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INTRODUCTION 

In recent years, a significant development of 3D printing applications can be 

observed. It may be hard to believe, but the technology itself is not new. The first 

work on 3D printing is considered to be the theoretical study by Pierre A. L. 

Ciraud, who in 1971 published a dissertation on the manufacturing of products of 

any shape by combining powdered material with an energy source. The first 

patents were not filed until 1979 by Ross F. Housholder. On the other hand, 

Charles Hull, who filed a patent application for his printer on August 8, 1984, is 

considered to be the first founder of a company dealing in 3D printing and the 

inventor of a 3D printer. Therefore, it is not possible to clearly define the date of 

the creation of 3D printing, but we can say that it was over 30 years ago. Can the 

technology developed over so many years still be technologically attractive? Of 

course, 3D printing technologies are constantly being developed and improved. 

Scientists and manufacturers are presenting new variations on existing 

technologies and applications of 3D printing. 

The editors of this monograph are aware that additive technologies have not 

only got advantages but also disadvantages. Like the one that 3D printing 

technique requires advanced CAD software, the print quality is affected by the 

correct selection of technological parameters (it seems right to say that the more 

expensive the technology, the more trouble-free for the operator the printing 

process itself is), incremental printing can only take place on a relatively small 

area, apart from expensive commercial solutions. Also the printing time itself is 

not short. Despite the above-mentioned disadvantages of 3D printing, we believe 

that the subject discussed here is interesting, especially in the light of current 

scientific research and industrial applications, and that 3D printing itself has a great 

future. Currently undertaken works and research focus on the use of new materials 

with innovative parameters, improvement of the prints quality themselves, 

increase of strength parameters, minimization of production costs, and above all 

on new applications.  

In recent years, the world has discovered a new face of 3D printing, new, 

interesting medical applications have emerged. Everyone has heard of mass-

printing of medical helmets, prototypes of respirators printed on 3D printers, 

medical stabilizers and prostheses, drug dispensers, training and teaching models, 

or biocompatible filaments. In the near future, the personalization of prints will be 

of great importance in 3D printing, associated with the possibility of adjusting the 



product to a specific person, e.g. in the case of printing prostheses in a size 
appropriate for a specific patient. 

This monograph consists of 4 chapters. The first chapter contains answer to 
the question of what Industry 4.0 and Additive Manufacturing (AM) have in 
common, characteristics of additive technologies and description of the idea of 
additive manufacturing and how it will be used in industry. Authors show also the 
benefits of using AM and will try to answer the question: what changes in the 
production and business model does the implementation of AM in a production 
company bring? In this chapter description of the application of the Multi Jet 
Fusion technology with specific examples is presented.  The second chapter 
presents 3D printing for fashion products, its role for product customization and 
waste reduction. Fashion industry covers a number of products where textiles and 
footwear plays an important role. Implementation of 3D printing for fashion 
products is seen with a great interest due to the benefits offered by this technology 
as customization, waste reduction, production of complex shapes, adding new 
functionalities on textiles, etc.  The third chapter deals with the currently very 
important topic of 3D printing in medicine, in particular printing of medical 
implants. This chapter deals with the topic of personalized implants dedicated to 
craniofacial reconstruction. This is a critical area not only in terms of the complex 
structure of the craniofacial bones, their functionality and forces occurring e.g. in 
the mandible, protection of internal organs, but most of all the patient's aesthetics 
after the procedure. In the fourth chapter, the authors show the use of MSLA 
(Masked Stereolithography) 3D printing technique in the process of precision 
casting, including art objects. 3D printing was used here to print models from wax, 
which were used in the technology of smelting models (replacing the manual 
making of such models). 

We present you scientific monograph about 3D printing, with particular 
emphasis on new innovative applications, new printing techniques and new 
materials. The monograph does not present all the scientific problems currently 
undertaken regarding 3D printing, it is rather a supplement to the literature 
available on the publishing market with new aspects in the field of additive 
techniques. The monograph is also a source of knowledge and popularization of 
research conducted by the authors. 

Editors 

Andrzej Wróbel & Marek Wyleżoł 
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The term Industry 4.0 was used for the first time at the Hannover fair in 

Germany in 2011. Industry 4.0 is known as the fourth industrial revolution – the 

new era of production and information-processing. Industry 4.0 is characterized 

by an innovative, modern, automated, and integrated approach to the industry and 

manufacturing [1]. The basic concepts of Industry 4.0 are mainly Internet of 

Things (IoT), Cloud Computing, Big Data, Autonomous Robots, and Additive 

Manufacturing [2]. 

IoT is a global network infrastructure where Things (physical or virtual) are 

integrated with an information network. Computing technology that offers 

resource sharing and data upload is named Cloud Computing [2]. Big Data 

contains a large database for processing, generated by connected physical 

facilities. The term describes capture, transfer, storage, curation, search, analysis, 

visualization, and security of data [3]. Autonomous Robots uses smart robots, 

sensors, artificial intelligence, and machine learning to improve industry efficiency 

and productivity [4]. The last and the most important term, that is the topic of this 

work, is additive manufacturing (AM) – manufacturing technologies where a 

digital 3D model is converted into a 3D physical object. Producing a part by adding 

the material layer by layer is the main idea of AM. 

Chapter 1 
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Additive manufacturing is linked to all pillars of Industry 4.0, mainly due to 

the Industry’s streamlined information flow. Butt, in his publication [5], provided 

a few examples that confirm the relationship between AM and Industry 4.0. It is 

possible to use augmented reality (AR) to control the aspects of a 3D printer or to 

visualize 3D models. Additionally, AR can help analyze complex problems, design 

and test effects after printing. Furthermore, AM is connected to autonomous 

robots. There are two directions in which this connection can operate: autonomous 

robots can 3D print parts and 3D printers can support robotics. If we are talking 

about additive manufacturing technologies and the Internet of Things, 3D printing 

electronic components is one of the applications of AM in this field. Due to the 

large amount of information collected using sensors during the printing process, 

Big Data is also used to analyze and optimize the printing process based on 

feedback. The data can be processed in the cloud to limit the use of memory 

resources of stationary devices. In addition, cloud-based solutions also enable 

customer contact, sales and production, supply and resource planning [5]. All this 

has a positive effect on the quality, speed, and efficiency of 3D printing processes.  

2.1. Additive manufacturing  

Additive manufacturing is also known as 3D printing. Stereolithography (SLA) 

is the first 3D printing technology invented by Charles Hull in 1986 [6]. The same 

name – stereolithography is also given to the file extension (.stl) of the 3D model, 

necessary for printing. AM integrated the design software and the 3D printers to 

manufacture a product. In AM, a 3D model can be prepared using advanced CAD 

(computer-aided-design) software or it can be generated by mapping a physical 

object with the use of 3D scanning or computed tomography. The possibility of 

storing digital 3D models allows an easy and quick introduction of changes to the 

geometry and remanufacturing it.  

Additive manufacturing is characterized primarily by freedom of geometry. 

The dimensions of the working chamber are one of the few limitations when it 

comes to the geometry of the prints. The printing technology is usually adapted to 

the geometry and application of parts. This is mainly because different 

technologies have different requirements for quality and dimensional accuracy, 

different manufacturing limitations and costs. However, it should be mentioned 
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that the cost of manufacturing a product using AM is lower than that of using 

conventional methods only when it comes to unit or small-lot production. 

Additionally, the time and the cost of production depend largely on the volume of 

the geometry rather than its complexity. For example, with Multi Jet Fusion 

technology, it is possible to reduce the cost of producing parts by more than 90%. 

Additionally, in this technology, the prototype production time is reduces from a 

minimum of a month to a maximum of a week. Another feature of additive 

manufacturing is a lower waste emission compared to other manufacturing 

technologies. The fact that the material is added rather than subtracted reduces the 

volume of waste, often even to 0. Unfortunately, AM also has disadvantages that 

have not yet been eliminated. The lack of standardization, both in the 3D model 

preparation and its 3D printing, and the problem with the surface quality, mainly 

roughness, are some of them [7]. 

The division of additive manufacturing technologies into several groups has 

been defined in the ISO 17296-2:2015 standard [8]. There are the following 

groups: 

a) binder jetting – combining the powder with a binder; 

b) direct energy deposition – bonding of the thermally melted material during 

the layer by layer application;  

c) material extrusion – joining the material (filament) extruded from the nozzle; 

d) material jetting – spraying and light curing of the photopolymer or wax;  

e) powder bed fusion – combining the powder with thermal energy; 

f) sheet lamination – joining sheets 

g) vat photopolymerization – combining the photopolymer with the use of 

irradiation.  

Additive manufacturing technologies allow for the production of parts not only 

from materials in various forms, as mentioned above, but also from a wide range 

of materials, including polymers, ceramics, composites, metals, and biological 

tissues [9].  

2.2. Multi Jet Fusion technology  

Multi Jet Fusion (MJF) technology invented by Hewlett Packard (HP) is a 3D 

printing technology that belongs to the powder bed fusion group. In the HP Jet 
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Fusion 4200 3D printer, the effective build volume is 380 x 284 x 380 mm3, the 

print speed is 4115 cm3h-1, and the thickness of each layer is 0.08 mm [10]. MJF 

printing set-up consists of 2 units: a 3D printer with a build unit and a processing 

station, shown in Fig. 1.1. The 3D printer includes basic subsystems such as: fusing 

lamps, heating lamps, cooling system, material distribution system, fusing and 

detailing agents distribution system, 3 printheads, etc. The build unit is a printing 

unit that collects the material for printing in the working chamber and has a 

printing platform. After the process, the build unit is transported to the processing 

station, where, after the cooling process, printed parts are unpacked and the used 

raw material is recovered. MJF technology is very ecological as it uses only 20% 

of the new material and 80% of that used in the previous processes. Furthermore, 

MJF technology enables circular economy and lower CO2 emission [11].  

 
Fig. 1.1 HP Jet Fusion 4200: a) 3D printer, b) processing station (with the permission of HP 
Development Company) [12] 

 

The printing process begins with applying the material in the form of a powder 

to the printing platform. Subsequently, using the recoating unit, the powder is 

evenly distributed over the platform. Then, the fusing and detailing agents are 

applied to the appropriate places using the printheads. The fusing agent is 

responsible for increasing the absorption of radiation and is applied to the main 

section of the part. The detailing agent is responsible for smooth edges and the 

good look of parts and is applied to the border of the part. Finally, the entire layer 

is subjected to energy in the form of electromagnetic radiation. In turn, the printing 

platform is lowered by the thickness of the working layer and the process is 

repeated layer by layer. MJF printing process is shown in Fig. 1.2. 
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Fig. 1.2. MJF printing process (with the permission of Materials) [13] 
 

In MJF technology, it is possible to 3D print parts using PA11 (polyamide 11), 

PA12 (polyamide 12), PA12 GB (polyamide 12 with glass breads), PP 

(polypropylene), TPU (thermoplastic polyurethane), and TPA (polyamide 

thermoplastic elastomer) materials. The characteristics of the materials used in 

MJF technology are presented in Table 1. PA11 printed parts have good ductility, 

PA12 provides strong and inexpensive parts, PA12 GB improves the stiffness and 

the dimensional accuracy of parts, PP is ideal for producing chemically resistant 

parts, TPU is characterized by good abrasion resistance and high rebound, and 

from TPA flexible lightweight parts can be printed [14].  

 
Table 1. The characteristics of the materials used in MJF technology [15] [16] [17] 

  PA 11 PA 12 PA GB PP TPU TPA 
Particle size [µm] 54 60 58 62 70-90 77 

Tensile strength [MPa] 52 50 29 30 9 10 
Tensile modulus [MPa] 1700 1700 2600 1600 85 75 
Elongation at yield [%] 25 12 9 10 - - 
Elongation at break [%] 36 17 10 20 280 250 

Density [g/cm^3] 1.05 1.01 1.3 0.89 1.1 1.0 
 

Because polyamide 12 is the most common material for 3D printing in MJF 

technology in Poland, detailed material information is presented on its example.  

HP 3D High Reusability PA 12 has a certificate of biocompatibility. This 

material has met the requirements of USP Class I-VI and US Food and Drug 

Administration’s guidance for Intact Skin Surface Devices [18]. Thanks to this, 

PA 12 prints in MJF technology can be used as medical devices in contact with the 

skin.  

PA 12 printed parts are also watertight. It means that they can be used for 

manufacturing elements working with water. If the wall thickness is 1.25 mm, 

pressure of 3 bar is recommended. The greater the thickness, the greater the 

pressure that can be applied. For example, it is possible to apply pressure of as 

much as 20 bar to prints with a thickness of 4 mm. However, the most important 
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is the shape of the element. Spherical or cylindrical elements are recommended. 
Sharp edges of prints significantly reduce their resistance [19].  

In some applications, the surface quality of the prints is very important, 
mainly because they work together with other elements. A natural part with the 
glass bead blasting may have a roughness index Ra of 7-12 µm. It depends mainly 
on the orientation of prints, the blasting equipment and the quality of the abrasive 
material. Additional mechanical finishing can reduce the Ra to 0.67 µm and the 
chemical polishing can reduce it to 1.2 µm. The selection of the postprocess form 
depends on the geometry, size, and application of the part [20].  

The technical recommendation for the PA 12 prints in MJF technology 
should also be mentioned. The maximum dimensions of the prints are the 
dimensions of the working chamber. It is possible to print elements larger than 
380mm, but then they should be placed at an angle. The orientation of the model 
during printing significantly affects the print quality. For example, cylindrical 
features should be printed with their axis of rotation perpendicular to the XY print 
plane. This ensures the best mechanical strength and the best dimensional 
accuracy. The most important surfaces in terms of aesthetics should be facing 
downwards. This ensures the smoothest surface. Furthermore, the minimum wall 
thickness is about 0.5 mm, but to maintain adequate stiffness of the element, the 
wall thickness should be about 2 mm. It is also possible to print elements with 
unbaked powder inside or openwork elements. This results in the optimization of 
the element in terms of weight reduction. In MJF, parts cooperating with each other 
can be printed together. To allow movement between the components, the parts 
should have a spacing of 0.5 mm.  

2.3. Case studies with the use of MJF technology  

The use of additive manufacturing technologies is continuously increasing. 
3D printing is used in every field of industry. Among them is the military with 
examples of printed drones, parts of airplanes or exoskeletons for soldiers. Another 
field that uses 3D printing is the automotive industry with multifunctional parts for 
old vehicles or end products for the latest cars or motorcycles. Moreover, 3D 
printing is developing very dynamically in medicine, mainly in dentistry, 
prostheses and orthoses sectors, as well as in surgical equipment. Customer goods 
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such as jewelry, elements from the fashion industry, frames for galleries or 

souvenirs and gadgets with company logos are also printed. In addition, robotics 

and automation successfully use additive manufacturing, e.g. for machine 

elements or modern production lines. Printed electronics is a new field of 

application, in which it is possible to print both the housing and a fully functional 

electronic circuit. 

By using 3D printing, a company can prepare very complex parts. In Multi 

Jet Fusion technology, it is possible to print openwork elements, cooperating with 

each other, with holes or protrusions and any surface curvature. Furthermore, 

companies decide often to print a 3D model developed by combining several 

original elements. Then, a fully functional and useful part is created as one piece. 

This reduces the need for assembly and, therefore, significantly accelerates and 

streamlines the production of the end element. 

Below some examples are introduced, where HP Multi Jet Fusion printing 

set-up was used for the production of components.  

2.3.1. Production of spare parts 

3D printing is used in the production of spare parts, mainly because it allows 

for  

a significant reduction in the production time of parts. This is because they are 

often complex-shaped components that were originally produced, for example, by 

injection in a large production series. Mold reworking takes a long time and 

generates huge costs. Using reverse engineering – e.g. 3D scanning or modeling 

an element on the basis of an existing one, it is possible to accurately reproduce 

the object. In the area of spare parts, it is often found that production lines have 

been closed for a long time and there is no company that can produce another such 

part. Furthermore, the benefit of using AM in this sector is the shortening of the 

supply chain. Geometries of different shapes and dimensions can be produced in 

the same 3D printing process. Moreover, no additional processing is required. 

Elements can be used directly after printing. 

Reverse engineering tools are used successfully in the production of 

multifunctional parts. Based on an already existing element, it is possible to obtain 

its 3D model by measuring and modeling the element or by scanning it. Then, 
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during the 3D model development procedure, its geometry can be slightly changed 
to make it more compatible with other machine elements. Fig. 1.3 shows an 
example of mapping an element for vending machines by modeling a body based 
on an existing element. An important aspect of this application is the finishing 
process used for the element. To obtain the appropriate surface smoothness, the 
print was subjected to vibro-abrasive post processing. 

 
Fig. 1.3. Reverse engineering of an element of vending machines: a) original element; b) an 
element printed in MJF technology (source: 3D Center Sp. z o.o.) 

 
The 3D printing has a lot of various applications also in the automotive 

industry. The Octoclassic company produces spare parts for classic cars using MJF 
3D printing. These elements are reproduced on the basis of the original parts, then 
printed and painted in a specific color required by the customer. Fig. 1.4 shows 
parts of the center console and the rear view mirror housing of the Mercedes w124. 

 
Fig. 1.4. 3D printing parts for Mercedes w124 (with the permission of Octoclassic Ltd) 
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3D printing technology works where other technologies fail and allows quickly 
developing an innovative product. It is even said that geometry is for free at AM. 
Often, spare parts not only replace broken or worn parts, but are also their 
improved versions. An example of an innovative product printed using Multi Jet 
Fusion technology is a cooker knob with convex symbols for the blind (Fig. 1.5). 

 

 
Fig. 1.5. 3D printed cooker knobs for the blind (source: 3D Center Sp. z o.o.) 

 
Another example comes from aviation. 3D printing is used in aviation, mainly 

because of the possibility of reducing the weight of elements or reducing their 
production time. However, the Satair company used Multi Jet Fusion 3D printing 
technology to produce tools for the maintenance of components of airplanes. The 
prints are optimized in terms of the number of parts and mechanical strength. In 
addition, the color of the prints improves the safety of the tools and makes them 
easier to locate. The use of MJF also reduced the time of production, delivery of 
tools, and assembly time of aircraft components [21]. Fig. 1.6 shows a pintle 
bearing alignment tool and a flap zero locking tool. 

 

 
Fig. 1.6. 3D printed: a) pintle bearing alignment tool; b) flap zero locking tool [21] 
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2.3.2. Medical field 

A very important feature of AM is the production of customized products [22]. 
It is mainly used in medicine. Using 3D scanning, it is possible to take the patient’s 
measurements. Matching medical devices to patients, including implants, is one of 
the trends in personalized medicine. Another advantage of using 3D printing in 
medicine is the reduction of waste in the form of dust which is harmful to health. 
Such waste is usually generated from the conventional production of personalized 
orthoses or prostheses. In additive manufacturing, waste is the material used for 
supports. No supports are required for powder bed fusion technologies. In MJF 
technology, where as much as 80% of the used powder can be reused, waste is 
reduced to almost 0.  

The use of additive manufacturing in medicine is already visible on a daily 
basis. In 2018, the SME organization prepared a report presenting the results of 
research conducted on a group of manufacturers of medical devices, healthcare 
professionals, scientists, and other people related to the topic of AM in medicine. 
The respondents were asked to answer questions and indicate in which sectors they 
used 3D printing.  

The results of the research are presented in Fig. 1.7. The study shows that the 
largest number of respondents use AM for prototyping, developing anatomical 
models or for the production of medical tools and instruments [23].  

 

 
Fig. 1.7. The use of additive manufacturing in medicine in 2018 [23] 
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Multi Jet Fusion technology is ideal for producing lower limb prosthetic 

sockets. Sockets are medical devices that are the most important elements of a 

prosthesis. They are directly responsible for adjusting the prosthesis to the rest of 

the limb. The problem of lower limb loss affects more than 8,000 people in Poland 

every year and is mainly caused by diabetes [24]. Production of prosthetic sockets 

using additive manufacturing technologies ensures a very good fit to the patient’s 

body and adequate mechanical strength of the structure. Furthermore, using 

additive manufacturing instead of the conventional gypsum-based method reduces 

production time, material consumption and workload. The Polish company Proteo, 

in cooperation with the 3D Center, has been producing prosthetic sockets 

successfully using MJF technology for several years. Sockets are personalized not 

only by the appropriate fit to the patient’s body, but also by additional prints, forms 

of finishing or color. An example of a prosthetic socket printed in MJF technology 

is shown in Fig. 1.8. 

 
Fig. 1.8. 3D printed lower limb prosthetic socket dyed red (source: 3D Center Sp. z o.o. with the 
permission of Proteo S.C.) 

 

Multi Jet Fusion technology is also used in production of personalized orthoses 

for both lower and upper limbs. Their main task is to stabilize and relieve the 

affected limb. The Czech company Invent Medical has developed the production 

of personalized wrist orthoses that are used in post-traumatic cases or assist in 
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degenerative diseases (Fig. 1.9). Due to the openwork construction, the brace 
weighs less and additionally provides good thermal exchange. To ensure good 
mechanical properties, the orthosis is printed with the PA12 material, which is 
certified for biocompatibility and can be used in direct contact with the skin [18]. 

 

 
 
Fig. 1.9. 3D printed wrist orthosis produced by Invent Medical  (with the permission of HP 
Development Company) 
 

Anatomical models are another use for 3D printing in medicine. For obtaining 
data on patient's external dimensions such as the geometry of the lower or upper 
limb, 3D scanning is used, but when it is necessary to obtain the internal structure, 
e.g. bones, computed tomography or magnetic resonance imaging are useful. The 
example is a personalized hip joint endoprosthesis. 3D bone model should be 
recreated from computed tomography using DICOM files. The stem can be 
adjusted to the intramedullary cavity of the femur and the endoprosthesis 
acetabulum to the geometry of the pelvis. An example of a print of an anatomical 
model with an endoprosthesis is shown in Fig. 1.10. Of course, such an 
endoprosthesis should be made of a biocompatible metal alloy, e.g. titanium in 
SLM technology, but MJF prints are enough to properly verify the model before 
surgery and to plan the installation of the endoprosthesis. 
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Fig. 1.10. A) 3D bone model from computed tomography; b) 3D printed anatomical model with 
hip joint endoprosthesis (source: 3D Center Sp. z o.o.) 
 

Another example presents a preoperative model of a child’s pelvis with 

fragments of femur bones, which was used for testing prior to the surgery at the 

University Children’s Hospital in Krakow. The creator of the model was Mr. Paweł 

Ozga, one of the volunteers of the E-Nable foundation. The MJF print is shown in 

Fig. 1.11.  

 
Fig. 1.11. 3D printed child's pelvis with fragments of femur bones (source: 3D Center Sp. z o.o.) 

 

There is also Multi Jet Fusion color printing technology, in 580 series printers. 

Such color printing is also used in anatomical models. Doctors at the Rady 

Children’s Hospital in San Diego have developed a technology for making a heart 

model based on a CT scan and magnetic resonance imaging. This is a huge 

breakthrough in medicine as such color prints help doctors and patients and their 

families understand the medical case. This is very necessary because almost 1 in 



20

 

100 newborns in the United States is born with a heart defect [25]. 3D printed heart 
model is shown in Fig. 1.12. 

 

 
Fig. 1.12. 3D printed heart model [25] 
 

3D printing and dentistry should also be mentioned. The French company 
Biotech Dental has invented and patented the process for the production of dental 
prosthetic forms. The use of MJF printing technology allowed to reduce the 
number of patient visits from 4 to 2 and the time spent in the laboratory from 3 
hours to 10 minutes. Additionally, the cost of mold making has been reduced by 
78% [26]. 3D printed dental prosthetic models are shown in Fig. 1.13.  

 

 
 
Fig. 1.13. 3D printed dental prosthetic molds [26] 
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2.3.3. Automation and robotics 

3D printing in automation and robotics is a perfect example of the integration 
of the pillars of Industry 4.0. Robotics uses AM, e.g. for the production of robot 
grippers. Different printing technologies are used depending on the size of the 
element. Where good strength is required, plastic or metal powder bed fusion 
technologies are often used. Where a very large size of grippers is required, 
industrial FDM printers are used. Unfortunately, industrial FDM devices are 
expensive, the printing is long, and the strength of the components is often not 
sufficient. 

An example of the use of additive manufacturing in robotics is the Gimatic 
application. Gimatic is a leading global manufacturer of pneumatic and electric 
grippers for industrial automation. Due to an increase in the number of products 
and the need for frequent updates or changes, the company used Multi Jet Fusion 
technology. This solution allowed to hand over functional prototypes to their 
customers within a few days [27]. Examples of 3D printed grippers are shown in 
Fig. 14.  

 
Fig. 1.14. Grippers 3D printed in MJF technology (with the permission of HP Development 
Company) 

 
In the 21st century, automated production lines already exist in almost all 

manufacturing companies. One of the automotive companies produces recliners1 
using laser welding. Recliners are elements of the car's seat and backrest tilt 
adjustment mechanisms. There is one welding station and it must be properly 
matched to each type of car. To quickly change the position of the station, a 

 
1 Model and product covered by the NDA, no consent for sharing 
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positioning element was printed, allowing the appropriate fitting of components. 
Despite the availability of cheap FDM printing, it was decided to use MJF. This 
significantly increased the mechanical strength of the parts and the surface quality, 
e.g. smoothness. 

Additionally, a similar solution as described above can be found in plants with 
automatic production lines in which the lines are adapted to different products. An 
example can be printed elements for pharmaceutical industry, where the machines 
have to be adapted to different types of capsules.  

Another example comes from the automation industry where MJF is used for 
manufacturing of customized production stations (Fig. 1.15). A model was 
designed with smooth ribs. This solution ensures weight reduction while 
maintaining the full functionality of the part. This is an example of a design that 
fully reflects the idea of using additive manufacturing technologies.  

 
Fig. 1.15. 3D printed part for customized production station (source: 3D Center Sp. z o.o.) 

2.3.4. Change of the material and manufacturing technology to MJF 

Additive manufacturing technologies are increasingly replacing production 
methods in which the material is subtracted. This is because the gain from the 
reduction in the use of the material in AM is much bigger than the material price 
difference between AM and conventional technologies. This change directly 
reduces the price of the product. Moreover, it often turns out that elements 
originally made of metal need not have such a high mechanical strength. Then, 
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companies decide to change the material from metal to plastic and, at the same 

time, production technology from e.g. CNC systems to additive manufacturing. 

Here is an example in which a company decided to change its components 

manufacturing technology. An example of a tool for the production of printheads 

is shown in Fig. 1.16. Initially, the company used CNC controlled machines. 

Components of the tool were produced separately from metal. The weight of the 

set was 575 g. However, the company decided to use MJF printing technology. 

Designers optimized the geometry of the tool so that it is now printed in one piece 

and its total weight is 42.4 g. The weight reduction is thus almost 93%. Due to this 

change, the cost of producing the tool also decreased by 95%.  

 
Fig. 1.16. Tool used for the production of printhead: a) produced on CNC machines; b) 3D 
printed (with the permission of HP Development Company) 
 

Another example can be the change in the technology of producing a 

spectrophotometer holder. Originally, the holder was produced by subtracting 

material using CNC-controlled machines. The part was made of aluminum and 

weighed 355 g. The production cost of this holder was 22 euros. Because the 

spectrophotometer holder does not have to carry very heavy loads, it was decided 

to change the production technology to printing in MJF from PA12 material. The 

weight of the part was reduced to 55 g, i.e. by over 84%. The change in technology 

also resulted in a reduction of the cost of production of the element to 5.9 euro, i.e. 

by over 70%. Photo of the print of the spectrophotometer holder is shown in Fig. 

1.17.  
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Fig. 1.17. 3D printed spectrophotometer holder (with the permission of HP Development 
Company) 
 
2.3.5. Other unusual applications of 3D printing  

Additive manufacturing works very well in the production of prototypes, 
mainly due to the fast production time and low unit production costs compared to, 
for example, injection technology. The possibility of analyzing the prototype as a 
3D object instead of computer visualization increases the chance of detecting 
possible design defects or product limitations. 3D printing is also used in other 
fields, such as architecture, jewelry, and archeology. In the case of architecture, 
mock-ups presenting new arrangements are a frequent application. Buildings and 
other board elements are printed to scale, but still retain their most important 
details. Printed jewelry is often made to order. Finishing processes such as 
smoothing and painting perform an important role here. The use of 3D printing in 
archeology may seem unusual. Below is a detailed example of a printout in MJF 
technology. 

Some time ago, scientists found amazing fossils in Madygen (southwestern 
Kyrgyzstan in Central Asia). Fossils (classified by researchers as the 
Madygenerpeton genus) include the dorsal part of the skull, which can be assigned 
to  
a minimum of 3 individuals of chroniosuchians. Chroniosuchians are a group of 
individuals from the Permian and Triassic periods found in Europe and Asia. 
Scientists decided to develop a reproduction of the found skull. In this case, 3D 
scanning and 3D printing in Multi Jet Fusion technology were chosen. It ensured 
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the accuracy and quality of the prints. The print serves as an exhibit on display at 
the museum. 3D printed reproduction is shown in Fig. 1.18. 
 

 
Fig. 1.18. Reproduction of the found Chroniosuchian skull (source: 3D Center Sp. z o.o. with 
the permission of Technische Universitat Bergakademie Freiberg) 

2.4. Summary of the chapter  

As presented above, Multi Jet Fusion technology is popular among 
manufacturers from various industries. There is a trend to apply additive 
manufacturing technologies in innovative industries such as personalized 
medicine, automotive, automation, and robotics. In addition, AM is also used 
during the development of an existing product or to increase the efficiency of the 
production and of the manufactured tools themselves. As a result of the use of AM, 
customers are more satisfied because they quickly have and individual part on their 
desk. Product customization and the use of innovative production methods 
significantly increase the company’s competitiveness on the market.  

However, additive technologies are not for everyone. AM will find its 
supporters among companies producing individual or small-lot components and 
those that are just refining their products and need prototypes. AM will also be 
good for customers who produce different types of elements on the same line, then 
the prints can enable a quick changeover of the machines. Due to the possibility of 
customizing products, the market talks about using AM for mass customization. 
Such a solution is often used, for example, in medicine in the production of 
orthoses or in the spare parts for exclusive old cars as presented in the chapter.  

Additionally, in the case of AM, the Just in Time method is often used in which 
elements are delivered to a specific order at a specific time. Hardly ever is the 
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production with the use of 3D printers planned for a long time ahead. It is very 
difficult to forecast the demand for 3D prints. There are customers who have 
decided to permanently use AM, and there are also those who are just testing 
various technologies.  

One thing is certain – additive technologies integrate the market and open the 
door to innovative production. The potential of additive technologies in the age of 
Industry 4.0 is huge. Certainly, 3D printing will remain with us forever, and the 
development of technologies and materials will only increase its advantage over 
other manufacturing technologies. 
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3D printing is a well-known technology with a wide range of applications that has 
transformed manufacturing industry for various products. A rapid growth is 
noticed due to the benefits that this technology brings to product development. 
Fashion industry covers a number of products, where textiles and footwear play an 
important role. Implementation of 3D printing for fashion products is seen with a 
great interest due to the benefits offered by this technology i.e. customization, 
waste reduction, production of complex shapes, adding new functionalities on 
textiles. The range of materials used for 3D printing is still under development and 
constantly expanding. Actually, with the available materials offered by different 
technologies, the case of footwear products has seen a rapid growth, especially for 
sole production, due to the fact that they are similar with materials used in 
traditional manufacturing. This chapter will present different applications of 3D 
printing for fashion related products as textiles, footwear, accessories etc. At first 
started as prototyping, now the development of technology and materials used for 
3D printing seems to have a promising role in manufacturing of fashion products. 
Its current development cannot substitute the traditional way of manufacturing but 
can sustain product customization and realizing complex geometries that cannot 
be produced with the traditional way of manufacturing, which is one of the 
advantages of 3D printing technology. 

Chapter 2 



2.1 Introduction 

Innovations occurring nowadays are part of a new industrial revolution that 

is underway. We are talking about the Fourth Industrial Revolution also called 

Industry 4.0, Smart manufacturing or Smart Factory.  It started in Germany in 

November 2011 as a strategic initiative by the German government that was part 

of the High-Tech Strategy 2020 Action Plan. The beginnings are in 2006 with the 

aim of securing German’s strong competitive position through technological 

innovation [1]. Of course, these initiatives are taken in other countries too and their 

applications depend on government’s initiatives to invest and support these 

applications. Following the German example, the efforts taken in other countries 

around the world depict their strategy with the intention to achieve this goal, by 

promoting digitalization on every manufacturing level.  

It was September 2013, and another European country launched the New 

Face of Industry in France. The aim of this initiative was to strengthen the French 

industry in order to reinforce its role in globalization [2]. After a survey conducted 

from February 2016 with the scope to evaluate the model that should be 

implemented in Italian industry, in September 2016 the Italian government 

presented Piano Nazionale Industria 4.0, or Italian Industria 4.0 National Plan. The 

aim was to support the transformation of Italian industry in all supply 

chain[3].Following 3 months of discussions about a cooperation to support and 

strengthen the digitalization process of manufacturing sectors in Italy, France and 

Germany, the committee comprising of experts from industry, scientific area and 

political streams, signed a trilateral international cooperation. Strengthen the 

digitalization process of their manufacturing sectors, even at European level, were 

part of this initiative [4]. 

In 2014, another initiative was taken. “Connected Industry 4.0 (CI 4.0)”, 

was the initiative of the Spanish government to support the increasing globalized 

and competitive markets through digital transformation [5].  In January 2017, 

Portugal launched Indústria 4.0, which is a Portugese strategy focused on 

digitalization, innovation and training to support the implementation of the 4th 

Industrial revolution [6].  Other initiatives outside from European Union came 

from the United States. In 2011, a national effort was initiated, the Advanced 

Manufacturing Partnership (AMP), which is a partnership between industry, 

universities and the federal government to support the investments of advanced 
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technologies to raise quality and boost competitiveness [7].  The strategy “Made 
in China” presented in 2015 as another initiative that aims to accelerate the answer 
to the new global of technological progress that tends to renovate industrialization 
[8].     

The main advancements of Industry 4.0, known as technology enablers, 
have transformed the industrial production by increasing productivity and 
efficiency and moreover shifting to more personalized products. Industry 4.0 has 
nine pillars and each one of them contributes to a more sustainable production. 
These pillars are: Augmented Reality, System Integration, Cloud Computing, Big 
data, Internet of Things, Cyber Security, Autonomous Robots, Simulation and 3D 
printing.  The last one is one of the main pillars of Industry 4.0. It is a well-known 
technology with an immersive spread use in several industrial sectors. It is even 
known as rapid prototyping and now as rapid manufacturing, due to its use initially 
to produce new models or systems in order to be tested for their shape and 
functionality before their commercialization. Now the exponential growth of 
technologies and materials used for additive manufacturing are the key drivers not 
only for mass customization but including mass production. 

Advancements on additive manufacturing technology have undergone over 
the years and successful applications are presented, tested and evaluated. These 
technologies produce a model generated from CAD data. These data can be created 
using 3D modeling software or created as digital replicas of physical objects 
digitized using a scanning system. The principle of additive manufacturing is a 
model production using layers of materials, deposited one above the other. Each 
layer corresponds to the section plane taken horizontally according to the object 
height. This process is realized by 3D printing slicer software. Obviously, this is 
an important step of the additive manufacturing process that stands between virtual 
and physical model. Each layer has a finite thickness, in order to correspond to the 
geometry of the section plane taken at a given height. Consequently, the thinner 
the layer the higher the accuracy of the object produced. In addition, the accuracy 
is subject to technology and materials used. Moreover, materials and technology 
define production time, object size, post processing, and certainly the cost of the 
object produced by 3D printing.   

Clothing, footwear, jewelry, accessories etc. are products even known as 
fashion related products. They are produced first to fulfill customer needs and 
moreover play an aesthetic role, which is of great interest in buying decision of 



consumers. These products are in continuous changes and obviously the 
innovations occurring in technology have a great impact in product development. 

Among a wide range of applications, fashion related products are part of 
them. As items used in everyday life, they are on continues change due to 
requirements of consumers related with fashion and product attributes. Humans 
have used clothing for thousands of years and they have evolved over the time. 
Their role has changed from items used to protect and cover the body to the 
aesthetical role. Innovations occurring in technology tend to have a wide spread 
on production, in order to optimize product, raise quality, lower production cost 
and in other words fulfill customer requirements, as a strategy to be competitive in 
a globalized market. The rapid development and wide spread use of 3D printing 
technology in several industry is having a huge impact at the economic level. 

Applications in the fashion industry including products as textiles, 
footwear, accessories, jewelry etc. nowadays is not a new area, but is still under 
development, in order to be an alternative of the traditional way of production. In 
order to evaluate the role of 3D printing in the fashion industry, various researches 
conducted and presented by various authors are taken into consideration. These 
demonstrate a number of successful applications. Certainly, their success is linked 
with the development of the materials used for 3D printing. This chapter presents 
a generic approach of additive manufacturing technology for fashion products. 
Starting from 3D printed garment as an innovative way in the fashion industry to 
the applications of 3D printed layers of materials on textile substrates, by resulting 
a series of composite structures, used for various applications. Table 1 depicts a 
number of papers and resources used, separated based on the scientific direction 
followed. 
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2.2 3D printed garments – Innovative products in the fashion industry 

3D printing or additive manufacturing technologies have seen a high growth 

rate in the last years. It started as a technology used to create prototypes. 

Nowadays, 3D printed wearable garments are products offered by various 

designers. Due to the great advantages provided by 3D printing, this innovative 

technology offered the possibility for the designers to create complicated shapes 

and structures, thus resulting with more advantages compared to the traditional 

manufacturing processes. Over the years, these applications have evolved by 

pushing the boundaries of the fashion industry. There is a high number of projects 

developed and presented by well-known fashion designers and each one of them, 

tends to depict a new way of integrating advanced technologies for product design 

and sustainable materials through additive manufacturing of fashion related 

products.  

Among a great number of applications, some very interesting projects 

including technology (Fashion Tech) are ‘The Spider Dress’ of AnoukWipprecht, 

which reacts when people approach. It is a way to predict how our future will look 

with the diffusion of the technology [9]. But meanwhile the spider dress is a tech 

dress and not comfortable as traditional clothing, the fashion collection presented 

by Julia Daviy is the first ever collection of flexible and wearable clothes, which 

emphasizes the role of 3D printing technology for sustainable production in the 

fashion industry [10]. The last concept is integrated by HEISEL lab for the 

compostable clothing project. Conducted by Sylvia Heisel, which is a fashion 

designer and a creative technologist focused on sustainability. Their aim is to 

create a connection between fashion, technology and sustainability. Through their 

projects called Experiential Fashion reveals the unit of design, fashion, technology 

and 3D printing [11]. The Harmonograph and Pangolin dresses are more 

interesting projects realized by three ASFOUR in collaboration with Stratasys and 

Travis Fitch, while they integrate ‘Biomimicry” as part of the creative design. An 

elastomeric material enhanced with nano particles made possible that 

Harmonograph dress to have two properties as durability and flexibility. This dress 

circles aroung the body following the geometry of Fibonacci sequence, creating 

the geometric image of Harmonograph, where its name is derived. The Pangolin 



dress mixes several interlocking waves, biomimicking animal textures with 

different material properties as rigidity and color gradation made possible its 

creation[12]. Nervous System is a design studio that takes inspirations from natural 

phenomena too. It is a pioneer in using new technologies in design, including 

generative design. The designs reliesed are based on process and patterns found in 

nature and using computer simulations to generate design, intersects science, art 

and technology for various products including wearables and housewares[13].   

3D printings even considered as a sustainable technology due to the 

advantages offered in reducing material wastes during production. Additive 

manufacturing offers great advantages in fabrication of items created or developed 

through computational design. The use of additive manufacturing in fashion 

industry presents possibilities for entire garment production. The freedom to create 

designs with complex geometries and not able to be produced by traditional way 

of manufacturing, is one of the greatest advantages of the use of 3D printing 

technology.  

Computational design, with first origin in architecture, now is included in 

fashion as well. It includes parametric design and generative design principles, 

which are successfully integrated when developing 3D printed fabrics. Generative 

design with material driven design for textile production, through 3D printing 

technology, seems to be a promising direction. Their applications for 3D printed 

clothes aim to support customization for fashion products [14]. The first attempt 

of 3D printed garments is the project realized in 2013 by Francis Bitonti in 

collaboration with Michael Schmidt and Shapeways Company. The Golden ratio 

principle is used to realize the shape of the dress with a complex geometry. 

Combining both computational design with manual design and an adapted additive 

manufacturing system is the case of the project developed between Delft 

University of Technology and the fashion designer Iris Van Herpen exhibited on 

the runway of Paris Fashion Week 2018[15].  

In a study conducted with an aim to create wearable fashion products using 

parametric design in combination with 3D printing technology, creativity found 

new ways to be expressed. Combining 3D printed structures with various 

parametric motifsand with textile fabric resulted in the production of various 

fashion products [16]. Auxetic structures are a new application to be used for 

garment production. These structures have a negative Poisson ratio by expanding, 

when they are stretched. They have different use in the textile industry and an 

interesting application is their use for garment production using 3D printing 
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technology. At first, a dress was 3D modeled. After an array structure was modeled 

and multiplied to create the dress patterns, which are merged together using a 3D 

pen[17]. 

One of the main concerns related with the use of 3D printing for garments 

are the materials used in 3D printing applications. Despite the customized 

products, reducing waste and other steps or process included for garments 

production, there is a lot of work to be done in traditional garments. Bearing in 

mind that materials engineer should continue to develop similar textile materials 

that can be used in additive manufacturing materials, customized products 

continue to be developed as another method of garment’s production.  They are 

mainly presented in fashion-shows by Avant – guard designers in collaborations 

with 3D printing companies. 

Other applications of 3D printed technology in the fashion industry includes 

its usability at its pre-production process to evaluate garment fit. Scaled human 

body can be manufactured using 3D printing technology, in order to evaluate the 

garment drape on scaled real body generated by 3D scanning[18].In another study, 

3D printed of the scaled garments generated after modelled and evaluation on the 

3D virtual simulation software, gives the possibility to have a concrete acquisition 

of the sample[19]. 

2.3. 3D printing materials on textile substrates 

3D printing of polymeric materials on textile is an ongoing research area 

for different applications. The combination of 3D printed layers and textile 

substrates creates a composite structure that may be included for different 

applications. These can be used for designing purpose or adding functionalities on 

textiles as new combinations to create smart textiles.  

Through additive manufacturing technologies, complex shapes can be 

created by using less material compared to the traditional manufacturing methods, 

which is seen as an advantage even in fashion industry. 3D printing technology is 

evaluated as reducing cost and waste of material and considering sustainability. 

Researchers have designed and 3D printed from recycled polyester [20], which is 

even used for clothing production. Studies, presented by different authors, show 

the potential of additive manufacturing to print flexible structures[21] as tubular 



textile structures having properties of traditional knitted textile structures [22], [23] 
by enabling the development of new designs and new functionalities not achieved 
by conventional textile fabrics [24]. Combining 3D printing with textile fabrics as 
woven, knitting, nonwoven or others are presented by different authors. By direct 
3D printing on textile fabric various functionalities can be added to the composite 
structures created. Depending on the geometry of the 3D printed structure as 
auxetic forms, permeability and mechanical properties can be adjusted [25].  
Textile substrates for 3D printing can be used evenwith nanofiber mates, which 
can serve as air or water filters[26].  

Other types of polymers used for 3D printing are of conductive polymer. 
3D printing them onto textiles using FDM technology offers the possibility to 
fabricate smart or innovative products [27] without compromising fabric quality 
and flexibility [28]. The composite structures created by combination of common 
cotton, wool, viscose fabrics and polyester net results with different adhesions, but 
especially the polyester nethas a stronger connection [29].In these combinations, 
the composite structures result with various drape in its use for garment design or 
technical textiles [30].Introducing geometric structures on textile fabric through 
3D printing depicts a new way to create designs on fabrics used for garments [31]. 
A combination of FDM 3D printing technology with digital embroidery using 
Lycra layers and integrating them as textile-based pushbuttons, results in a useful 
application by opening new possibilities for smart applications with smart 
textiles[32].Fused deposition modeling is a common technology used in these 
applications. Further studies depict the use of another 3D printing technology as 
stereolithography. Using different types textiles and surfaces have resulted well, 
but problems are observed on smooth surfaces and coatings on textiles[33]. 

Several materials can be combined in one printing process using FDM 
technology. The resulting structure produced can be used as a way of cutting off 
process for textile production [34], or in the development of smart textiles related 
with the fact that 3D printing on textile or material deposition can be used to 
optimize properties as mechanical resistance, durability and comfort [35].  

Combining 3D printing material with textile fabrics by 3D printing certainly 
is not as simple task due to the problems related with adhesion of these composite 
structures. Tests conducted presented in several papers deal with adhesion 
problems. These problems can be solved by optimizing of printing parameters such 
as increasing bed temperature and nozzle temperature [36], [37]. Usually during 
the printing process the adhesion is mainly subject to mechanical and thermal 
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parameters, the textile structure results to have an impact on this adhesion. This is 
related to the pores and loose fibers on the surface [38]. The distance between the 
nozzle and fabric surface is an important parameter to press the molten filament 
between the pores of the textile structures [39]. Apart from the mechanical and the 
thermal properties, increasing the adhesion of multi-material system, chemical 
factors such as pretreatment of textile as polymer coating[40], washing and 
desizing [41], finishing or plasma treatment of the textile, offers good results with 
PLA material[42], [43]. Moreover, PLA material shows better adhesion force 
compared to other polymers as Nylon and ABS without polymer coating of textile 
[44].  

Even after 3D printing process, there are possibilities to raise this adhesion. 
Authors depict a simple way like the thermal after-treatment performed by ironing 
[45]. Other tests conclude, that the compatibility between type of fabric used as 
textile substrates and 3D printing material plays an important role on peel 
resistance of the composite [46]. These combinations are evaluated to be as 
possible applications for customized structures incorporated on textiles. As a 
results garments with integrated custom designs optimize its functional 
performance [47] and including robust design techniques in order optimize the 
functionality of the 3D printing applications [48]. 

One of these applications is in architecture, where combinations of 3D 
printing and textile structures are seen as innovative composite solutions [49]. 
Personalization as one of the advantages of 3D printing can be implemented for 
garments or accessories [50] and even presented in fashion shows[51]. 

2.4. 3D and 4D materials for additive manufacturing 

Materials used for 3D printing varies from rigid to more flexible. Due to the 
growing interest in various industrial sectors, there is an increasing demand for 3D 
printing materials. Due to this fact, researchers continue to work on developing 
new materials in order to fulfill different properties required in most applications. 
Among a wide range of materials developed over the years, the most common are 
plastic materials. This is due to the known fact that they are used in FDM printers, 
which are more affordable compared to other types of additive manufacturing 



technologies. However, plastics as an affordable material can be printed in SLS or 

SLA technologies.    

4D materials for additive manufacturing or 3D printing are 3D printed 

materials that change their shape or properties, when they are under an external 

stimulus over time. The fourth dimension of 4D printing is the time. They are even 

called as smart materials or active materials and the use of these materials in 3D 

printing, introduces 4D printing. This is a term introduced first by Skylar Tibbits, 

the founder of MIT’s Self-Assembly Lab, a research lab at MIT inventing 

assembly and programmable material technologies. Technologies as multi-

material 3D/4D printing, innovative, materials together with 

simulation/optimization software made possible to fully program materials. These 

are able to change shape, appearance or other properties required [52]. Researches 

on 4D printing are of a great interest in various industries, due to their ability to 

change according to an external stimulus, such as environmental changes in 

humidity and temperature. The advantages offered by 4D printing make possible 

the production of various parts that cannot be produced by the traditional way of 

manufacturing.  

Applications in fashion industry are seen as an innovative way that can be 

utilized to add functionality as jewelry and footwear products [53] or even 

combinations with textile fabric [54], which shows a great deal of possibilities to 

develop 4D printing, due to additional energy introduced by pre-stretching[55]. 4D 

printing is seen as a possibility in creating garments that are not evenly fitted to 

the wearer, but by changing properties, they can have different functions 

introduced according to their use. Based on the additive manufacturing principles, 

smart materials can be classified as advanced structured materials and responsive 

materials [56]. 

2.5. Footwear products 

Footwear products are used in everyday life and play an important role to 

protect and carry our feet during daily activities. Obviously, they are different in 

styles, shapes, materials etc. According to archeological findings, which date to 

more than 9,000 years old, it was Luther Cressman, who first found in Oregon’s 

Fort Rock Cave. Fort Rock sandals are the oldest dated footwear in the word [57]. 
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They have evolved over time and these developments are reflected in materials 
and technologies used for footwear production.  

Nowadays the widespread use of 3D printing in various industries, has 
gained attention including footwear products, which are more in number compared 
to other clothing items, and mainly they are focused on athletic shoes. These types 
of shoes are mainly meant for sporting and other activities as aerobics, walking, 
running etc. The athletic shoes have seen a tremendous raise in the last years. This 
can be explained with the increasing attentiveness of consumers for the benefits of 
sporting activities. And here is where 3D printing technology has spread more. 

Actually, this is due to plastic materials, which are used even in the 
traditional way of shoes production. Applications of additive manufacturing 
technology can be found for various parts of the shoes as midsoles, insoles, uppers 
or the whole shoe. For the 3D printing process, a 3D dimensional object is required, 
which is based on a 3D model designed or derived through digitalization of real 
objects. The widespread use in different areas of production shows its importance 
for prototyping or production of different objects with geometries, which can be 
difficult or impossible to prepare in industrial production, or produced in places as 
aeronautics.  

The wide spread use of 3D printing in various industry has changed the way 
a number of products are designed, evaluated and even improved to reach the 
required characteristics deriving from industry and consumers too. The footwear 
industry is one of these industries, where the role of 3D printing is evident with a 
wide range of applications. Due to the advancements of technology, the flexibility 
offered the possibility and the awareness of consumers seeking for footwear 
products that provide the maximum comfort to carry out their daily activities. 
Personalized products are seen as a great solution for a wide range of problems 
caused by ill fitted footwear or foot problems. According to SmarTech analysis 
impact of 3D printing in footwear products from a report on 2019 there are 5 well-
known companies that are leader in the use of 3D printing for footwear products. 
It is a market with a fast growth, especially for sport products. 



2.6. 3D printed Shoes: Insoles, Midsoles, Uppers and Shoes 

Sole is the lower part of the shoe that holds the wearer’s foot and together 
with the upper part creates the whole shoe. Usually, the sole is made up from 3 
layers or parts as outsole, midsole and insole. Each one of them plays an important 
role on the comfort offered by the shoes. Insoles play an important part of the shoes 
comfort, due to the fact that they are in direct contact with the foot. A shoe insole 
is the foot bed, where the foot lays on, by offering comfort and correcting postural 
problems. Usually, the insole is a removable part, by giving the possibility to insert 
customized insoles according to the foot shape, in order to offer optimal arch 
support. As a result, problems related with foot shapes can be reduced by 
correcting it with personalized insoles produced according to individual shapes. 
Materials used for production of insoles define how soft or rigid an insole can be. 
Despite the materials the structure used for insole production defines the rigidity, 
which can be localized according the individual area. These areas correspond with 
values generated by pressure maps of individual consumers.  

The advantages offered by 3D printing for footwear products are several. 
The ability of 3D printing technology to produce complex structures, that cannot 
be produced using the traditional way of manufacturing, pushes this technology to 
have a wide spread use in the footwear industry. For every type of shoes, a different 
type of sole is required. To create a sole, a single mold is required, which is needed 
in each size of the shoe. Obviously for mold production time and cost are needed. 

There is a growing interest from the footwear companies to adopt 3D 
printing technology. According to a report published by SmarTech Analysis the 
footwear 3D printing is expected to continue to grow and to generate over $ 5.9 
billion revenue by 2029 [58]. The answer for the high values of this forecast is 
found on the great advantages offered by 3D printing technology in footwear 
products.  

Again, product optimization by reducing material waste, translated in 
reduction of negative impact on the environment is optimal to achieve a sustainable 
production in the footwear industry. But apart from customization, insoles are used 
to monitor and collect data for health purpose. They are even known as smart 
shoes.  

Combining 3D scanning to take digital information for foot shapes and 
through the use of additive manufacturing technology, which translates the virtual 
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information generated from 3D scanning to physical samples of insoles, depicts 

the benefits of advanced technologies for sole insole production. Studies of 

combinations of 3D scanning technology with additive manufacturing depict labor 

and cost effective and easily producible of the whole process [59]. These 

advantages should comply with the comfort they offer. Comparisons of 

customized 3D printed insoles with prefabricated insoles results in more 

effectiveness to reduce the pressure [60],[61].Through 3D printing technology 

used for insole production, it is possible to add functionalities to the produced 

object. In addition, allows the manufacturing of objects with geometries generated 

by parametric design, not possible to realize with traditional techniques [62]. 

Among several applications of combinations of 3D scanning and 3D printing 

technology, the heel cup is another application that is used as initial treatment. 

They result to be an effective method for the treatment of plantar heel pain [63] by 

improving biomechanical properties [64].  

3D printed shoes, show another important application by offering new 

possibilities for costumers seeking for personalized products. 3D printed shoes are 

not a new product as well-known footwear companies, especially sport footwear 

companies, collaborate with companies that use 3D printing technologies. With 

these collaborations a lot of progress is achieved, by resulting products that have 

higher properties compared to the ones used traditionally. The cases presented and 

offered by various producers about 3D printed shoes, depict the promising future 

that additive manufacturing could bring in footwear sector. The first attempts to 

introduce 3D printing in footwear products include prototyping but mass 

customization promises a better future for 3D printed shoes.  

Products like sport shoes have attracted a great deal of attention by well-

known sport apparel companies like Adidas, Nike, Reebok, ECCO, New Balance 

etc. These sportive shoes demand extra requirements i.e. optimal foot control 

accompanied with long lasting. They have 3D printed components on their 

products and are available on the market. Adidas, a pioneering brand for sport 

apparel products, in collaboration with Carbon Company, utilizes the Digital Light 

Synthesis 3D printing technology to produce 3D printed lattice soles for its 

Futurecraft 4D shoes. The running data from athletes gathered for many years are 

used in sole design process according to the functional zones. This technology 

makes possible the production of one component by fulfilling requirements related 

with movement, cushioning, stability and comfort [65].  



In 2015, New Balance in collaboration with 3D Systems developed 

midsoles using SLS technology. Thanks to the thermoplastic elastomer used and 

the complex structure for midsole design, the produced soles are able to optimize 

shock absorption, while making the shoes lighter [66].Reebok another well-known 

company in footwear industry has introduced 3D printing and in collaboration with 

BASF company using a liquid polyurethane material for sole production [67]. 

Whole 3D printed shoes are becoming very popular for fashion designers. 

Moreover, they are part of fashion collections including not only shoes but even 

garments, jewelry, bags, accessories etc. Fashion designers as Iris Van Herpen, 

Danit Peleg, Julia Daviy etc., in collaboration with 3D printing companies have 

manufactured their shoes, which are available on their websites for customers [68].  

Ica and Kostika, a design studio, has created a shoe collection based on 

nature of 3D printed shoes. Using an application and uploading a series of pictures 

of the feet, the company uses them to map the customers feet, in order to create the 

inner part of the shoes according to shape and size of the feet [69]. 

Prevolveis an American startup focused on 3D printed shoes. It uses 3D 

printing for the whole shoe production in order to offer shoes by enhancing 

performance. The BioRunners produced using a flexible TPU material have a 

smooth textile and last from 3 to 6 months. Their intention through personalization 

offers advantages to reduce waste. They offer personalized products, where digital 

information about feet is generated through 3D scanning [70].  

Liquid printed Natives is a collaboration of Native Shoes and MIT's Self-

Assembly Lab to print their Audrey and Jefferson shoes in liquid rubber. Active 

shoes is another project created by Christophe Guberan and Carlo Clopath + Self-

Assembly Lab, MIT [71]. The combination of material with varied layer of 

thickness and property on the stretched fabric, after printing allow the composite 

structure to fold into the pre-programmed shapes. Another interesting project is the 

one developed again by MIT's Self-Assembly Lab that combines 3D printing of 

liquid rubber onto a sock by transforming again the composite structure into a full 

supported shoe [72]. 

The Chinese sportswear brand PEAK, which started with partially 3D 

printed sneakers, was the first to introduce fully 3D printed sneakers including 

upper, midsole and outsole in China [73]. The feasibility offered by 3D printing, 

which is still in its early stage through advantages offered compared with the 

traditional manufacturing method projects the raise of 3D printing technology in 

footwear industry [74]. 
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2.7.  3D printing in the jewelry industry 

Jewelries are items with an aim to decorate the body and used since 
antiquity. They come in different shapes and materials, which changes according 
to time and culture. Previously the process of jewelry production has been based 
on manual work but the diffusion of technologies for jewelry production presents 
great advantages to raise products quality. The design process includes the 
creativity of designers to express their art. Through the use of 3D modeling 
software, geometries with intricate design can be created, which can directly be 
produced through additive manufacturing technology. 

The impact of additive manufacturing for jewelry products is considered of 
a great importance. This due to the fact that jewelries have complex shapes, which 
can be modeled or digitized and produced directly by CAD data. Depending on the 
3D printing technology used, objects with high quality can be produced. In fact, 
additive manufacturing can be used for direct printing of jewelry or a copy of it for 
mold production. The main principle of sustainable production in every sector of 
industry is to apply zero-waste materials. Inspired by the philosophy of zero-waste, 
researchers have designed a research method and experimented with design 
strategies created items as buttons, pendants, and earrings from biodegradable 
material and made on demand [75].  

Nature is a limitless source of inspirations and jewelry design may be 
inspired by different sources found on it. CAD pieces of 3D software used for 
modeling, offer great tools for designing and visualization of these models. 
Moreover, through the use of advanced technologies as 3D modeling and additive 
manufacturing depicts realization of jewelry items as rings, earrings, garments and 
heels as well [76], [77].Mostly the designing process by using CAD tools 
represents design in a static way. Instead, computational design can generate the 
final design according to a set of instructions. Due to the fact that it makes possible 
to create a series of complicated geometries is successfully applied including the 
jewelry design.  

The Corallo jewelry collection is a project presented, that uses generative 
design approach with an aim to reproduce the coral formations [78]. Researchers 
have designed complex geometric forms using mathematical and modern CAD 
tools. Additionally, it is possible to have control during the whole process of 
modeling, which makes the design process iterative by generating these models in 



various sizes and types. These prototypes can be produced through additive 
manufacturing technology [79], [80]. The algorithm written using mathematical 
functions depicts how mathematical operations can generate artistic patterns 
including ornaments as well [81].  

2.8.  Case studies of fashion products using FDM technology 

Case studies about applications of 3D printing technology in the fashion 
industry are presented in this paragraph. These applications include both the 
jewelry/accessories industry and the shoemaking one. They are realized with FDM 
technology, which is the most widely used technology, when compare the costing 
elements involved. In these case studies, the use of 3D printing offers great 
advantages compared with the traditional way of manufacturing. Starting from 
using a number of methodological tools for getting inspirations, 3D CAD models 
are produced with an aim to visualize in a manageable way the designer’s work. 
Following this approach, different sets of proposals are developed in short time 
and the user is able to offer substantial help. After this stage, 3D printed items 
bring the physical prototype closer to communicating the design inspirations and 
directly affect the user’s perception of the final product. It is this stage that different 
alternatives are present and offer considerable assistance towards a successful 
product. CAD data of 3D models can be easily exported in the appropriate format 
and further introduced in 3D printers. Production in small quantity especially for 
personalized models results as the most cost-effective manufacturing, while less 
material is used with the 3D printing process as the part is produced.  

Figure 2.1 depicts a number of alternatives in designing jewels/accessories 
and how they can be printed in order to build the prototypes that can be used for 
assessment of the customers’ needs. Depending on the customer segment involved, 
they can be used, processed, colored etc. directly, so the users can wear them as 
they are, or being the base for the mold creation, that can produce later on the same 
design in larger quantities and improved quality [77].      
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  Fig. 2.1. Development of 3D printed jewels/accessories [77] 
 

3D print can be used for shoemaking because the material is close to the 
ones traditionally used by manufacturers. As a result, it is much easier to direct the 
CAD models via 3D printing to the final component needed. In the shoe design 
industry, the problem affecting its productivity is the relative low usage of modern 
3D CAD/CAM tools from the enterprises, that built the prototypes traditionally 
and in a number of cases the final product itself, based on experience and without 
high end technological advancements. Figure 2.2 presents the latest advancement 
in the shoe design industry that includes the use of computational design. As a 
result, a number of alternative options are made available for customized use from 
the user point of view. The use of 3D printing is ideal for this opportunity because 
otherwise the cost involved for the customized products would be restrictive [82].   

 



 
  
Fig. 2.2. 3D printing in the shoe making industry [82] 
 

2.9. Conclusions 

3D printing or additive manufacturing is not a new technology. Its 
widespread use in various sectors has shown great applications by developing new 
ways for products developments. Since the products are created or produced 
directly from CAD data by cutting or avoiding various processes used in the 
traditional way of manufacturing, at the end it results a great deal of contribution 
to a sustainable production.    
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3D printing of textiles seems to be a promising technology offering a 
number of advantages as sustainability in production [83]. 3D printing of smart 
materials, also called 4D printing, are of a great interest not only for the production 
of complex geometries but their potential to change shape according to an external 
stimulus, where the fourth dimension is time. It is evaluated as a great application 
in order to produce customized products with functional properties. Their 
combinations offer future opportunities in applications for fashion products. The 
ability of 4D printing to print 3D object that act as dynamic, intelligent part in 
order to self-transform by adding functionalities, that are less expensive compared 
to other sensors used to create smart products and thus opens new way of 
production. Combinations with customized designs present again a series of great 
advantages offered by 4D, which cannot be produced by traditional manufacturing. 

The benefits of additive manufacturing for textile and footwear products are 
studied and elaborated for a better use of these technologies. The analyses 
undertaken on the adoption of 3D printing technology, it presents cases from 
various companies around the word and the revenues of the global footwear market 
depict a rise in the coming years. Of course, these values are low compared to the 
overall footwear market. The whole chain of footwear production includes a high 
number of processes. Despite the advancements of technology, their diffusion in 
footwear production is limited. There is still manual work needed and as a result 
labor-intensive process. Integrating 3D additive manufacturing technology in 
footwear production, offers many advantages compared to the traditional 
manufacturing methods. Due to the fact that physical products or components of 
footwear are directly generated from CAD data through 3D printing technology, 
the additional tools required to create these components are eliminated. But despite 
the great potential offered by 3D printing for footwear products, there are some 
challenges faced, for example the high volumes required. Due to the growing 
interest of consumers for customized products 3D printing is expected to grow in 
the coming years. Even the promising prediction of 3D printed footwear; it cannot 
replace traditional manufacturing methods, but will play an important role for 
production of customized shoes. These products can be customized according to 
customers’ requirements by offering them a new experience during the purchase 
process and the most important comfort offered by them.  
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3.1. Introduction  

Until a few years ago, when talking about printing medical implants, there was 
talk of printed forms for making implants. The printed implant could not be 
implanted in the patient, even if it was made of a material that was approved for 
contact with human tissues. The problem was that it was a material extruded as a 
filament for 3D printing in FDM technology. 

Currently, the technology has changed significantly, not only can an implant 
be produced using FDM technology, but also other incremental technologies have 
been developed, where it is possible to use, for example, medical / dental light-
curing resins. 

This chapter focuses on the description of individualized implants dedicated to 
craniofacial reconstruction. It is a critical area not only in terms of the complex 
structure of the craniofacial bones, their functionality and forces (e.g. in the 
mandible), protection of internal organs, but above all, the aesthetics of the patient 
after surgery. 

For such an implant to be created, the cooperation of an interdisciplinary team 
consisting of biomedical engineers, constructors, material scientists, technologists, 

Chapter 3 
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medics, radiology technicians, and managers is needed. Cooperation between 

doctors and engineers consists primarily in agreeing the needs, functionality of the 

implant, its fixing, and, on an ongoing basis, analyzing the individual steps of the 

operation. Implant designers also participate in surgery in the operating room and 

advise doctors, for example, on how to fix the implant. 

This chapter covers three different applications of additive manufacturing, 

which are [2, 7, 9]: 

• bioresorbable medical implants, 

• models of anatomical structures for planning surgical procedures, 

• orthodontic overlays. 

In all of the described processes, the authors took an active part. Therefore, the 

chapter has an overview character and shows the joint achievements of the authors. 

3.2. The process of modeling anatomical structures 

The process of modeling anatomical structures begins with the performance of 

medical imaging examinations such as computed tomography or magnetic 

resonance imaging. Examinations are performed that allow one to obtain cross-

sections of the examined organ in three planes, which makes it possible to obtain 

a three-dimensional model [2, 5]. 

The quality (resolution) and density of the distribution of individual sections 

depend on the accuracy of the virtual model, that is, to what extent it maps a given 

anatomical structure. 

In the examples described, bone tissues were mainly reconstructed, and, 

therefore, used as a diagnostic scan of computed tomography. Due to extensive 

knowledge of CT, this chapter focuses solely on the description of its selected 

characteristics [1, 3].  

The most important parameters of computed tomography are: 

• layer thickness – that is, the smaller the factor (the thickness of the layer), 

the greater the number of cross-sections, which are more favorable,  

• kVP value – the higher the resolution. 

 

By reducing the thickness of the layers and increasing the value of the kVP 

parameter, the invasiveness of the test is increased, as this involves greater and 
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longer exposure of the patient to X-rays. That is why it is so important to find a 
compromise and choose the right parameters, as well as to determine the area 
subjected to irradiation. 
DICOM (Digital Imaging and Communications in Medicine) files are obtained 
from diagnostic tests such as computed tomography or magnetic resonance 
imaging. It is a standardized file format that contains not only the image itself, but 
also text data about the test, its quality, and parameters, where it was performed, 
on what equipment, who ordered it, who performed it, and the patient's personal 
data. 
DICOM image processing is mainly based on radiological density analysis. Each 
tissue has a different radiological density, which allows for image segmentation. 
Using specialized programs to process medical images, it is possible to perform an 
initial segmentation by setting the Hounsfield scale range (defining the 
radiological density [3]) to the area responsible for a given structure. 
After the initial segmentation of the area data, a detailed analysis is carried out, the 
obtained edges are improved, Boolean operations are performed, filters are 
applied, and the masks are manually adjusted to define areas in 2D images. 
Pre-prepared masks are transformed into virtual three-dimensional models which, 
after appropriate program processing, are sent to doctors. 
This operation is most often repeated in several iterations so that all important 
anatomical structures are correctly reflected and approved by the doctor. 
It is worth noting that the model of a given anatomical structure is not yet an 
implant model. The model of such a structure is a necessary input to the implant 
modeling process and is usually limited to the area requiring reconstruction along 
with its necessary surroundings. Sometimes, it can also be used to obtain a 
symmetrical reflection of an anatomical structure, e.g. in its absence on one side. 
Prepared models of selected structures are represented in the form of a triangle 
mesh and saved in *.stl format. Such models - in the case of the authors - were 
used for modeling using the Geomagic Freeform Plus haptic voxel system [7]. 
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3.3. The process of modeling medical implants 

The process of modeling medical implants is carried out in stages, and often 

certain stages are carried out iteratively. The main stages of such a process are as 

follows: 

1. Gathering an interdisciplinary team consisting mainly of biomedical 

engineers, constructors, materials scientists, and doctors. 

2. Discussion of purpose of the implant application, its functionality, the 

method of design and production, the method of implantation, as well as the 

individual characteristics of the patient and the resulting features of the 

implant dedicated to him. 

3. After the development of a common concept, the process of modeling 

implants follows, however, it is preceded by the preparation of a model of 

a given anatomical structure (in the case of the authors, the modeling of 

implants is performed using a haptic system using Geomagic Freeform Plus 

software [6, 8]). 

4. Based on the developed virtual models, a trial 3D printing of the physical 

models of implants and anatomical structures with which the implant must 

cooperate is performed. 

5. Physical models are evaluated by physicians (these models can also be used 

to illustrate the patient with the procedure itself, which greatly increases the 

patient's awareness). 

6. Having physical models at their disposal, the doctor may also suggest 

corrections to the implant model and / or plan the exact course of the 

operation, e.g., simulate the places of cutting or fixation of implants. This 

process not only allows the doctor to better prepare for often complicated 

operations, but also reduces the time required to perform them. 

7. After the target geometric form of the implant is determined, the models are 

printed from the target material and then subjected to thermal or radiation 

sterilization (depending on the application and the material from which the 

implant was made). 

8. The implant is ready for implantation as part of the procedure. 
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3.4. 3D printing of implants  

This paper presents implants made with 3D printing technologies used by 
authors and collaborators. Two technologies were mainly used: FDM (Fused 
Deposition Modeling) and LFS (Low Force Stereolithography). 

The following devices and materials were used for FDM printing (Fig. 3.1): 
• 3D printer Zortrax M200, 
• Printer Prusa i3 MK3S+, 
• Z-ABS Zortrax companies, 
• Z-PLA (technical polylactide) Zortrax companies, 
• bioresorbable polylactide with nanohydroxyapatite [4]. 

For printing with LFS technology, devices and materials from Formlabs were used: 
• Printer Formlabs Form 3, 
• Photopolymer resin Dental Model,  
• Photopolymer resin Dental LT Clear, 
• Photopolymer resin Rigid. 

 

 
 

Fig. 3.1. 3D printers: 1) Zortrax M200, 2) Formlabs Form 3, 3) Prusa i3 MK3S 
 

A separate discussion of the aforementioned bioresorbable polylactide with 
nanohydroxyapatite is required, from which a special filament was produced [4]. 
This material was patented by the Institute of Low Temperature and Structural 
Research of the Polish Academy of Sciences in Wrocław.  
The main features of this material are: 

• biocompatibility - does not cause inflammation, 
• bioresorbable - safely dissolves in the human body, 
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• bone-forming - the ability to nucleate calcium ions from body fluids, which 
accelerates the mineralisation (calcium) of the newly emerging bone. 

 

Bioresorbable craniofacial implants 

The first group of implants described here is related to bioresorbable craniofacial 
implants. These implants are made of plastic, which disappears after a certain 
period, and the patient's bone is to be formed in its place. The material from which 
the implants are made is bone-forming, that is, the ability to nucleate calcium ions 
from body fluids, which accelerates the mineralisation (calcium) of the newly 
emerging bone. The most important feature of the material is its compatibility, i.e. 
implants implanted into the body do not cause inflammation (in all cases made 
with the use of this material - no reactions have occurred so far). 

3.5. Frontal lobe implant   

The frontal lobe implant was made for an oncological patient with extensive 
sinus cancer. The patient first underwent tumor resection surgery, which was 
associated with the formation of a large bone defect in the frontal lobe, which was 
originally supplemented with cement. After positive oncological treatment, the 
decision was made to reconstruct the frontal lobe by removing the cement filling 
and inserting a bioresorbable implant that exactly matched to the defect. 
 

Modeling of bone structures 

The patient underwent a diagnostic examination using computed tomography. 
The DICOM images were then imported into specialized medical software, and 
activities aimed at modeling a three-dimensional model of the patient's frontal 
bone were initiated (Fig. 3.2). 

Such a process consisted of initial segmentation, marking the "working" area 
on the so-called masks. Then, the contours of the bone tissues were carefully 
marked, the working area was limited, and three-dimensional models of the frontal 
bone were generated together with the adjacent area. After obtaining a three-
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dimensional model of the frontal bone with a defect, it was saved in the *.stl 
format. 

 
 

Fig. 3.2. Virtual model of the skull: 1) the lack filled with medical plaster, 2) model without 
medical plaster filling 

 
 

Implant modeling 

The mesh model of the frontal bone was imported into Geomagic Freeform 
Plus. This software allows for the integration of many currently known modeling 
methods: surface, solid, mesh, and voxel (native to this system). Regardless of the 
modeling method used, the system is interacted with using the Touch X model 
arm. This device allows for haptic coupling of the user to the system, which gives 
great possibilities during modeling and makes it very intuitive. This software is 
also extremely suitable for modeling objects with organic shapes. Such shapes are 
significantly different from basic geometric shapes (Fig. 3.3). 

 

 
Fig. 3.3. The system of the haptic voxel system modeling 

 
The implant model was created based of a 3D model of the frontal lobe created 

based of image processing from computed tomography. This model constituted the 
boundary conditions for creating a fitted implant. Using selected software tools 
from the Geomagic Freeform Plus system, an implant model was created that was 
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exactly matched to the lack of bone in the skull model. The implant is equipped 

with tabs with holes for fixing with bone screws (Fig. 3.4). 

The implant model has been exported to the *.stl format in order to be able to 

import it into the 3D printer software. 

 
Fig. 3.4. Virtual model of the skull implant (1-3 – selected views) 
 

Implant and anatomical structures printout 

First, the bone model and implants were made using FDM technology from 

technical ABS (Fig. 3.5). All printed models were presented to the physicians for 

their opinion. After obtaining their positive feedback, the target polylactide 

nanohydroxyapatite implant was manufactured using a Prusa printer (Fig. 3.6). 

The reason for using such a popular and uncomplicated printer was the need to 

bring the filament to the print head as simple as possible, without bending. The 

specially prepared filament turned out to be quite brittle (passing through a more 

complicated feeding system would break it). 

 
Fig. 3.5. The prototype of skull implant printed by Z-ABS filament 
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The target implant was subjected to radial sterilization prior to its implantation. 

 
 

Fig. 3.6. Implant views on the 3D Prusa printer table (on picture 1 and 2 support and raft are 
visible) 
 

Medical treatment 

The implant implantation procedure was performed at the Military Teaching 
Hospital in Wrocław. The operation was correct, the previous filling was removed, 
and a new implant was inserted in its place, which was fixed with two bone screws 
(Fig. 3.7). 

 
 
Fig. 3.7. Implant view immediately after implantation (muted color of the photo) 
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After 3 months of implantation, it turned out that under the implant there was 
a leakage of cerebrospinal fluid and a re-operation was necessary. Because the 
pressure of the leaking fluid slightly damaged the implant (in the vicinity of its 
attachment), it was decided to make another implant. It was decided to fix the next 
implant with titanium plates and fixing screws.   

The virtual model of the new implant was created in the same way as previously 
described. However, its shape was slightly different (apart from the need to adjust 
its outer curvature to that of the skull). The model no longer contained tabs with 
holes for its attachment. Due to this, the area of the fixing tabs no longer protruded 
above the surface of the implant and at the same time the frontal bone (Fig. 3.8). 

 
Fig. 3.8. The new implant virtual model: 1) front view, 2) rear view, 3) view on the skull 

 
Implant and anatomical structures printout 

The frontal bone model was printed in FDM technology from technical ABS, 
while the new implant was made of the target polylactide with nanohydroxyapatite 
(Fig. 3.9). 
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Fig. 3.9. The printed frontal cranial lobe implant (visible layers) 

 
Implant replacement procedure 

Before the actual procedure, the doctors decided to make several through holes 
in the implant. One of its advantages (its material) is that it can be processed in the 
operating room with standard surgical instruments. The implant was attached with 
three titanium plates and bone screws. The time to proper implantation was less 
than one hour (Fig. 3.10). 

 
 

Fig. 3.10. View of the new implant immediately after re-implantation (muted color of the photo) 
 

After the re-implantation procedure was performed, a control computed 
tomography was performed. Using DICOM image processing methods, a virtual 
model of the skull was obtained with a new implant and fixing elements (Fig. 3.11). 
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Fig. 3.11. View of the virtual models: the new implant, skull fragment, and fastening elements 

3.6. Frontal lobe implant   

In the same patient, it was necessary to plug the bottom of the sinuses. To do 
this, the lower part of the sinuses was modeled, and an implant model precisely 
fitted to the sinus floor. The modeling process was identical to the previously 
described implant modeling processes (Figs. 3.12 – 1,2). The role of the implant 
was to effectively obstruct the sinuses. The implant was printed with FDM 
technology (Fig. 3.12 - 3) from polylactide with nanohydroxyapatite and sterilized. 
It was to be implanted during a frontal lobe implant surgery. Unfortunately, but 
during the operation - by the doctors' decision - it was not used due to the change 
in the concept of clogging the bottom of the sinuses during the procedure. 

 

 
 

Fig. 3.12. View of the sinus floor implant on 1) DICOM images, 1-2) virtual model, 3) printed 
model (support visible) 
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3.7. Mandibular implant   

The mandibular implant was modeled for the reconstruction of the patient's 
craniofacial face after the accident. The patient had previously undergone a 
fractured mandible fusion procedure with the use of reconstructive plates. After 
the effects of the accident had healed, it was decided to perform an additional 
craniofacial reconstruction, consisting of the reconstruction of the mandibular 
bone, giving it an appropriate arch, so as to obtain a satisfactory aesthetic effect, 
but above all to allow the patient to function normally, eat meals and reconstruct 
the teeth. 
 
Modeling of bone structures 

Before starting modeling, the patient underwent computed tomography. The 
obtained DICOM images were used to recreate the skeletal system together with 
surgical plates. In this way, a virtual model of the current condition of the lower 
jaw was obtained with the fixing elements (Fig. 3.13). 
 

 
Fig. 3.13. Virtual model of the lower jaw with existing fastening plates 

 
After consulting the doctor, it turned out that models for two variants of the operation 

should be prepared. The first involved removing both mounting plates and replacing them 
with one implant (Fig. 3.14 - 1). The second option, on the other hand, was concerned a 
situation where it turned out during the operation that the lower plate could not be 
removed (Fig. 3.14 - 2). Then the implant will only cover the upper part of the mandible 
to match the existing plate. 

For this reason, two different mandible models have been prepared. The first one 
included only the mandibular bones (Fig. 3.15 - 1), the second one additionally contained 
the lower reconstructive plate (Fig. 3.15 - 2). 
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Fig. 3.14. Virtual model of the lower jaw: 1) only jaw bones, 2) jaw bones with fastening plates 
 

Implant modeling 
The first model of the implant covered the entire height of the mandibular bone and 

overlapped its posterior part from the top and bottom. This arrangement provided a large 
contact area, i.e. osteogenic stimulation over a larger area, as well as better fixation of the 
model and its stiffening. 

 
Fig. 3.15. Both models of prepared implants 

 
The second model was precisely fitted to the existing lower reconstruction plate and 

only overlapped the mandibular bone from the top (Fig. 3.16). Additionally, its sides have 
been extended to facilitate its fixation. 

 
 

Fig. 3.16. Visible models of both implants with the same mandibular bone: 1) without the 
fastening plates, 2) with fastening plates 
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Implant and anatomical structures printout 
Due to the short implementation time imposed by the doctors, both implants were 

immediately printed from the target material. On the other hand, bone structures 
(mandible model) were printed from technical polylactide Z-PLA (Fig. 3.17). 

 
 

Fig. 3.17. The printed implants (two different models) and mandibular bone with- and without 
the fastening plates 

 
The final result 

During the operation, the doctor decided that the lower reconstruction plate must 
remain for the stability of the mandible. So, a shorter version of the implant has been 
implemented (Fig. 3.18). 

 
 

Fig. 3.18. View of the implant immediately after implantation (muted color of the photo) 
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Mapping of bone structures for shaping medical implants  

The next group of models that the authors described are models mapping anatomical 
structures. However, the resulting models were used not to build implants, but rather to 
make physical models of these structures. The printed models were used by doctors to 
plan reconstructive procedures. In particular, it is a question of using printed models of 
anatomical structures to fit reconstructive meshes prior to implantation. This approach 
significantly reduces the time of the operation sledge. 

3.8. Orbital fundus implant   

A middle-aged female underwent a multi-organ injury being hit by a car in an 
accident. She came to the outpatient Department of Craniomaxillofacial Surgery 
Oral Surgery and Implantology Medical University of Warsaw three months after 
the accident. It was very late.  The patient underwent a preoperative 
ophthalmologic and orthoptic examination. The examination revealed that diplopia 
(double vision), enophthalmos, ocular motility, and collapse of one eyeball could 
also be observed. All the disorder hampered her normal daily activities.   
Based on clinical and imaging examination (CBCT - Cone Beam Computed 
Tomography), the patient was qualified for surgical reconstruction of the orbital 
floor. 
To obtain the virtual model of the  facial part (including the orbitals: both healthy 
and the injured one) the CT with cone beam radiation (CBCT) was used (Fig. 3.19).  
 

 
 

Fig. 3.19. Fracture of the bottom of the orbit visible in the DICOM file viewer 
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Using this method, the facial part of the skull was initially segmented in the model. 
Next, many processes of the images were performed to generate a 3D model of the 
facial part of the skull with the fractured orbital (an older version of the haptic 
voxel software was used, Fig. 3.20). This model was saved in the form of a triangle 
mesh (*.stl). 
The main objective of the modeling process was to obtain the reconstructed orbital 
which would serve to develop the physical model using 3D printing. Therefore, 
the model had to be cut (limited) to the fragment with the orbital floor only. 

 
Fig. 3.20. Changes in the shape of the virtual orbital model: a) model obtained from medical 
imaging processing, b) model after removing artifacts and smoothing, c) model with a 
reconstructed orbit, d) model fragment intended for 3D printing. 
 

A Zortrax M200 printer (working with FDM technology) was used to make the 
physical model of the orbit with the use of Z-ABS filament.  
All the previous processes served to obtain a preoperative titan reconstruction 
mesh with respect to the anatomical shape of the orbital.  
The printed model was sterilized and sent to the operating room, where a titanium 
mesh was carefully matched, which was then implemented in the patient (Fig. 
3.21). 
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Fig. 3.21. Titanium reconstruction plate: a) pre-shaped plate, b) plate placed on the physical 
model of the orbit. 
 

This approach not only shortens the operation time, but above all increases its safety. It 
allows you to limit the iteration consisting in inserting the pre-cut plate, pulling out, 
modeling (cutting and bending) and retrying the implant, which is associated with a high 
risk of damage to adjacent tissues. 
The operation was successful, the fitted mesh on the printed model of the eye socket was 
fitted correctly (Fig. 3.22). After the procedure, the patient lost double vision. 
 

 
 

Fig. 3.22. Selected stages of the medical procedure: 1) cut the skin layer, 2) opening the skin 
tissue, 3) implantation of a collagen pad 4) fixing of the titanium implant with bone screws 
(muted color of the photos) 



73

 

3.9. Mandibling model for matching titanium reconstructive plate   

Another oncological patient required a fragment of the mandibular bone 
resection. The patient suffered from a tumor that spread over the mandibular bone. 
The doctors had to remove a fragment of this bone. 
The role of the engineers was to accurately reproduce the bones (Fig. 3.23) of the 
patient's jaw along with the devastation caused by the cancer and then to create a 
virtual model and a printed mandible (Fig. 3.24). 
The lower jaw model of the patient was used by the physisians to plan the 
operation. This planning was based on the precise determination of the jaw incision 
sites and the determination of bone continuity. To connect the two parts of the 
mandible, a titanium plate was used, which - thanks to the printed model of the 
mandibular bones - was bent and shaped to the patient's anatomical curvature 
before surgery. 
Shortening the time of surgery turned out to be crucial in the case of an elderly 
oncological patient. 

 
Fig. 3.23. Virtual model of the mandible: a) the effect of direct processing of the results of 
medical imaging, b) model prepared for printing 
 

 
 

Fig. 3.24. Physical model of the mandible on the Zortrax M200 3D printer platform (support 
visible) 
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The prepared model of the lower jaw was printed in FDM technology from Z-ABS 

filament (Fig. 3.25).  

 
 

Fig. 3.25. Printed model of the mandible: a) with drawn lines for resection, b) with matching 
reconstruction plate 
 

3.10 Orthodontic overlays  

Orthodontic overlays are a modern, non-invasive approach to dentition 

correction. The most popular technology for their manufacture is thermoforming. 

For this purpose, films with standardized thicknesses and plastic characteristics are 

used. These films are formed by vacuum and temperature on printed three-

dimensional models of the patient's dentition (so-called hooves). 

To develop the correction of the dentition, a three-dimensional scan is performed 

using: an intraoral scanner (e.g., Carestream 3600), photos taken with a digital 

camera, computed tomography, and lateral X-rays. Then, on the virtual model, the 

dentist prepares the correction of the dentition in several steps (the number of steps 

depends on the correction). For each step, a separate model of the dentition is 

printed, and occlusal aligners are thermoformed (their number depends on the 

number of correction steps).  

The innovative approach consists of the direct production of orthodontic overlays 

using  LFS printing technology from special resins dedicated to dentists. With this 

approach, there is no need to produce intermediate dentition physics models for 

each correction step. The basis of all activities is the use of 3D dental scans to 

model matching orthodontic overlays on their basis (including all the specimens 
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necessary for the correction of the dentition). The reused software here is the haptic 
voxel modeling system. Examples of the models made are shown in Fig. 3.26.  
The approach proposed by the authors gives rise to many advantages, for example: 

• shortening time of the entire process, 
• overall cost reduction, 
• increasing the accuracy of the overlay, 
• a wider range of options for correcting other defects. 
 

 
Fig. 3.26. Virtual model of the orthodontic overlay. 1) isometric view of the dentition scan, 2) 
both views: dentition skan and the overlay, 3) isometric view of the orthodontic overlay virtual 
model 
 

On the other hand, the disadvantage is that the printed overlays are slightly thicker 
than the thermoformable ones (due to the plastic characteristics of the overlay 
printing resins, Fig. 3.27). 

 
Fig. 3.27. Resin prototype of the orthodontic overlay: 1) top view, 2) bottom view, 3) isometric 
view, 4) prototype immediately after printing - visible supports on build plate. 
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5.10. Summary of chapter  
1. The development of various 3D printing technologies has significantly 

influenced the development of current technologies in the technical field, 
but has also quickly established itself in various departments in medicine. 

2. Printed models of bone structures and implants significantly improve the 
quality of treatment of patients, and shorten invasive procedures. 

3. Today, models of bone structures are used to: 
• illustrating the course of the operation to the patient, 
• planning a surgical procedure by physically simulating bone cuts and 

adjustments, fixation of reconstruction plates or implants, 
• better preparation of the doctor for a given procedure, 
• shortening the time of surgery (and thus its costs, blood loss of the 

patient, and the time spent under anesthesia). 
4. Implant models can be used for: 

• imaging the patient of the operation, 
• planning a surgical procedure, 
• developing an individually tailored implant for a specific patient, 
• simulating various solutions to a medical problem and selecting the best 

one for an individual patient, 
• shortening the time of the operation by inserting a precisely matched 

implant with the anatomical structures. 
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Additive manufacturing has become wildly available and popular among many 
new branches of industry. One of those new branches is precision casting. Those 
new applications are primarily possible thanks to a massive leap in additive 
manufacturing, usually called 3D printing. More precisely, the SLA 
(Stereolithography) techniques, among which is the MSLA (Masked 
Stereolithography) type. 
The MSLA technique is an additive manufacturing method that uses liquid 
photopolymer resin as the material of models. Making a model is done by 
selective illumination of the resin to cure it in specific areas. This method allows 
to accomplish high accuracy and overcome the most significant limitation of FFF 
(Fused Filament Fabrication) 3D printing which is thermal resistance and surface 
quality related to thermoplastic polymers used in the FFF method. 
High precision and good surface quality are warm welcome properties in the case 
of preparing models for the investment casting process. In this casting method, 
the most time-consuming stage is wax model preparation, which can be replaced 
by printing the model using a unique resin mixture, making the whole process a 
lot easier and more available in general usage. 
In this chapter, the authors present the further steps of the precision casting 
process in which the MSLA 3D printing technique is used to develop a wax 
model replacement. 

Chapter 4 
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4.1. Introduction 
 
Precision castings making have traditionally been defined by two techniques: 
handcrafting and lost-wax casting. Both methods require significant technical 
expertise, are highly time-intensive, and mistakes in the process can prove 
expensive. Supplementing traditional processes with digital techniques brings 
new design, production, and customization possibilities. With the digital 
workflow, designers use CAD software tools to create designs digitally and a 
high-resolution 3D printer to produce 3D printed patterns. While traditionally 
associated with artisanal handcraft, creators can now transform the lost-wax 
casting process with digital design and 3D printing to simplify the workflow, 
save time, lower costs.  
 
4.1.1 Investment casting 
 
Casting is one of the oldest known production techniques. The beginnings of 
casting can be traced back to the year 4000 B.C. Among others, gold and silver 
were in everyday use, primarily because of relatively low melting temperature 
and esthetics properties [1, 2]. Hand to hand with the development of metallurgy 
of new alloys was the development of new casting methods that allows 
accomplishing better quality and precision of casted elements. 
Among many castings’ methods in today usage, investment casting (traditionally 
called: lost wax method) is one of the most precise and is commonly used in the 
jewellery manufacturing process, dentistry, fine arts, and industrial 
manufacturing [3].  
The precision and accuracy of the process have made it an ideal method for 
producing objects with thin walls, intricate details, and close tolerances. It can 
create complex and straightforward things using various metals by casting an 
original wax model or pattern. The casted elements in this method are 
characterized by [3]: 

• low mass – from few grams to few kilograms, 
• high dimension precision, 
• low surface roughness, 
• wide selection of casting materials, 
• possible to achieve complex-shaped elements with thin walls. 
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The whole process of investment casting starts with creating the model. The 

desired design could be created using different materials, but traditionally it is 

made from wax, wood, or clay. Wax models (microcrystalline, paraffin, or 

beeswax) are widely used in jewellery manufacturing. The main disadvantage of 

using this type of material is that the wax model can only be used once. 

Moreover, the wax is difficult to shape, and it needs an experienced sculptor and 

tools [2, 4]. Many skilled wax sculptors are repurposing dental tools to sculpt and 

carve unique designs in wax effectively.  

Advantages of creating wax models are a shorter time of the mould-making 

process, the ability to shape the model with texturing tools, a soldering iron and a 

heat gun; the ability to connect the gating system (sprues, pouring basin, etc. 

risers). Models from materials such as wood or clay must be replicated by wax 

patterns [1, 4]. Wax patterns are usually made by mould reproduction. To prepare 

the wax patterns properly is needed to create a rubber mould (negative of the 

model), where the wax could be injected to make the wax patterns. Silicon 

moulds have service life limited by the number of hot wax injections (depending 

on heat resistance). The material properties also determine storage of rubber 

moulds (without using), and for silicones, it is allowed to store the mould only 

till the term of one year. After preparing (as many as needed) wax patterns from 

the rubber mould, the next step is to connect them with the gating system. 

Patterns need to be gated correctly with sprues to allow the molten metal to flow 

into the mould [3, 4]. It is crucial if the design contains small intricate elements 

that may not fill with metal during casting. Risers are also added to the model, 

allowing air to escape from the mould. Spruing is the leading cause of shrinkage 

porosity or the pits which are visible during polishing.  

It is essential to ensure the following: 

• the sprue should be thicker than the heaviest part of the pattern; 

• it should also be attached to the heaviest part of the pattern as well; 

• the sprue should be no longer than is necessary. 

 

These are more effective ways to avoid shrinkage porosity than looking for the 

optimum cast temperature. When the model is entirely connected with the gating 

system, there is a time to prepare ceramic mould or ceramic shell (depending on 

the casted model’s type and dimensions). The ceramic mould is usually made 

from plaster, and it is widely used for jewellery casting. Wax pattern tree is 

placed in a unique perforation casting flask and filled by the plaster slurry, then 
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usually vacuumed or vibrated to remove air from the slurry [2, 4]. An alternative 
possibility is to create a silica shell, which is more often used for larger models. 
The wax model is covered with several layers of a ceramic refractory coating by 
dipping into a silica slurry followed by coats of silica sand in increasing grit sizes 
allowing enough time for each layer to dry. Casting flasks or silica shells are 
inverted, placed in the preheated furnace, and held at a high temperature for a 
certain amount of time until the wax has drained (the wax can be recycled). Any 
remaining wax is burnt off at a high temperature. The heat also helps the ceramic 
shell to strengthen. Once the mould is dry, it is assembled, preheated, and the 
molten metal is poured into the cavity of the designed mould and allowed to 
harden [3]. Once the sculpture has cooled, the plaster mould or ceramic shell is 
removed using a hammer and cold chisel, followed by sandblasting. The sprues 
and risers are cut off using an angle grinder, along with the flashings (the areas 
where bronze has seeped through fractures in the ceramic shell). Any large pits in 
the bronze can be fixed by welding. Finishing processes usually contain cleaning, 
grinding, heat treating, and blasting. 
Today, digital software tools and 3D printing augments lost-wax casting with the 
advantages of a digital design and manufacturing process. With the digital 
workflow, designers use CAD software tools to create designs digitally and a 
high-resolution 3D printer to produce 3D printed patterns that can then be cast in 
the mould [5, 6].  
The authors propose simplifying the beginning stages of the lost model casting 
process by replacing the problematic and time-consuming wax model preparation 
with 3D printing. In the authors’ opinion, replacing modelling in wax with 3D 
printing reduces the overall time of the whole process and, more importantly, 
makes the process easier, more accessible, and cheaper. 
 
4.1.2 MSLA 3D printing technique 
 
Masked Stereolithography (MSLA) is an additive manufacturing technique that 
uses liquid photopolymer resin as a model material. The model is manufactured 
by selective illumination of specific areas that cause chemical reactions in resin, 
resulting in polymerisation and curing [7, 8, 9]. In the case of the MSLA, the 
selection of areas that should be lit and cured is realised using an LCD screen. 
The scheme of the MSLA process is presented in Fig. 4.1.  
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Fig. 4.1 General set up of MSLA 3d printing 

 

A single layer making process can be divided into the following steps (Fig. 4.2): 

1) positioning building platform on the layer height, 

2) turning on U.V. light and LCD screen for a selected time, 

3) turning off U.V. light and LCD screen, 

4) rising the building platform on set height to separate cured layer from the 

vat’s bottom. 

In the MSLA technique is possible to obtain layer height in a range of 0.01 – 0.2 

mm and resolution in the platform plane around 0.05 x 0.05 mm. The planar 

resolution depends on a used LCD screen resolution. Currently, most popular 

devices use 2K or 4K resolution screens, but 8K screens machines are also 

available. 
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Fig. 4.2 A single layer curing process 
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The liquid resins, which main ingredients are methacrylic monomers, oligomers, 
and photoinitiators, allows preparing special mixtures with various properties 
[10]. For example, we can find resins dedicated to medical applications, for 
engineering parts, and resins for casting model manufacturing on the market. 
Examples of casting resins for different brands are shown in Fig. 4.3. 
 

 
Fig. 4.3 Variety of castable resins [11, 12] 

As we can see, today, there is a wide choice of resin mixtures, and depending on 
what properties are most interesting for us, we can choose between wax-like 
resins, which will be melting during the casting process, or more rigid resins that 
will require to burn them out. 
 

4.2. Using the MSLA 3D printing for casting models development 
 
As mentioned previously, the authors propose replacing the time-consuming wax 
model making process by using an MSLA 3D printer to elaborate models that 
will be utilised during a casting mould preparation. And to find out how good or 
how bad this approach is in such a manufacturing process, the authors prepared a 
series of different models to test various aspects of the casting process.  
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The scope of the research covered the entire investment casting process, 
including: 
• preparation of patterns by digital designing (virtual CAD models), 
• 3D printing of patterns from photopolymer resin, 
• production of plaster moulds, 
• burnout of resin models, 
• until the bronze casting and final chiselling. 
One of the most limiting aspects of preparing the wax model is the complexity of 
the carving shape. The more complex form than more experience the artist must 
be. Because wax carving is different from wood or clay, there are not many 
experts who can do so, and what is clear they are not cheap. In Fig. 4.4 is 
presented a developed CAD model of a medal. In the traditional approach, this 
shape should be divided into at least three components and combined during the 
process. 
 

 
 

Fig. 4.4 CAD model of developed medals 
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In the case of 3D printing, the shape of manufactured element is neglectable, 
giving artists far more freedom. In the authors’ study, the authors have used the 
Anycubic Photon printer to manufacture presented in Fig. 4.4 model as a single 
piece. Fig. 4.5 illustrates the device that has been used during the study. 
 

 
Fig. 4.5 Anycubic Photon 3D printer used during the study [13] 

 
The basic parameters of the device are listed below in Tab. 4.1 [13]. 
 
Tab. 4.1 Anycubic photon 3D printer parameters 

Parameter Value 
Printing technology LCD-based MSLA 
Light source U.V. integrated light (wavelength 405 

nm) 
XY plane DPI 47 µm (2560 px x 1440 px) 
Z-axis resolution 1.25 µm 
Layer height 25 µm ~ 100 µm 
Printing speed 20 mm/h 
Rated power 40 W 
Printing volume 115 mm x 65 mm x 155 mm 
Printing material 405 µm photosensitive resin 
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As the model’s material, the authors have used a resin mixture dedicated for lost 
model casting designed by Photocentric. The main properties of the used resin 
are listed in Tab. 4.2. The authors prepared and printed three versions of the 
medals based on the resin properties, especially volumetric shrinkage. The 
printed models of the trophies are shown in Fig. 4.6. 
 
Tab. 4.2 Photocentric Castable resin properties [14] 

Parameter Value 
Tensile Strength 19.5 MPa 
Flexural Strength 22.0 MPa 
Hardness 75 Shore D 
Density 1.20 g/cm3 
Volumetric shrinkage 6.6 % 
Burn out temperature 730°C 
Burn out leftovers less than 0.03% of the original volume  
 
 

 
Fig. 4.6 3D printed models of the medals 
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Except for the models of the medals, the authors decide to use other models 
which allow testing different aspects of the casting process. The first model is a 
rose window pendant designed by Matthew McFetridge [15] (Fig. 4.7), and the 
second is a spiral tower designed by Jukka Seppänen [16] (Fig. 4.8). 
 

 
Fig. 4.7 Rose window pendant model 

 

 
Fig. 4.8 Spiral tower model 
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The pendant model has been chosen to test how well the resin model will burn 

out and if even small cavities will be preserved in the mould. For reference, the 

spoke section diameter is about 1.2 mm, and the whole pendant diameter is 45 

mm with 3.5 mm thickness. 

The tower model has been selected because of the number of surface details. The 

authors intended to check how much of the stairs and bricks details would be 

transferred to the final casted model. 

 
4.3. Casting process 
 

After printing all prepared models, it was time to decide the details of the casting 

process. The authors chose to keep the whole process as simple as possible for 

the first try. So, as the target models’ material, CuSn10 bronze has been selected. 

In Tab. 4.3 are listed some essential properties of the material chosen. 

 

Tab. 4.3 List of selected CuSn10 bronze properties 

Property Value 

Composition 

Sn – 9.0 – 10.0 % 

P – 0.03 – 0.35 % 

Fe – 0.1 % max 

Zn – 0.2 % max 

Cu – remaining  

Melting point 999°C 

Density 8.78 g/cm3 

 

The material has been selected based on general accessibility, good castability, 

relatively low melting temperature. 

The second choice that has been made consider the mould’s material. In this 

case, the authors decided to use plaster, which is cheap, generally available and 

should preserve most of the prepared models’ details. Plaster mould casting can 

only be used with non-ferrous materials such as selected bronze. Only non-

ferrous metals can be used because sulfur in the gypsum reacts with iron. And in 

the context of pouring the mould itself, the authors decided to use standard 

gravity pouring, which maybe is not the best choice for precise casting but is the 

easiest to perform with limited resources. Gravity casting is used to fill the mould 
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vertically rather than gas pressure or a vacuum process. The whole process 
started with a preheated mould that helped remove any excess of water from the 
plaster mould and helped the molten metal flow efficiently and reduce damage to 
the casting. Finally, the plaster was broken from the cast part after the metal 
hardened. 
In Fig. 4.9 to Fig. 4.12 are presented further casting process steps. 
 

 
Fig. 4.9 3D printed models used for mould development 

 

 
Fig. 4.10 The investment flask moulds during resin models burnout 
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Fig. 4.11 The plaster mould pouring process 

 
 

Fig. 4.12 Casted models after removing from the mould 
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4.4. Results of casting 
 

The finished parts have been cut free from the gating and runner system. To 

achieve the final surface is needed, various finishing techniques must be 

employed, including grinding, sandblasting, and polishing. Before surface 

finishing treatment processes, all “raw” castings were compared and evaluated 

visually. 

The best surface condition has been obtained in casting no. “3”. There were 

rough surfaces in some areas of that casting (probably due to some ash remaining 

after the burnout of resin models in the mould cavity). Still, the entire shape of 

the outer part of the element with a honeycomb structure and the structure of the 

inner part – digit “3” have been fully reproduced and filled with material. The 

cast with no gating and runner system is shown in Fig. 4.13. 

 

 
Fig. 4.13 Cast part no. “3” after sandblasting 

 

Comparing cast products no. “1” and “2”, there were noticeable casting defects 

such as pitted surface (especially in the structure of the inner part) and rough, 

porous areas of the surface, which are presented in Fig. 4.14.  

The ash residue from incomplete burnout could probably cause a pitted and 

rough surface. To avoid this kind of problem, it should be considered some 

additional actions to take, including: 

• extend time at peak burnout temperature, 
• increase airflow in burnout oven, 
• blow flask with compressed air before casting. 
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Porous surface is probably caused by metal shrinking during cooling, without a 
reserve of molten metal to draw from it. 

 
Fig. 4.14 Visible surface defects on the casting no. “1”  

The last stage of the whole casting process was metal surface finishing treatment, 
including sandblasting, grinding, polishing. Results of those additional cleaning 
are presented in Fig. 4.15. 
 

 
Fig. 4.15 Finished model 

In the case of the pendant and the tower models, obtained results are not 
completely satisfying. The casted model of the pendant has not come out filled 
with material in the most delicate details like the spokes. That casting defect 
looks like a misrun, which is usually caused by solidifying the metal before 
completely filling the mould cavity, but in this case it could be also caused by the 
remaining ash in thin cross-sections of the cavity. The casted model of the 
pendant is presented in Fig. 4.16. 
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In the details preservation test, where the tower model has been used, most 
details are present on the cast (such as stairs or bricks pattern), but some details 
such as the battlement part (merlon) on the top of the tower or the window are 
not completely replicated. It shows that even using the gravity pouring technique 
we can get very detailed models but with limited range of dimension (in our 
study the risky thickness of the casting wall was 1.2 mm and below). The effect 
of the details preservation test cast is shown in Fig. 4.17. 

 
 

 
 

 

 

 

 

 

 

 

        Fig. 4.16 The “raw” casted model of the 
rose window pendant 

 
Fig. 4.17 The result of details preservation test 

cast 

 

4.5. Summary 
 
Digital design and 3D printing replace the traditional handcrafting steps and 
augment lost-wax casting with the advantages of a digital design and 
manufacturing process. After burnout of the positive pattern, the process follows 
the same path as traditional investment casting. Thanks to the digital techniques, 
the need for time-intensive manual labour is significantly reduced, and the design 
itself is easy to preserve, modify, and recreate when needed. The evolution of 
lost-wax casting with digital tools proves that technology doesn’t need to alienate 
old-fashioned manufacturing methods. These techniques can produce high-
quality parts at scale—from custom jewelry to mass-produced automotive parts if 
employed correctly. The result is a remarkable new degree of production 
efficiency and design freedom. To prove that, the authors proposed replacing the 
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time-consuming wax carving process by using an MSLA 3D printer to elaborate 

models that will be utilised during a casting mould preparation. All models were 

3D printed entirely as single patterns without supports in the inner space of the 

medals. None of the wax patterns was glued together. Also, the bronze castings 

after the casting stage - was not welded. Considering that the investment casting 

was performed by gravity, the effects of the work are very satisfactory. After 

considering the whole process, the following conclusions can be drawn: 

1. The selected technology of making an artistic casting – investment 

casting, achieved the expected results and made it possible to recreate a 

non-split casting model based on a 3D printout from a photopolymer resin 

and recreating the complex shape of a thin mesh in the form of 

honeycombs. 
2. Small gaps, pits and misrun in the castings are most likely caused by ash 

in the plaster mould cavity - leftover from firing the resin pattern. 

Following resin's producer troubleshooting advices to avoid casting 

defects caused by the remaining ash leads to try: extend time at peak 

burnout temperature, increase airflow in burnout oven and/or blow the 

mould cavity with compressed air before casting. 
3. The selection of material (CuSn10 bronze) and the gating system used in 

this study were correct. The properties of the bronze had sufficient 

castability and had a significant impact on the quality and durability of the 

casting. 
4. Investment casting supported by digital design and additive manufacturing 

significantly shortens the process of preparing the casting mould while 

greatly simplifying it. Based on the gained experience, it can be concluded 

that the MSLA technology can be used to make a model of the cast 

element and the entire model set in the form of the so-called pattern tree. 
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