. A 
proper differentiation between monolayer, spheroid and organoid cultures is shown in Figure 19. 

3.2.4. TYPES AND DESIGN 
3.2.4.1. LUNG TUMOR-ON-A-CHIP 

The lung is a crucial organ for gas exchange, specifically the transport of oxygen from the air and 
carbon dioxide from the blood to the lungs. In addition, it is one of the most common entry points 
for foreign substances such as drugs, toxins, viruses, and other agents to enter the human body. 
The study of cell-cell, cell-blood flow, and cell-gas flow interactions in the airways is crucial for 
both physiological research and drug administration. Lung cancer, one of the most common types 
of cancer, has a very dismal prognosis for sufferers. Therefore, it is of the utmost necessity to 
construct a lung tumor-to-chip model in order to understand the mechanism of lung cancer and 
the potential treatment options. As seen in Figure 20, the lung-on-a-chip will typically contain two 
microfluidic channels that are separated by a porous extracellular matrix. On one side are human 
lung epithelial cells, while the opposite side contains human lung microvascular endothelial cells. 
This model can simulate a range of pulmonary physiological processes. Based on the lung chip, 
the lung tumour chip unites lung tumour cells with lung epithelial cells [165], [166]. 

 

Figure 20. Example of a lung-on-a-chip [164]. 

3.2.4.2. COLORECTAL TUMOR-ON-A-CHIP 

 

Figure 21. Example of a colorectal tumor-on-a-chip [167]. 

Due to the high incidence of cancer metastasis and the low treatment cure rate, colorectal cancer 
is the second leading cause of cancer-related death. Maintaining healthy endothelial cells in the 
microvasculature, which serve as gatekeepers, can prevent colorectal cancer. In order to develop 
a model for a microvascular system, human colonic microvascular endothelial cells are usually 
utilised. Carvalho et al. constructed a colorectal microfluidic chip (Figure 21) with three primary 
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components. The hydrogel-constructed circular chamber in the middle contains extracellular 
matrix. There is only a single entrance and exit. The remaining two perfusion channels are located 
on either side of the circular-shaped core chamber [167].  

3.2.4.3. PANCREATIC TUMOR-ON-A-CHIP 
To boost the efficacy of pancreatic drug screening prior to animal model testing and clinical trials, 
it is necessary to develop in vitro pancreatic tumor-on-a-chip systems. Pancreatic malignancies 
are invasive solid tumours with a hypovascular architecture and significant fibrosis [168]. 
Recently, the pancreatic tumour model developed by Nishiguchi et al. was deemed the most 
successful in simulating its in vivo environment [169]. This model includes a blood capillary 
structure that can replicate cellular morphologies and depict the loss of endothelial cells during 
the metastatic phase. However, the crop is static in three dimensions. Using organ-on-a-chip 
technology, Haque et al. have recently reported the state of the art in the development of a very 
similar biomodel [170]. Regarding the biological component, the spheroid three-dimensional 
culture cells exhibit stronger drug resistance than the two-dimensional culture cells. Moreover, 
the chemical environment of the 3D culture is more similar to that of the original tissues than 
that of the 2D culture. 

3.2.4.4. LIVER TUMOR-ON-A-CHIP 

 

Figure 22. Example of a liver on a chip [173]. 

The liver, which is the largest and major metabolic organ of the body, plays a key role in a number 
of vital functions required to sustain normal physiological processes. These activities include the 
management of glucose and ammonia levels in the blood, the creation of several hormones, and 
the detoxification of endogenous and foreign chemicals. It has a complex structure that is mostly 
composed of two primary cell types known as parenchymal cells and nonparenchymal cells. Since 
parenchymal cells, also known as hepatocytes, are functional cells, scientists have studied the 
biochemical and functional processes that occur in liver in vitro systems utilising these cells [94], 
[171]. The liver tumour chip has the potential to serve as a basis for liver cancer treatment. 
Cytotoxicity testing is a crucial component of drug discovery and screening. They can predict 
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either the direct toxicity of the medication as a whole or the indirect toxicity of the drug's 
metabolites to the liver or other organs. As a result of unfavourable effects caused by the 
metabolism of pharmaceuticals, hepatocytes play an increasingly crucial role in organ-on-a-chip 
systems. Two prominent instances of drug metabolism that occur in the liver are the conversion 
of prodrugs to metabolite drugs, which produces hepatotoxicity and liver injury, and the 
metabolism of doxorubicin to doxorubicin, which causes hematotoxicity, such as cardiotoxicity 
and myeloid toxicity. Each of these mechanisms can result in liver damage. Due to this, the liver 
must be cocultured with other cells in a microscale cell culture in order to study the 
pharmacological properties of anticancer drugs [172]. Figure 22 shows a proper representation 
of this system. 

3.2.4.5. BRAIN TUMOR-ON-A-CHIP 
Glioma is the most prevalent and deadly form of brain tumour. Glioma researchers utilise the 
transwell-based cell culture model because it is a good tool for examining the mobility and 
interactions of cells, as it permits cell culture to occur in relatively little fluid. When investigating 
the in vitro kinetics of brain tumour stem cells, scientists use a microvascular system on a chip to 
imitate the cells' perivascular environment. It has been demonstrated that the diameter of 
microvascular channels can facilitate the spread of tumours. This model is a novel approach to 
the study of certain tumours since it may be used to characterise the dynamics and heterogeneity 
of tumour cells while they are still in vivo. Fan and colleagues designed a three-dimensional brain 
tumour chip comprising hydrogel as a carrier for the delivery of drugs and biological applications 
(Figure 23). The results indicated that this model has application potential in the field of glioma 
chip modelling for drug detection and release testing [174]–[176]. 

 

Figure 23. Example of a brain tumor-on-a-chip implementation [174]. 

3.2.4.6. BREAST TUMOR-ON-A-CHIP 
Non-malignant cells cultured in 2D are morphologically comparable to malignant cells when 
discussing breast cancer cultures. In 3D culture, however, non-malignant breast tissue cells are 
polarised and grouped in a tube, whereas malignant breast tissue cells form spherical tissue. 
Researchers such as Hao et al. and Boyle evaluated the effects of different anticancer medications 
on 2D and 3D grown breast tumour cells and discovered that the response to the drugs was 
diminished in 3D cultured tumour cells. Therefore, researchers propose that 3D cultured breast 
tumour chips can be utilised to predict the effectiveness of anticancer drugs [177], [178]. An 
example of a breast tumor-on-a-chip implementation is shown in Figure 24. 
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Figure 24. Example of a breast tumor-on-a-chip implementation [179]. 

3.2.4.7. TUMOR METASTASIS CHIP 
Metastasis is one of the most important concerns that must be addressed in modern clinical 
cancer treatment, as well as one of the greatest obstacles. This factor is responsible for more 
than ninety percent of all cancer-related deaths, and it has the potential to increase patient 
mortality rates significantly. The majority of "tumor-on-a-chip" technologies can only duplicate 
tumours that are currently present in a patient's body. As a result, the mechanism of tumour cell 
metastasis is still not entirely comprehended. This is especially true in regards to the variables 
that initiate tumour cell development and metastasis, as well as the microenvironment's role in 
regulating these events. Utilizing experimental models to effectively characterise the 
microenvironment of a disease that has spread to other areas of the body is therefore of the 
utmost importance [180], [181]. 

Skardal et al. created one of the earliest metastatic tumour chips. Utilizing microfluidics to supply 
circulating flow via an organoid system, they demonstrated the applicability of a metastasis-on-
a-chip platform. This was one of the first instances of metastasis-on-a-chip. In this scenario, 
cancer cells multiply in the focal area and then spread via the circulatory system to the rest of the 
body. In order to mimic the process of cancer cell dissemination, this model was used to simulate 
the metastatic spread of cancer cells from a three-dimensional parent tissue to a three-
dimensional target tissue [182]. 

The application of more traditional analytic approaches has facilitated research into the migration 
and invasion of tumours in tumor-on-a-chip models. Toh et al. described a microfluidic tumor-on-
a-chip cell migration model after Skardal's model was published. This model utilised microfluidic 
technology to comprehend the progression of cell intravasation. It combines a three-dimensional 
microenvironment, which plays a key role in the invasiveness of cancer cells, with an attractive 
model for testing anti-migration and anti-invasive cancer medicines, which may be utilised to 
explore biological processes in greater depth [181]. Wang et al. constructed one of the most 
recently described models. They proved that by building an organ-specific extracellular matrix, 
hepatocytes can continuously produce albumin and urea, thus duplicating the biological 
processes that occur in the liver. According to these findings, biomimetic liver microtissues may 
replicate the organ-specific extracellular matrix, allowing researchers to analyse the evolution of 
kidney cancer metastasis to the liver [183]. Figure 25 shows the graphical concept of a metastasis 
chip implementation. 

If we want to enhance both the treatment of cancer and the prognosis for cancer patients, it is 
essential that novel tumour models be produced. As a result, the use of such models could 
potentially lead to cost savings in the healthcare industry. 
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Figure 25. On-chip conceptualization of cancer metastasis. Invasion of tumor cells from the original tumor into the 
surrounding matrix and then into blood vessels, followed by extravasation and seeding of a possible metastatic 

location [184]. 

3.3. CONCLUSION 
This section investigates published studies on microfluidics technology for cell culture, organ-on-
a-chip, and to a greater extent, tumor-on-a-chip. The design, production, assembly, and culture 
of these devices, as well as the benefits and limitations of this technology, have been analysed. 
This section provides a summary of the conclusions gained from the bibliography. 

Tumor-on-a-chip systems can imitate the complexity of in vivo tumour masses far more 
accurately than typical in vitro planar cell models and in vivo animal models, a factor considered 
reliable for the development of drugs.  The superiority of tumor-on-a-chip platforms as 
candidates for conventional preclinical models has attracted the attention of scientists 
worldwide, resulting in substantial scientific advancement. Numerous tumor-on-chip platforms 
simulating lung, liver, breast, or brain tumours have been developed. In order to study the 
molecular basis of cancer, they are largely employed to identify anticancer drugs and undertake 
basic research on cancer's spread. As an alternative to traditional preclinical models, tumor-on-
a-chip technologies have the potential to revolutionise basic drug research and development 
across multiple fields. 

However, tumor-on-a-chip systems are based on abstract design and microfabrication 
technologies, and it is essential to research how to rationally develop microfluidic devices for 
precise control of chips' physicochemical features. In addition, not all researchers are proficient 
in fabrication facilities or methods; therefore, it is essential to develop easy-to-use chip systems 
that can generate standardizable data so that non-experts can use these emerging models for 
research and obtain results that are meaningful for clinical translation. Currently, the production 
and implementation costs are extremely high, which inhibits its widespread use; therefore, the 
components must be inexpensive and easy to remove. The more expensive components must be 
recyclable. In addition, the usage of varied designs and unique materials could provide extra boost 
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for creating simplification hypotheses that will be used to create a viable chip. Due to the 
constraints imposed by microfabrication, there is always a trade-off between the concepts 
engaged in the design process, biological aspects and materials; consequently, these cannot be 
addressed in their entirety. As a result, there is a great demand for the development of 
multidisciplinary research in order to expand design options while reducing costs. In addition, a 
universal cell culture medium that is compatible with all organs is required. 

No design was found during the literature search that offered hardware manufacture (culture 
chips and peripherals) using only fused filament fabrication, which is the project's purpose. This 
is due to the limitations of this technology, such as the moisture absorbance of certain polymers, 
the difficulty in obtaining a model with sufficient layer adhesion to prevent liquid leakage, the 
chip miniaturisation factor, the potential cell adherence to the printed models because of the 
lack of a smooth wall surface, and the unfavourable chemical interaction of cell culture products 
with certain polymers. These challenges must be overcome during the development of the 
project.  As has been seen, the benefits of obtaining positive results from the to-be-designed 
model would include the ability to self-manage and automate the manufacture of culture chips, 
to have hardware for cell culture based on the use of inexpensive microfluidic systems and 
disposable parts, to be able to conceptualise and test designs for organ emulation more easily 
and thus move faster toward model standardisation and cannon creation, or to open the door to 
this technology’s use decentralisation. 
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4. HYPOTHESIS AND OBJECTIVES 
4.1. RESEARCH QUESTION 

Is it possible to fabricate a microfluidic system for the in vitro cell culture of tumor-like structures 
inspired by the technological concept of organ-on-a-chip and specifically tumor-on-a-chip using 
fused filament fabrication as the primary manufacturing method and inexpensive electronic 
components? 

4.2. HYPOTHESIS 
Manufacture of an in-vitro cell culture device incorporating a microfluidics system using cost-
effective components and fused filament fabrication as the primary technology in the 
manufacturing process is possible by adapting the conceptualization of the models to the 
limitations of machinery and material and applying the appropriate post-processing. 

4.3. OBJECTIVES 
4.3.1. MAIN OBJECTIVE 

Open interest in 3D design, the use of biocompatible polymers, and fused filament fabrication in 
the conceptualization and manufacture of devices for cell culture using microfluidics, providing a 
system that overcomes the major restrictions previously connected with this technique of 
production in terms of the manufacture of organs-on-a-chip and tumors-on-a-chip. 

4.3.2. BROKEN DOWN GOALS 
 Conceptualize and construct the culture system, which must consist of a tank for the 

environment, an infusion pump, and the cultivation devices as its primary 
components. 

 Determine how to connect the culture chips to the tank so that no liquid leaks and 
the liquid flows appropriately. 

 Examine methods for enhancing the layer adhesion of printed models in order to 
prevent liquid leaks. 

 Examine techniques for modifying the surfaces of channels that will hold or convey 
cells to prevent undesirable cell adhesion. 

 To prevent cells or cellular structures from invading other culture zones or coming 
into touch with our infusion pump, design a filtration system that may be easily 
tailored to the specific application. 

 When employed, the device should be placed in an incubator to replicate the 
temperature of the human body; hence, a low-cost infusion system that does not 
require a direct connection to the mains should be devised. 
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5. MATERIALS AND METHODS 
REQUIREMENTS AND SPECIFICATIONS 

Proposal = D: Design, F: Fabrication, U: User; R / D = R: Requirement, D: Desire 
CONCEPT PROPOSAL R / D DESCRIPTION 

 
 

 
Function 

U 
U / F 

 
 

F 
U / D 

U / F / D 
D 

R 
R 
 
 

R 
R 
R 
D 

- Cell culture chip housing as the primary function. 
- Withstand the internal pressures inherent to the 
perfusion of liquids and the strain inherent to system 
construction. 
- Demonstrate watertightness. 
- Possess a filtering and management system. 
- Permit simple monitoring of chips using microscopy. 
- Permit modularity of devices.  

 
 

Dimensions 

U / D 
 

 
F / D 

R 
 
 

R 

- The device must be contained within a culture 
chamber; hence its maximum height cannot exceed 
10 cm (it must be adapted to the incubator). 
- The size of the chips must strike a balance between 
miniaturisation and the strength achieved by the 
manufacturing process. 

Stress F /D R - Assembly-required components must be able to 
endure the stresses involved. 

 
 
 

Materials 

F 
 

U 
U / F 

 
U 
U 

R 
 

R 
R 
 

R 
D 

- They must fall within the spectrum of commercial 
materials that an FFF printer can handle. 
- They must possess biological compatibility. 
- They must be capable of post-treatment to enhance 
their surface finish. 
- When it comes to chips, they must be clear. 
- They should be inexpensive and accessible. 

 
Control 

U 
U / D 

R 
R 

- It must permit visual crop inspection. 
- It must have a filtration space to prevent the 
presence of tumour clusters in the surrounding 
environment. 

 
Cost 

U 
 

U 

D 
 

D 

- The overall cost of development must be lower than 
the cost of a commercial implementation: 20,000 €. 
- A device's manufacturing net cost must be less than 
100 €. 

Figure 26. Table of requirements and specifications for the fabrication of a microfluidic device for cell culture 
employing FFF. 

5.1. DESIGN 
One of the most important aspects of the project's development was the design of the device, 
which not only had to meet biomedical requirements, such as the resemblance to extracellular 
structures, but also manufacturing technology and, therefore, material requirements. Due to the 
fact that FFF printers predominantly use polymers, a compromise had to be made between the 
intended miniaturisation factor, the strength of the materials used, and the level of detail 
provided by the production process in these smaller components. In addition, other variables had 
to be considered, such as the size constraints of the incubator, the modularity of the devices, and 
the thickness of specific surfaces that would allow light to pass through when printed with 
transparent filament.  

The developed microfluidics system is comprised of multiple interconnected components. For 
the conception of the culture chips, the state-of-the-art models served as inspiration, and they 
were reinterpreted so that they could be applied to the FFF with the highest miniaturisation factor 
conceivable. On the one hand, we have a chip engineered to survive photometry testing, 
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microscope examination, and, in general, more straightforward monitoring. This chip intends to 
have a more universal design that may be comparable to breast cancer chips (Figure 24), 
colorectal cancer chips (Figure 21), liver cancer chips (Figure 22), or lung cancer chips (Figure 20). 
On the other side, we have a chip inspired by the metastasis tumor-on-a-chip, whose design 
attempts to more closely resemble the microstructure and cell distribution of this phenomena 
(Figure 25). The tank was designed to be large enough to accommodate the pump, yet small 
enough to prevent the loss of culture medium or blood. The remaining parts were made to fit 
these two primary components. Keep in mind that the proposed dimensions in this section are 
approximations, as they were obtained from the printed models. Due to factors such as the 
expansion/contraction of the material when it melts or adjustments that Cura may have made 
when doing the slicing to accommodate the desired detail and nozzle size, the actual 
measurements may differ slightly from the theoretical ones. The theoretical dimensions of the 
designs are available in Annex E. 

5.1.1. CULTURE CHIPS 
For the design of the chips, there were three major obstacles to overcome: the connections with 
the pump, the level of detail that could be achieved when printing the internal channels, and 
getting the bottom layer of the cultivation area to pass the light of a microscope and the top layer 
to be transparent so that the crop could be studied. Adapting the size of the chips to the current 
limits has resulted in a culture device that is smaller than a traditional culture plate but larger 
than the existing organs-on-a-chip. The chips are 4 x 4 x 0.9 𝑐𝑐𝑐𝑐3 (general purpose) and 4 x 4 x 1.7 
𝑐𝑐𝑐𝑐3(metastasis), while the culture chamber occupies a volume measuring 2 x 3.2 x 0.73 𝑐𝑐𝑐𝑐3 
(general purpose chip) / 1.8 x 3.5 x 0.75 𝑐𝑐𝑐𝑐3 (metastasis chip). As for the connections, it was 
determined that needles would not provide a tight connection with the polymer device (we would 
have leaks) and that the perfusion of medium through them would not be an efficient method 
due to the size of the chip. Therefore, it was decided to print the connections on the same piece, 
allowing a medium transport tube to be connected directly without the need for additional 
accessories. The external and internal diameters of these connectors were modified so that they 
could fit inside a tube with a small diameter while remaining sturdy. The tests conducted will be 
mentioned later, however the external diameter of the connections ended up being  5mm and 
the interior diameter 2mm, and 1 cm its height. 

5.1.1.1. GENERAL PURPOSE 

 

Figure 27. General purpose chip model overview. The four cylinders are medium inputs and outputs, while the region 
in the middle is the cultural area. The medium enters the camera through each side's nine apertures. 

It is a single-layer chip for cultivation designed for various applications and as a base for further 
adaptations, the medium perfusion is direct (the culture chamber is an intermediate point for 
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liquid entry and exit), and it is intended to be used in conjunction with a hydrogel that capillaries 
the flow received or with a scaffold that has been previously seeded and to which cells are already 
adhered. It comprises of two infusion channels attached to the culture chamber's 3.2 cm 
sidewalls. From a medium inlet to a medium outlet, microchannels follow an arc. The 
inputs/outputs are situated 3.5 mm from each of the four vertices of the exterior wall, and the 
channels extend 7 mm from the outer wall into the interior of the chip. At this time, the canal-
chamber of cultivation connections were incorporated, consisting of 0.9 x 1.9 x 1 𝑚𝑚𝑚𝑚3 structures 
that control the amount of medium that enters the chamber; a total of eight of these structures 
are put along the 2 cm length of the channel's opening. Figure 26 shows the external design of 
the chip, while Figure 27 shows the internal channels. 

 

Figure 28. General purpose chip model internal view. Between the intake and outflow on each side is an arch-shaped 
perfusion channel. 

5.1.1.2. METASTASIS 
This is a two-layer chip inspired by metastasis. The perfusion of the medium is indirect, as we 
attempt to directly emulate the capillary nature of the blood without the need for hydrogels or 
other structures. The path that microchannels take from a medium input to an output is U-
shaped. The entrance and exit are centred on the 3 cm side of the growth region, 6 mm from the 
exterior wall. The channel enters for 1.6 cm till it reaches the lower chamber that joins the two 
tracks and extends for 3.3 cm with a 5.3 mm diameter. Along the top of this lower channel are 
eight 1.3 mm-diameter openings that link to the culture chamber. Figure 28 shows the external 
design of the chip, while Figure 29 shows the internal channels. 

 

Figure 29. Metastasis chip model overview. The two cylinders are the inlet and outlet for the medium, while the central 
portion is the culture area. The medium enters the chamber via the eight apertures at the chamber's base that are 

connected to the lower channel. 
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Figure 30. Metastasis chip model internal view. Under the culture chamber, the U-shaped perfusion channel is located. 

5.1.1.3. COVERS 

 

Figure 31. Chip cover. 

Using AutoCAD’s “Difference” method, coverings that properly fit the chips were designed in 
order to seal the crop, maintain device pressure, and avoid leaks. The tiny box fits precisely within 
the 2 x 3.2 / 1.8 x 3.5  𝑐𝑐𝑐𝑐2 culture areas, while the large box provides sufficient space to shut or 
attach the lid without interfering with the previously stated connecting structures. The large box 
measures 2.1 x 3.9 𝑐𝑐𝑐𝑐2 in case of the metastasis chip and 2.5 x 4 𝑐𝑐𝑐𝑐2 in case of the general-
purpose chip. Both layers have a thickness of 2 mm. Figure 30 shows the designed cover for the 
chips. 

5.1.2. TANK 
Originally, the tank for the culture medium consisted of a single chamber containing the pump. 
During the design process, problems arose that needed to be resolved, such as adjusting the size 
of the tank to accommodate different configurations or experiments, sealing the tank to control 
the concentration of oxygen and carbon dioxide in the cultures, and installing a filtration system 
prior to closing the microfluidic circuit cycle. Thus, the final design was divided into two models 
with the same conceptual design, consisting on two chambers, but distinct volumes, allowing this 
peripheral to be easily adapted to the growing number of chips. A separate lid was designed to 
seal the tank except for the pump connection opening. So that there are no gas leaks, this can be 
coated with nonpermanent materials such as Parafilm. 

5.1.2.1. INDIVIDUAL 
This design has the dimensions of 9.3 x 6 x 10 𝑐𝑐𝑐𝑐3, with the large chamber (the one housing the 
pump) occupying a volume of 5 x 5.5 x 9.45 𝑐𝑐𝑐𝑐3 and the small chamber (the one containing the 
filters) occupying a volume of 3.5 x 5.5 x 9.45 𝑐𝑐𝑐𝑐3, with walls of 2.7 mm and a base of 5.5 mm 
thickness. The pump connection hole in the main chamber is positioned 2.4 centimetres from the 
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outer wall and measures 0.96 x 0.5 𝑐𝑐𝑐𝑐2. The partition wall between the chambers includes three 
holes; these are the connections for the filters; they are 2.2 cm apart from the ground and from 
one another to accommodate the use of various medium volumes. The connection holes are 
positioned in the centre of each compartment, 8 mm from the bottom, with an inner diameter 
of 8 mm to accommodate the pump connection and an outer diameter of 1.2 cm. The lid is 6.5 x 
9.9 x 2.2 𝑐𝑐𝑐𝑐3 and has a wall thickness of 2.8 mm (6.5 cm side) and 1.6 mm (9.9 cm side). The 
pump connection hole is 2.5 centimetres from the wall and measures 1.8 x 0.5 𝑐𝑐𝑐𝑐2. The design 
is shown in Figure 31. 

 

Figure 32. Tank. Individual culture version. The first image is a top view of the tank; the room above has the pump, 
while the room below contains the filters. In the second image, one of the filtrate-connecting holes in the partition 

wall is visible. The third image depicts the tank cover. 

5.1.2.2. EXTENSION 

 
Figure 33. Tank. Extended culture version. The first image is a top view of the tank; the room above has the pump, 
while the room below contains the filters. In the second image, one of the filtrate-connecting holes in the partition 

wall is visible. The third image depicts the tank cover. 

This design has dimensions of 17.6 x 6 x 10 𝑐𝑐𝑐𝑐3, with the main chamber (the one housing the 
pump) occupying a volume of  9.5 x 5.6 x 9.45 𝑐𝑐𝑐𝑐3 and the tiny chamber (the one containing the 
filters) occupying a volume of 7.5 x 5.6 x 9.45 𝑐𝑐𝑐𝑐3, with 2 mm walls and a 5.5 mm base thickness. 
The hole for attaching the pump to the huge chamber is positioned 4.8 centimetres from the 
outer wall and measures 0.96 x 0.5 𝑐𝑐𝑐𝑐2. The partition wall between the chambers includes three 
holes; these are the connections for the filters; they are 2.2 cm apart from the ground and from 
one another to accommodate the use of various medium volumes. The connection holes are 
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positioned in the centre of each compartment, 8 mm from the bottom, with an inner diameter 
of 8 mm to accommodate the pump connection and an outer diameter of 1.2 cm. The dimensions 
of the lid are 6.55 x 18.35 x 2.2 𝑐𝑐𝑐𝑐3, and the wall thickness is 3 mm (6.55 cm side) and 2 mm 
(18.35 cm side). The pump connection hole is 5.2 centimetres from the wall and is 1.8 x 0.5 𝑐𝑐𝑐𝑐2. 
The design is shown in Figure 32. 

5.1.3. CHANNELS MODULE 
This device, which began as a support for the chips, was simply intended to hold injection tubing 
through integrated holes and stabilise the chip and its connections. Later, it was realised that the 
two principles could be combined, and so the piece might be designed as a method of uniform 
distribution and collecting of the pumped medium. Thus, it features two 8 mm-diameter internal 
channels that branch into 5 mm channels. It includes a method for cultivating a single chip as well 
as a method for cultivating up to three chips to replicate a body-on-a-chip, more sophisticated 
combinations, or a bioreactor. The two connections to the 8mm channels are centred in the 
vertical half of the model's front, 1 mm from the bottom and 2 mm from the top. They measure 
1.5 cm in length, 1.4 cm in external diameter, and 8 mm in interior diameter. The device is 
designed to be modular, and with an adapter to be represented later, the connections can be 
unified without the need for multiple tanks. Of each configuration, two models are available 
depending on the used chip. 

5.1.3.1. INDIVIDUAL APPLICATION 

 

Figure 34. "Channels module" overview. Configuration for the general-purpose chip. One-chip-only application. In the 
side openings, adapters to connect with the chips are inserted. Within the implemented boxes, the chips are arranged. 

 

Figure 35. "Channels module" internal view. Configuration for the general-purpose chip. One-chip-only application. 
The branching of 8mm channels into 5mm channels is simple to appreciate. 
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Figure 36. "Channels module" overview. Configuration for the metastasis chip. One-chip-only application. In the side 
openings, adapters to connect with the chips are inserted. Within the implemented boxes, the chips are arranged. 

 

Figure 37. "Channels module" intern view. Configuration for the metastasis chip. One-chip-only application. The 
branching of 8mm channels into 5mm channels is simple to appreciate. 

This model's dimensions are 6.2 x 8 x 3.5 𝑐𝑐𝑐𝑐3(general purpose chip) / 5.25 x 7.95 x 3.25 
𝑐𝑐𝑐𝑐3(metastasis chip). Figure 33 shows the external design of the channels module’s individual 
application for the general-purpose chip, while Figure 34 shows the internal structure. Figure 35 
shows the external design of the channels module’s individual application for the metastasis chip, 
while Figure 36 shows the internal structure. 

5.1.3.2. BODY-ON-A-CHIP / BIOREACTOR APPLICATION 
This model's dimensions are 14.9 x 7.95 x 3.25 𝑐𝑐𝑐𝑐3 (general purpose chip) / 14.85 x 7.95 x 3.16 
𝑐𝑐𝑐𝑐3(metastasis chip). Figure 37 shows the external design of the channels module’s bioreactor 
application for the metastasis chip, while Figure 38 shows the internal structure. Figure 39  shows 
the external design of the channels module’s bioreactor application for the general-purpose chip, 
while Figure 40 shows the internal structure. 

 
Figure 38."Channels module" overview. Configuration for the metastasis chip. Multiple-chip application. In the side 
openings, adapters to connect with the chips are inserted. Within the implemented boxes, the chips are arranged.  
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Figure 39. "Channels module" internal view. Configuration for the metastasis chip. Multiple-chip application. The 
branching of 8mm channels into 5mm channels is simple to appreciate. 

 

Figure 40. "Channels module" overview. Configuration for the general-purpose chip. Multiple-chip application. In the 
side openings, adapters to connect with the chips are inserted. Within the implemented boxes, the chips are arranged. 

 

Figure 41. "Channels module" internal view. Configuration for the general-purpose chip. Multiple-chip application. The 
branching of 8mm channels into 5mm channels is simple to appreciate. 

5.1.3.3. ADAPTERS 
Adapters are components that are designed to accommodate infusion tubes and allow us to 
expand the functionality of our design. Two different models with different functionalities were 
designed: the adapter that connects the 5 mm channels of the channels module with the tubes 
that will lead to the chips (its use is required for proper device operation) and the adapter that 
can be installed between the tank and the channel module so that more than one of these can 
be used (its use is optional). 

5.1.3.3.1. 5 mm CHANNELS TO CHIP 
It measures 2.9 centimetres. The short section measures 9 mm and the long section measures 
1.5 cm, so the separator and support structure between the two sections measures 5 mm. The 
outer diameter of the main tube is 5 mm and the inner diameter is 1.5 mm. 1 cm is the diameter 
of the centre section. Figure 41 shows the external and internal structure of the model. 
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Figure 42. Adapter between the 5 mm channels of the channels module and the chips. The 9 cm section is connected 
to the channel module's apertures, while the 1.5 cm section is connected to the medium perfusion tubes leading to the 

chip. 

5.1.3.3.2. TANK TO CHANNEL MODULE 
This component is intended to divide the flow of the medium pump symmetrically. The volume 
of the core rectangle is 1,3 x 3 x 1 𝑐𝑐𝑐𝑐3. The connections have a height of 1 cm and an external 
diameter of 1.2 cm and an interior diameter of 6 mm. This one is centred at 1.5 cm on the side of 
the piece where the entry is located (one connection). On the side of the piece where the exits 
are placed (two connections), they are joined to the 1 cm outer wall, leaving a space of 6 mm 
between them. Figure 42 shows the external and internal structure of the model. 

 

Figure 43. Adapter between the tank and the channels module. The tank tube is connected to the single input, while 
the inputs of the utilised channel modules are connected to the two outputs. 

5.1.4. FILTERS 

 

Figure 44. Filter for tumoroids / spheroids. One fibrous scaffold is positioned within the opening of the little 
component, while another is positioned surrounding it. Finally, it fits the larger section. 

The filter consists of two pieces and is designed to manage the connection between the two parts 
of the tank, retaining for further investigation any tumour spheroids that may be present in the 
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environment. It is intended to house fibre scaffolds that serve as filtering membranes. It is 
optimally installed in the secondary chamber because it fits into the slots in the tank chamber 
partition wall. Figure 43 shows the external and internal structure of the model. 

5.1.5. BATTERY 
Because the device will be kept inside of an incubator, a battery casing has been constructed. This 
casing has been designed to permit airflow between the culture basin and the battery, and it also 
encloses the battery once it has been packed to prevent condensation from forming. A hole has 
been made at the back so that moisture can be easily detected. The two parts of the casing (case 
and lock) are represented in Figure 44. 

 

Figure 45. Battery case and lock. 

5.2. MATERIALS 
Because the used materials will come into contact with organic matter, they must be 
biocompatible. Therefore, PDMS, glass, and thermoplastic polymers would be the most viable 
options given the current state of the art. Due to the manufacturing procedure, only the third 
item meets the standards. Therefore, the most frequent thermoplastic polymers for usage in an 
FFF printer are PLA, ABS, PET, PETG, Nylon, TPU, polycarbonate, PCTG, PETT, carbon fibre, and PP 
(polypropylene). As one of the key requirements was that the models be able to be printed by 
non-experts, the ease of printing of the polymer was a crucial element in its selection. In addition 
to being biocompatible and biodegradable, PLA is the easiest material to print with an FFF printer, 
therefore it was initially considered. It was decided not to use ABS, which is difficult to print, 
extremely sensitive to temperature changes, and easily warps, as well as PET, which, in certain 
cases, produces toxic vapours when printed. PETG and PCTG, on the other hand, are non-toxic, 
easy to print, and biocompatible; thus, they were chosen for utilisation. Nylon absorbs a great 
deal of moisture, is extremely sensitive to temperature fluctuations, and printing it is difficult, 
thus its use was abandoned . Because TPU is the flexible and biocompatible material that is easier 
to print, it was selected for usage in some portions, while PP was discarded due to its lack of 
printability. Carbon fibre filaments are not necessarily biocompatible, they are difficult to print 
(requiring an aluminium nozzle and high printing temperatures), and expensive, hence their use 
has been abandoned. Since PETT has the same properties as PETG but it is less transparent, it was 
not used. PMMA has been utilised due to its biocompatibility, manufacturing simplicity, and 
transparency. Due to its biocompatibility, flexibility, and transparency, silicone has been utilised. 
Chloroform has been used because it is a solvent utilised in numerous biomedical laboratory 
procedures. 
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5.2.1. PLA, PETG/PCTG 
PLA and PETG (and their derivative PCTG) have been used interchangeably to print the majority 
of models. However, there are several factors to consider: 

• To allow light to pass through, the chips must be printed with transparent filament. On 
the other hand, PETG has proven to be more durable and ideal for the production of this 
component, as we need to be able to apply pressure to the connecting pipes when we 
are installing the medium distribution tubes; however, a functional assembly has been 
achieved using PLA for printing the piece. 

• When printing the channel module, the 5 mm channel adapter to the media distribution 
tubes must be considered. The adapter and module will be connected and sealed to 
prevent leaks; thus, if we need to remove the adapters because they are broken or we 
want to seal the entry for a specific application, we will need to apply heat to remove the 
part without causing damage to the channel module. Therefore, it is recommended to 
print this model in PETG, which has a higher melting point than PLA. If the adapters are 
printed in this other polymer, the channel module will not be deteriorated when the PLA 
is melted. 

5.2.2. TPU 
As PLA / PETG printing was too hard to allow for easy mounting and installation of the device, 
TPU has been used for filter printing. For this material, we must take into account that it has a 
higher liquid absorption than other polymers; consequently, it is anticipated that it will degrade 
faster than other polymers, and printed parts will need to be replaced more frequently than 
PLA/PETG parts. 

5.2.3. PMMA 
PMMA has been utilised to create a totally transparent chip cover. Despite the positive results, 
the lack of access to a laser cutter necessitated the use of a cutter to cut the polymer plates for 
these tests. As a result, the resulting pieces did not fit perfectly in the crop area hole, and the set 
up did not withstand the same pressures as the configuration with a printed lid. To obtain optimal 
outcomes and functioning, it is anticipated that PMMA would be used when setting up the cell 
cultures.  

5.2.4. SEALING 
Various compounds, including silicone, glue, and acetone, have been tested for use in the 
connecting and sealing of pieces; however, the best results have been obtained with chloroform. 
The general treatment of the parts with this solvent has proven to be the most effective way to 
improve the layer adhesion, making the models more durable and less brittle, and it is believed 
that the texture created by the manufacturing method on the walls of the infusion channels can 
also be improved to prevent cell adhesion in undesirable areas [185], [186]. It evaporates more 
slowly than acetone, allowing us more time to work, has a bigger impact on the polymers we've 
employed, and, unlike silicone or adhesives, leaves very little behind after evaporation. 

5.2.5. SILICONE 
The used cellular medium transport tubes are constructed of silicone. These connect the channel 
module, the tank, and the chips; for the “channels module – chip” connection, the tube has a 
diameter of 4 mm and a length of 8 cm, while for the “tank – channels module” connection, it 
has a diameter of 1 cm and a length of 10 cm. The silicone utilised is food/medical grade and was 
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purchased from distributors for aquaponics circuit replacement parts (4 mm) and respirator 
replacement parts (1 cm). 

5.2.6. RESIN 
In an effort to improve the miniaturisation factor, resin was used to create the standard and 75 
percent scale versions of the chips. However, the resulting pieces had extremely brittle 
connecting tubes that could not resist the tension applied to them during silicone tube assembly. 
This, along with the fact that the polymers utilised are less hazardous than photocuring resin and 
that the production of resin is more costly and requires greater knowledge, led to the conclusion 
that it was not the optimal material for this application. 

5.3. PRINTING 
5.3.1. PRINTER  

The manufacturer of the project 
utilised an Artillery Genius Pro 
printer. This printer uses direct 
extrusion and has a maximum 
consume of 700 W. To survive the 
melting temperature of PETG/PCTG, 
the standard Teflon tube fitted 
between the filament pulling gear 
and the nozzle is replaced with a 
high-temperature-resistant Teflon 
Capricorn tube. The models were 
printed with a 0.4 mm diameter 
nozzle, as a 0.2 mm nozzle did not 
provide sufficient detail 
improvement to justify the 
additional printing time, and a 0.6 

mm nozzle lost too much resolution in small details, especially of the chips. Assembling, 
calibrating, and printing the machine in the author's residence demonstrates that the system can 
be used in places and by individuals who are not manufacturing science specialists. To prevent 
the deposition of bacteria or undesired residues between model layers, it is advised to clean the 
extrusion system with a solvent before each use and, ideally, to keep the printer in a box/cubicle 
or at least work in a clean atmosphere. However, post-treatment with chloroform should 
eliminate any undesirable residues. 

5.3.2. SLICER PARAMETRITZATION 
The software utilised for slicing is Ultimaker Cura. Here, the Artillery Genius printer model has 
been chosen, and the Printer Settings have been adjusted to accommodate the upgraded version. 
Using a predetermined template eliminates the need to insert initialization and end-of-print g-
code manually. Width (220 mm), Depth (220 mm), and Height (250 mm), which pertain to the 
dimensions of the print tray, have been modified. To configure the print settings for the various 
materials, the Standard Quality profile was used as a starting point, and only the essential fields 
were modified. To parameterize the slicer parameters, temperature, retraction, flow rate, and 
ventilation benchmarks have been downloaded and executed from 3D printing support blogs. 

Figure 46. Used printer: Artillery Genius Pro. 



 
 

5.3.2.1. PLA 
 Wall Thickness: 3 mm. 
 Top Surface Skin Layers: 1. 
 Top Thickness: 1 mm. 
 Bottom Thickness: 1 mm. 
 Infill: 40 %. 
 Printing Temperature: 200 ºC. 
 Build Plate Temperature: 60 ºC. 
 Flow: 98%. 
 Print Speed: 90 mm/s. 
 Wall Speed: 70 mm/s. 
 Build Plate Adhesion Type: Brim. 

5.3.2.2. PETG / PCTG 
 Wall Thickness: 3 mm. 
 Top Surface Skin Layers: 1. 
 Top Thickness: 1 mm. 
 Bottom Thickness: 1 mm. 
 Infill: 40 %. 
 Printing Temperature: 245 ºC. 

 Build Plate Temperature: 80 ºC. 
 Flow: 97%. 
 Print Speed: 60 mm/s. 
 Wall Speed: 50 mm/s. 
 Build Plate Adhesion Type: Brim. 
 Retraction Speed: 30 mm/s. 

5.3.2.3. TPU 
 Wall Thickness: 3 mm. 
 Top Surface Skin Layers: 1. 
 Top Thickness: 1 mm. 
 Bottom Thickness: 1 mm. 
 Infill: 40 %. 
 Printing Temperature: 220 ºC. 
 Build Plate Temperature: 60 ºC. 
 Flow: 100%. 
 Print Speed: 60 mm/s. 
 Wall Speed: 30 mm/s. 
 Retraction Distance: 3 mm. 

5.4. PUMPING SYSTEM 
Due to the available time and electronic circuit 
design skills at the time the work was 
developed, it was determined that designing a 
control circuit for the cultivation device was not 
viable. Therefore, it was determined to 
conceptually simplify as much as feasible the 
initial project's requirements for electronic 
components until just two remained: the pump 
and the portable power source. Four primary 
criteria were considered while selecting the 
pump: adjustable flow rate, USB power supply, 
minimum feasible size, and minimum possible 
cost. Thus, a water pump for smaller 

aquasystems manufactured by Flintronic was selected. That provides a variable supply between 
3.5 and 9 V and between 1 and 3 watts of power. The selected battery has a 20.000mAh capacity 
and a 5V and 9V output; consequently, depending on the consumption numbers and the voltage 
used, the battery will last between three and four days of continuous use. In most situations, cell 
cultures are tested every three days; therefore, we should incorporate the replacement of the 
battery with a fully charged one in our check schedule.  

5.5. REGULATIONS AND LEGAL ASPECTS 
No personal information, biological materials, or other resources requiring review and approval 
by a Medical Ethics Committee were utilised in the production of this project. Regarding the 
environmental impact of its manufacture, despite the fact that recycled filament cannot be used 
due to the risk that it contains traces of polluting microparticles that may interfere with the 
subsequent development of cell cultures, we have chosen a main filament manufacturer that 
allows us to return the finished spools for recycling, such as Smart Materials (for PLA spools) and, 

Figure 47. Perfusion pump scheme. 
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in cases where it has been possible (PETG/PCTG), the unwound filament from Fillamentum and 
Fiberology has been used by printing a reusable spool. With the exception of the printer, all 
resources were obtained locally or nationally in order to minimise the carbon footprint. 

Regarding the intellectual property of the device, despite being designed as an open-source 
platform so that users can adapt it to their needs, explicit permission from the author is required 
to use the platform as a foundation for future projects so as not to create a conflict of interest 
with any future projects that the owner may undertake.  
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6. RESULTS 

 

Figure 48. Final results. Images depict: (1,2) Assembly of the circuit in bioreactor mode; (3) individual culture channels 
module; (4) individual tank, lid, pump, and battery; and (5) assembly of the circuit in bioreactor mode utilising two 

channels modules and the extended tank. 

Due to the four-month development period and the lack of a cell culture laboratory with the 
resources to test the device's quality, the gold standards established to ensure the correct 
evolution of the project design and the tests conducted do not include a cytotoxicity or cell 
viability study, although this will be presented as a necessary extension. To ensure that the 
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solvent is not deposited in the culture chamber, a chip-sealing test with chloroform is added to 
the previously mentioned tests for adjusting the sizes of the various parts of the device, for 
determining the device's ability to be watertight, and for determining the pieces' resistance. 

In the instance of the size adaption test, the first two iterations of the chips had a 3 × 3 𝑐𝑐𝑐𝑐2 and 
5 x 5 𝑐𝑐𝑐𝑐2 base area, respectively. The first version did not allow for simple integration and the 
connections for the medium distribution pipes could not survive the stress of the assembly 
process; the second version was too large and did not conform to the concept of downsizing. As 
previously stated, we utilised an intermediate version with a 4 x 4 𝑐𝑐𝑐𝑐2 foundation. Concerning 
the connections with the medium tubes, testing with external diameters of 4, 5, and 6 mm and 
internal diameters of 1 and 2 mm have been conducted. The 1-mm internal diameter did not 
enable enough medium to pass, thus it was decided to increase it to 2 mm. The 4mm outside 
diameter resulted in channels that were too fragile, while the 6mm outer diameter took up too 
much area on the chip, so it was determined that the optimal outer diameter was 5mm. These 
measures have proven optimal and permit a decent but controlled liquid circulation and adequate 
resistance to withstand the assembly process without difficulty. 

The adapters between the channel module and the chips were subjected to a similar evaluation. 
To fit with the same tubes as the chips, the exterior diameter had to be 5 mm, but because this 
piece had to be mechanically fitted within another tough polymer model, it required greater 
mechanical resistance than the chips, therefore the internal diameter was decreased to 1.5 mm. 
If good layer adhesion is not obtained during printing, these parts will not survive the channel 
module assembly procedure. 

The devices' watertightness was tested by connecting the system and leaving it running for an 
extended period of time on a surface that absorbs water, such as paper. By adding a dye to the 
water used for the perfusion test, it was simple to determine if there had been any liquid loss, no 
matter how minor. During the development of these, it was discovered that preparing the 
external walls of the various printed connection tubes with a solvent such as chloroform facilitates 
the insertion of silicone tubes and avoids liquid leakage. Using 100 x 2.5 𝑚𝑚𝑚𝑚2 flanges, the 
connections between the printed components and the silicone tubes have been secured. Thus, a 
gadget with no discernible liquid leakage has been achieved. 

Although the resistance of the parts had already been evaluated and parameterized, it was 
desired to determine whether the chloroform treatment had resulted in an improvement, 
particularly in the connections or parts that had to endure the most stress. Thus, lateral stresses 
were applied to the chip connections and channel module collectors in order to compare their 
performance prior to and after chloroform application. In the case of untreated pieces, they 
supported an average of 15 kg, whereas treated pieces, after allowing the chloroform to 
evaporate for 24 hours, gained resistance to weights up to 30 kg, and the rupture exhibited a 
significantly greater proportion of plastic deformation. These tests were conducted by 
suspending predetermined weights from the connections; consequently, to acquire more precise 
resistance values, a study using the right equipment would be required. 

To confirm that sealing the chip with chloroform would not result in contamination of the culture, 
a dried pigment that interacted with the solvent was placed on the internal border of the lid and 
the culture chamber. If the cap was the correct size, well-fitted to the chip, and the time required 
for the solvent to react with the polymer was allowed between applications (at least two 
applications of chloroform are advised for optimal results), there was no detectable chloroform 
transfer in the culture zone. Regarding the sealing with chloroform and the use of PMMA caps, it 
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must be kept in mind that, in order to preserve the material's transparency, it is imperative to 
avoid applying solvent to the upper portion of the cap at all costs. Therefore, precise applicators, 
such as a syringe with a small-diameter needle, are required for this application. 

The experimentally determined flow rate between input and output for the maximum power 
configuration of the pump is 0.1 l/min, yielding a liquid velocity inside the chip of approximately 
100 mm/s, whereas for the minimum power configuration, the flow rate is 0.02 l/min, yielding a 
liquid velocity inside the chip of approximately 25 mm/s. Final results can be seen in Figure 47. 
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7. DISCUSSION 
In response to the research question, "Is it possible to fabricate a microfluidic system for the in 
vitro cell culture of tumor-like structures inspired by the technological concept of organ-on-a-
chip and specifically tumor-on-a-chip using fused filament fabrication as the primary 
manufacturing method and inexpensive electronic components? ", we can confirm that it is 
feasible to produce a dynamic cell culture device using FFF as the primary manufacturing method. 
This has been possible due to the adaption of the models to the limits of the printer and the 
parameterization of the optimal post-processing, confirming the hypothesis. Thus, in accordance 
with the proposed objectives, the models that would comprise the cultivation device have been 
designed and adapted; watertightness has been achieved through chloroform treatment of the 
pieces; a filtration system has been developed; and low-cost electronic components that do not 
require a connection to the main have been incorporated. 

7.1. LIMITATIONS 
The primary restriction of the obtained data was the inability to test the device by cultivating 
cells. Due to the time spent on the design, the resolution of obstacles that arose during its 
development, the printing time required by the parts, and the complexity of designing a 
cultivation procedure for a new device and research methodology, a collaboration project with a 
biomedical laboratory to test the effectiveness of the resulting product could not be conceived. 
A cell viability study would serve as the gold standard for finalising the adaptation of parameters 
such as the average flow rate within the chips or the efficacy of the post-processing done to 
prevent cell adherence to undesirable locations. 

However, it has proven able to design a device that overcomes the primary limitations of FFF as 
a manufacturing technique for organ-on-chip / tumor-on-chip applications. Such are 
miniaturisation issues or the difficulty of achieving optimal layer adhesion. With a thorough 
expansion of the study, it will be possible to personalise the designs of the models and the 
electrical equipment used to achieve successful application and control of culture parameters on 
par with much more expensive devices. 

7.2. CONTRIBUTIONS TO THE UNITED NATIONS SUSTAINABLE 
DEVELOPMENT GOALS 

The project intends to contribute to the Sustainable Development Goals of the United Nations on 
two fronts. First, it promotes aim 3, "Good Health and Well-Being," because one of the primary 
objectives of the research is to accomplish more cheap, individualised, and trustworthy scientific 
research. On the other hand, it aims to contribute to objective 12, "Responsible consumption and 
production," by centralising the production of cultivation hardware in the same research 
laboratories and on demand. By doing so, we will avoid the environmental impact caused by the 
transport of goods and we will not have an excess of unused growing materials. In addition, the 
capability of extending the lifespan of crops leads to the decreased use of cell seed plates. These 
elements contribute to a smaller environmental footprint. 

 

Figure 49. United Nations' sustainable development goals. 



ANTONI IGNASI CÀNAVES LLABRÉS 
GRAU EN ENGINYERIA BIOMÈDICA – UNIVERSITAT DE GIRONA 
 

50 

8. CONCLUSIONS 
This research has proposed a platform that intends to be the first venture into the creation of 
microfluidic devices for cell culture, inspired by the technological ideas of organ-on-a-chip and 
tumor-on-a-chip and made mostly by fused filament fabrication. This innovative method 
promises to simplify and reduce manufacturing costs, to make it easier to adapt culture chips to 
the current application, to be watertight, to have an adjustable flow, to be wire-free, and to serve 
as a foundation for the development of new bio-inspired designs. To make the models workable 
despite the required miniaturisation factor for the intended use, the sizes of the various 
components and pieces have been adjusted through the use of stress testing. To establish optimal 
sealing of the parts and ensure that the system was impermeable, chloroform was employed; it 
was also used to increase the layer adhesion (and hence the strength) and to smooth the texture 
of the pieces, which was intrinsic to the manufacturing process, in order to reduce cell adhesion. 
TPU is used to make the filters, whereas PLA, PETG, and PCTG are utilised to make the other 
models.  

Before performing culture tests, PMMA caps for the chips need to be produced in order to 
monitor the cells accurately. These will be cut from a sheet of material using a laser cutter, and 
the lid's two components will be connected with chloroform. On the other hand, cell culture and 
viability testing are essential for establishing the device's efficacy and future potential. 
Consequently, it will be necessary to build a culture approach and modify procedures such as chip 
sealing and cell seeding for the new device. 

After evaluating the current device, three major enhancement recommendations are presented. 
The initial step is to construct a control circuit utilising an open-source electrical platform, such 
as Arduino boards, as the primary module and a pH sensor, an oxygen sensor, a carbon dioxide 
sensor, a temperature sensor, a pressure sensor, a humidity sensor, and a thermistor, among 
others. We would be able to monitor the crop without needing to examine it under a microscope 
or be there in the laboratory. In contrast, the thermistor would allow us to manage the 
temperature of the culture medium without using an incubator. In addition, we would be able to 
add an additional pump in order to create more complex 𝑂𝑂2 gradients. The second suggestion 
would be to merge sensor data into a prediction model employing artificial intelligence, notably 
machine learning, to automate the process of managing cell culture and forecast when it will no 
longer be viable. The third and simplest improvement would be to use a 4 x 4 𝑐𝑐𝑐𝑐2 piece of PMMA 
as the bottom of the chips to increase transparency and simplify microscopic examination. As a 
last supplementary project, a chamber for equally applying chloroform to the printed 
components could be constructed. 

Thus, we can conclude that an intersection between the disciplines of biology, materials science, 
industrial engineering, and electronic engineering is essential towards the development of 
economical, innovative, personalised, and intelligent medicine. 
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ANNEX A. PLANIFICATION 
1. INITIAL PLANIFICATION 

This section of the 
appendix provides a 
preliminary outline for 
structuring the tasks to 
be completed 
throughout the project 
(see Figure 50). There 
will be five major 
sections: project 
inspiration research, 
device design, device 
fabrication, resistance 
and watertightness 

testing, and report writing.  The complete Gantt chart is shown in Figure 52 This plan will be 
revised and expanded after the conclusion of the project so that it precisely reflects the actual 
tasks performed. 

2. REAL PLANIFICATION 
This section of the Annex 
provides a breakdown of the 
real tasks performed 
throughout the project (broken 
down in Figure 51). Despite 
being an approximation of 
actual development and not 
necessarily having devoted an 
identical number of hours per 
day throughout these months, 
the development times defined 
for each activity are 
proportional to their 
complexity and work volume. 
Thus, the project was 
completed by performing 33 
tasks organised into 3 blocks: 
preliminary study; design, 
manufacturing, and testing; 
and report writing. 

In many cases, it is evident that 
the tasks are brief and 
concrete, and that the tests 
and improvements have been 
developed in a cyclical manner, 
i.e., once a model has been Figure 51. Developed tasks. 

Figure 50. Tasks to be developed. 
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printed, the corresponding testing has been conducted; with the test results, the designs have 
been improved, they have been printed, and from the new designs, new tests have been 
developed. This approach consists of two rounds for resistance and three iterations for 
watertightness until a feasible model is achieved. 

The duration of the study project has been extended by 112 days, from 07.02.22 to 5.29.22. As 
part of the project planning, we can consider the approximate printing time for each component 
of the basic setup: 

• Breast cancer chip: 1h (12g). 
• Metastasis chip: 1h 10min (19g). 
• Chip cover: 10min (4g). 
• Channel module (1 chip): 5h 20min (100g). 
• Channel module (3 chips): 14h (290 g). 
• Adapter for the channel module (required): 11min (1g). 
• Individual tank: 5h 45min (126g). 
• Individual tank lid: 2h (44g). 
• Extended tank: 7h (190g). 
• Extended tank lid: 2h 30min (65g). 
• Battery enclosure: 4h (92g). 
• Filter: 22 min (3g). 

It should be emphasized that the printing time is dependent on the parameterization of the 
polymers used, mainly the infill and movement and extrusion speeds that are set. Calculated by 
Ultimaker, the information supplied corresponds to the amount of time and filament each piece 
will require. Caution In this instance, the prints have been made in a group, i.e., multiple pieces 
have been produced at the same time, so that the machinery does not require as frequent 
maintenance/revision as if they were printed individually. The complete Gantt chart is shown in 
Figure 53. 
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Figure 52. Initial Gantt chart. 
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Figure 53. Final Gantt chart. 
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ANNEX B. SOFTWARE / PROGRAMS 
When discussing the programs used to construct the project, three apps stand out: 

·AutoCAD (AutoDesk) 2022/2023: Autodesk AutoCAD is a CAD 
(Computer Aided Design) application for 2D and 3D drawing. AutoCAD 
has a number of characteristics that distinguish it from competing tools 
for assisted design: 

• It has fundamental geometry for two-dimensional drawing, 
which enables the addition of figures in layer format. 

• The layering technique allows for a great deal of flexibility when working, as the parts of 
the piece or plan being developed are properly organised. 

• Through octagonal vision and rendering, it is possible to draw in three dimensions. 

This application is the ideal ally for architects, engineers, and graphic designers. There are various 
classes that allow the user to train to master the fundamentals of this design application, in which 
it is possible to create everything from simple projects and sketches to blueprints, engineering 
presentations, and architectural models. Logo shown in Figure 52. 

·AutoDesk Inventor Professional 2023: The AutoDesk 
software company produces the 3D parametric solid 
modelling application Autodesk Inventor. Users begin by 
developing components that can be assembled. By 
modifying individual components and assemblies, 
numerous versions can be produced. As a parametric 
modeller, it is not comparable to conventional CAD software. In engineering design, Inventor is 
used to create and enhance new things, whereas AutoCAD drives only dimensions. A parametric 
modeller permits the modelling of geometry, dimension, and material in such a way that if the 
dimensions are changed, the geometry is automatically updated to account for the change. Unlike 
non-parametric modelling, which is more analogous to a "digital sketch board," this allows the 
designer to preserve their calculating knowledge within the model. 

·Ultimaker Cura: Application for 3D printers that allows the printing 
parameters to be adjusted and then converted to G code. Ultimaker Cura 
operates by dividing a user's model file into multiple levels and creating 
G code for the 3D printer. When the procedure is complete, the G code 
is transmitted to the printer via a storage device or by connecting the 
printer to the programme, and the printer then creates the physical 
object. Logo shown in Figure 53. 

This open-source software is compatible with the majority of desktop 3D printers that support 
the most popular 3D file formats, including STL, OBJ, X3D, and 3MF, among others. Image formats 
including BMP, GIF, JPG, and PNG are also compatible. 

·3D Builder: Microsoft's 3D modelling software that makes it 
simple to create, modify, and visualise 3D models. It is a free 
solution that is installed by default on all Windows 10 computers. 
3D Builder facilitates 3D printing by allowing the export of 
models in STL, OBJ, and 3MF formats. Logo shown in Figure 54. 

Figure 54. AutoCAD logo. 

Figure 56. Cura logo. 

Figure 57. 3D Builder logo. 

Figure 55. Inventor logo. 
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When discussing the project's coding, we can only mention the G-codes processed by Cura that 
provide the manufacturing instructions for each sliced model. Multiple versions of G-code, also 
known as RS-274, are the most extensively used programming language in numerical control. It 
is mostly utilised for automation and is a component of computer-aided engineering. 

G-code is a language that allows people to instruct computer-controlled machine tools on what 
to do and how to do it. In other words, it will carry information on the printer's movements and 
the amount of filament it will extrude.  
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ANNEX C. BUDGET 
COST OF THE PROJECT 

CONCEPT DESCRIPTION QUANTITY COST TOTAL 
Labour Work done by an industrial 

engineer / product designer 
450 h 30 €/h 13.500 € 

Electricity Electricity consumed by the printer 145 h 0.235 €/h 34.1 € 
FFF Printer Artillery Genius Pro 3D filament 

printer 
1 339.99 

€/u 
339.99 € 

PLA Spool 1kg of PLA filament by Smart 
Materials 

3 20.31 €/kg 60.93 € 

PETG Spool 750kg of PETG filament by Smart 
Materials 

1 30.47 €/kg 22.85 € 

PCTG Spool 750g of PCTG filament by 
Fiberology 

1 33.32 €/kg 24.99 € 

TPU Spool 500g of TPU filament by 
Fillamentum 

1 67.98 €/kg 33.99 € 

Teflon tube Capricorn Teflon tube, especially 
resistant to hot temperatures 

1 m 13.99 €/m 13.99 € 

Power bank 20.000 mA capacity battery by 
Posugear 

1 22.99 €/u 22.99 € 

Pump Mini aquatic pump for aquaponic 
systems by Flintronic 

1 12.99 €/u 12.99 € 

Brass nozzles 
set 

Set of 8 brass nozzles of different 
sizes by Durtail 

1 16.99 €/u 16.99 € 

Silicone tube 4mm interior/ 6mm exterior 
silicone tube 

10 m 0.999 €/m 9.99 € 

Silicone tube 10mm interior/ 15mm exterior 
silicone tube 

2 m 6.15 €/m 12.30 € 

Chloroform Chloroform 98% EPR by Labkem 1 l 16.32 €/l 16.32 € 
 

Brush 
Precision brush by Stylex for 

applying chloroform to the models, 
size 4 

 
3 

 
0.99 €/u 

 
2.97 € 

Silicone Transparent airdry silicone by 
Pattex, 50ml package 

5 5.60 €/u 28 € 

Hot glue gun 60W hot glue gun by Dweyka 1 22.99 €/u 22.99 € 
Hot glue sticks Glue sticks for the hot glue gun, by 

BSTHP 
30 0.399 €/u 11.99 € 

PMMA plate 2mm thick polymethyl 
methacrylate sheet 

1 x 0.6 m 33.02 
€/m² 

19.81 €  

Cutter Bosch Professional cutter 1 19.24 €/u 19.24 € 
Spatula 3D printer removal metal spatula 

by Comensal 
1 9.69 €/u 9.69 € 

Ratchet Ratchet and socket set by Favengo 1 14.98 €/u 14.98 € 
Isopropyl 
alcohol 

Isopropyl alcohol for cleaning the 
printer by Oblait 

1l 4.58 €/l 4.58 € 

 
3DLac 

Adhesive spray to improve the 
adhesion of the impression with 

the base by 3DLAC 

 
2 

 
10.50 €/u  

 
21 € 

Flanges Flanges to secure connections by 
Beshine, 100mm x 2.5mm 

1000 0.00849 
€/u 

8.49 € 
 

Total cost of the project 14286.16 € 
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COST OF A DEVICE (BIOREACTOR APLICATION) 
CONCEPT DESCRIPTION QUANTITY COST TOTAL 

Electricity Electricity consumed 
by the printer 

32 h 0.235 €/h 7.52 € 

PLA PLA filament by 
Smart Materials 

0.64 kg 20.31 €/kg 13 € 

TPU TPU filament by 
Fillamentum 

0.009 kg 67.98 €/kg 0.61 € 

Silicone tube 4mm interior/ 6mm 
exterior silicone 

tube 

1 m 0.999 €/m 0.99 € 

Silicone tube 10mm interior/ 
15mm exterior 
silicone tube 

0.5 m 6.15 €/m 3.08 € 

Flanges Flanges to secure 
connections by 

Beshine, 100mm x 
2.5mm 

30 0.00849 €/u 0.25 € 

Chloroform Chloroform 98% EPR 
by Labkem 

0.04 l 16.32 €/l 0.65 € 

 

Total cost of the device 26.1 € 

 

COST OF A DEVICE (INDIVIDUAL APLICATION) 
CONCEPT DESCRIPTION QUANTITY COST TOTAL 

Electricity Electricity consumed 
by the printer 

20.9 h 0.235 €/h 4.91 € 

PLA PLA filament by 
Smart Materials 

0.41 kg 20.31 €/kg 8.32 € 

TPU Spool TPU filament by 
Fillamentum 

0.009 kg 67.98 €/kg 0.61 € 

Silicone tube 4mm interior/ 6mm 
exterior silicone 

tube 

0.4 m 0.999 €/m 0.4 € 

Silicone tube 10mm interior/ 
15mm exterior 
silicone tube 

0.5m 6.15 €/m 3.08 € 

Flanges Flanges to secure 
connections by 

Beshine, 100mm x 
2.5mm 

10 0.00849 €/u 0.09 € 

Chloroform Chloroform 98% EPR 
by Labkem 

0.02 l 16.32 €/l 0.33 € 

 

Total cost of the device 17.74 € 
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ANNEX D. ETHICS COMETEE 
As described in section 5.5, no personally identifiable information, biological materials, tests 
involving living organisms, or other resources needing evaluation and approval by an Ethics 
Committee were used in the development of this project. 

Regarding the environmental impact of its production, despite the fact that recycled filament 
cannot be used due to the possibility that it contains traces of polluting microparticles that may 
interfere with the subsequent development of cell cultures, a major filament manufacturer that 
allows us to return the finished spools for recycling, such as Smart Materials, was chosen for PLA 
spools and, in cases where it was possible (PETG/PCTG), the unwound filament from Fillamentum 
and Fiberology. Except for the printer, all materials were sourced locally or nationally in order to 
reduce the carbon footprint. 

Regarding the intellectual property of the device, despite being designed as an open-source 
platform so that users can adapt it to their needs, explicit permission from the author is required 
to use the platform as a basis for future projects so as not to conflict with any future projects that 
the owner may undertake. 
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ANNEX E. PLANS 
1. CULTURE CHIPS 
1.1. GENERAL PURPOSE 

 

1.2. METASTASIS 
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1.3. COVERS 
1.3.1. GENERAL PURPOSE 

 

1.3.2. METASTASIS 
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2. TANK 
2.1. INDIVIDUAL 
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2.2. EXTENSION 
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3. CHANNELS MODULE 
3.1. INDIVIDUAL APPLICATION 
3.1.1. GENERAL PURPOSE CHIP 

 

3.1.2. METASTASIS CHIP 
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3.2. BODY-ON-A-CHIP / BIOREACTOR APPLICATION 
3.2.1. GENERAL PURPOSE CHIP 
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3.2.2. METASTASIS CHIP 
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3.3. ADAPTERS 
3.3.1. 5 mm CHANNELS TO CHIP 

 

3.3.2. TANK TO CHANNEL MODULE 
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4. FILTERS 
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5. BATTERY 
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